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Bland-Altman plots examining the measurement errors (oscillometric minus invasive pressure) of systolic {ieft) and diastoiic (right) pressure and their
dependence on pressure values (average of oscillometric and invasive pressure). Plots are shown for the conventional (bottom) and the faster (top}
oscillometry. Sclid fines indicate the regression line, dashed lines indicate the mean error, and dotted lines the mean SD of the error.

decreases the number of heartbeats available for
pressure derermination. Without interpolation or curve
ficting, oscillometric accuracy would have drastically
worsened. '

On the other hand, we consider that the linearization of
the cuff deflation somewhat contributed to the accuracy.
In fact, the mean error for the systolic pressure and the
SD error for the diastolic pressure are smaller using the
faster oscillometric technique.

Besides the fact that faster oscillometry can track
rapid pressure changes it is favourable from the viewpoint
of patients’ comfort. Some patients might complain of
pains in the upper extremities with sustained
arm compression by cuff; the accelerated deflation
would be favourable in these patients. Our oscillometry

did not increase cuff inflation speed because this is [ikely
to increase pain.

In conclusion, by acceleration and linearization of cuff
deflation and by interpolation of the relationship between
cuff pressure and oscillometric wave amplitude, we
succeeded in shortening the pressure measurement time
to approximarely 60% of the original without sacrificing
measurement accuracy.
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Accuracy of faster oscillometry Sugimachi et al.
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other pressure values and heart rate. The average oscillometric and invasive pressure values were used for the independent variables.
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J Appl Physiol 97: 984-990, 2004. First published May 7, 2004;
10.1152/jappiphysiol.00162.2004.—A bionic barorefiex system
(BBS) is a computer-assisted intefligent feedback system to control
arterial pressure (AP) for the treatment of baroreflex failure. To apply
this system clinically, an appropriate efferent neural (sympathetic
vasomotor) interface has to be explored. We examined whether the
spinal cord is a candidate site for such interface. In six anesthetized
and baroreflex-deafferentiated cats, a multielectrode catheter was
inserted into the epidural space to deliver epidural spinal cord stim-
ulation (ESCS). Stepwise changes in ESCS rate revealed a linear
correlation between ESCS rate and AP for ESCS rates of 2 pulses/s
and above (, 0.876-0.979; slope, 14.3 = 5.8 mmHgpulses™!-s;
pressure axis imtercept, 35.7 = 25.9 mmHg). Random changes in
ESCS rate with a white noise sequence revealed dynamic transfer
function of peripheral effectors. The transfer function resembled a
second-order, low-pass filter with a Jag time (gain, 167 * 83
mmHg-pulses~!-s; nawral frequency, 0.022 = 0.007 Hz; damping
coefficient, 2.40 = 1.07; lag time, 1.06 * 0.41 s). On the basis of the
transfer function, we designed an artificial vasomotor center to atten-
vate hypotension. We evaluated the performance of the BBS against
hypotenston induced by 60° head-up tilt. In the cats with barorefiex
failure, head-up tilt dropped AP by 37 * 5 mmHg in 5 s and 59 * 11
mmHg in 30 s, BBS with optimized feedback parameters attenuated
hypotension to 21 = 2 mmHg in 5 s (P < 0.05) and 8§ = 4 mmHg in
30 s {P < 0.05). These results indicate that ESCS-mediated BBS
prevents orthostatic hypotension. Because epidural stimulation is a
clinicatly feasible procedure, this BBS can be applied clinically to
combat hypotension associated with various pathophysiologies.

baroreceptors; blood pressure; autenomic nervous system; Shy-
Drager syndrome; orthostatic hypotension

THE ARTERIAL BAROREFLEX SYSTEM configures a negative feed-
back system and reduces arterial pressure (AP) disturbances
from external influences (9, 15, 22, 23). Sudden onset of
hypotension by orthostatic change occurs as a result of barore-
flex failure, despite normal functioning of the cardiovascular
system and efferent sympathetic nervous system. This condi-
tion is seen in multiple-system atrophy (Shy-Drager syndrome)
(21, 22, 30} as well as spinal cord injuries (7, 17). Current
treatments, such as salt loading (19, 33), cardiac pacing (1, 14),

and pharmacological interventions (2, 3, 12, 20), fail to prevent
the orthostatic hypotension. These therapies often resuit in an
unwanted increase in AP in the supine position and neither
restore nor reproduce the function of the feedback system that
forms the basis of AP control (See DISCUSSION).

Previously, our laboratory developed a bionic barorefiex
system (BBS) that substitutes the defective vasomotor center
with an artificial coniroller (i.e., an artificial vasomotor center)
to restore the native baroreflex function (24, 26). In these
anima! studies, the celiac ganglion was exposed by laparotomy
and stimulated directly as the efferent neural interface in the
BBS. However, for clinical application of the BBS, a less
invasive and more stable electrical stimulation method is re-
quired.

In the present study, we examined the hypothesis that the
spinal cord is a candidate site for the efferent neural interface
in our bionic strategy. Epidural spinal cord stimulation (ESCS)
has been used for the management of patients with malignant
neoplasm, angina pectoris, and peripheral ischemia (6, 29).
Stimulating the dorsal part of the spinal cord changes sympa-
thetic nerve activity, AP in animals (11, 32) and heart rate in
humans (18). If we can delineate how ESCS affects AP
quantitatively, then this may lead to clinical application of the
BBS. We studied the feasibility of ESCS-mediated BBS using
an animal model of central baroreflex failure.

MATERIALS AND METHODS

Study design. BBS is a negative feedback system and consists of
two components: peripheral effectors and the artificial vasomotor
center (Fig. 1). Peripheral effectors change AP in response to ESCS.
The artificial vasomotor center (controller) determines the ESCS rate
in response to changes in AP, Using BBS, we computer programmed
the artificial vasomotor center and substituted the defective vasomotor
center with an artificial vasomotor center,

For this purpose, we first characterized the static as well as dynamic
responses of the peripheral effectors. With this knowledge, we then
designed an artificial vasomotor center using simulation to delineate
the parameters for obtaining optimal AP response. Finally, we eval-
nated the performance of the ESCS-mediated BES in cats during
orthostatic AP changes.

Animals and surgical procedures. Animals were cared for 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. Six adult cats of either sex, weighing
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Fig. 1. Simplified diagram of bionic barorefiex system (BBS) using epidural
spinal cord stimutation (ESCS). Peripheral effectors change arterial pressure
(AP) in response to ESCS. The artificial vasomotor center determines ESCS
rate in response to changes in AP. Transfer function of the peripheral effectors
(Gyp) cannot be controlled, but the vasomotor center transfer function (G.) can
be computer programmed as needed. P, pressure disturbance 1o AP,

1.6-3.7 kg, were premedicated with ketamine (5 mg/kg i) and then
anesthetized by intraperitoneal injection (1.0 ml/kg) of a mixwre of
urethane (250 mg/ml) and a-chloralose (40 mg/ml).

For AP measurement, a high-fidelity pressure transducer (SPC-320,
Millar Instruments, Houston, TX) was placed in the aortic arch via the
right femoral artery. Pancronium bromide (0.3 mg/kg) was adminis-
tered to prevent muscular activity. The cats were mechanically ven-
tilated with oxygen-enriched room air. Body temperature was main-
tained at around 38°C with a-heating pad. To produce the barorefiex
failure model, the carotid sinus, aortic depressor, and vagal nerves
were sectioned bilaterally. The rationale for using baroreceptor-deaf-
ferentiated animals as the barorefiex failure model is that, in patients
with multiple-system atrophy, the reason for sudden hypotension
induced by orthostatic change is a lack of reflex control of AP sensed
at the baroreceptors.

A partial laminectomy was performed in the Ly vertebra to expose
the dura mater. A multielectrode catheter with interelectrode distance
of 10 mm was introduced rostrally ~7 cm into the epidural space, The
stimulating electrodes were positioned on the dorsal surface of the
spinal cord within T2, T1a, and L. These spinal levels were selected
because our preliminary studies showed that ESCS to these levels
produced greater AP response compared with other spinal levels. The
catheter was connected to an isolated electric stimulator (SS-1027J and
SEN7203, Nihon Kohden, Tokyo, Japan) via a custom-made, con-
stant-voltage amplifier. The stimulator was controlied with a Iabora-
tory computer (PC9801FA, NEC, Tokyo, Japan).

Data recording for characterizing AP response to ESCS. To
characterize the static as well as dynamic AP responses to ESCS, we
measured AP responses while changing ESCS rate. To estimate static
response, we changed the ESCS rate sequentially in stepwise incre-
ments and decrements, Each stimulation step was maintained for 90 s.
To estimate dynamic response, we randomly changed the ESCS rate,
according to a binary white noise sequence with a minimum sequence
length of 1 5. In both protocols, the stimulation voltage was fixed at 5
V, and the pulse width of the stimufus was I ms, While the stirulation
was given, ESCS rate and AP were digitized at a rate of 200 Hz with
a 12-bit resolution analog-to-digital converter [AD12-8 (PM), Con-
tec, Osaka, Japan] and stored in another laboratory computer
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(PC98-NX VAT0L, NEC). In this study, “ESCS rate” is defined as the
number of stimulation pulses per second and is distinguished from the
term “frequency,” which refers to how frequently ESCS rate changes.

Estimation of static AP response paramerers. We parameterized the
static AP response to ESCS. Each steady-state AP value was obtained
by averaging the AP during the last 10 s of each ESCS step.
Stimulation at low-ESCS rate decreased AP, but simulation at higher
rates increased AP. We fit both responses together to a linear regres-
sion model of AP vs. ESCS rate. We determined the rate at which the
pressor and depressor effects balanced and designated it the offset
stimulation rate (s,).

Estimation of peripheral effector transfer function. The transfer
function of the peripheral effector was estimated by using a white
noise method described in detail elsewhere (10, 13, 16, 24-26, 31).
Briefly, on the basis of the resampled data at 10 Hz, the linear transfer
function from ESCS rate to AP was calculated as a quotient of the
ensemble average of cross-power between the two and that of ESCS
rate power. The transfer function was calculated up to 0.5 Hz with a
resolution of 0.0098 Hz. We parameterized the transfer function by
using an iterative, nonlinear, least squares fitting technique (10).

Design of central characteristics and implementation by the arti-
ficial vasomotor center. Based on the parameterized effector transfer
function, we designed the vasomotor center transfer function using
computer simulation. The characteristics of the vasomotor center have
been identified as derivative characteristics in rabbits and rarts (10, 13,
25). We did not have the corresponding data for cats but assumed that
they resembled those in rabbits and rats. We adjusted the parameters
by simulation, aiming 1o atienuate hypotension to ~20 mmHg within
5 s and to =10 mmHg at 30 5. We implemented designed transfer
function by the artificial vasomotor center with convolution algorithm
{see APPENDIX).

Head-up tilz tests. The efficacy of the BBS against orthostatic stress
was evaluated in each animal! by the head-up tilt (HUT) test. We
placed baroreflex failure animals in a prone position on a custom-
made tilt table and measured AP responses to 60° HUT, with or
without BBS activation. In the absence of BBS control, we fixed the
ESCS rate at s,, irrespective of AP changes. The BBS was activated
by sending ESCS command o the stimulator, as calculated by the
artificial vasomotor center in response to AP change. Tilt angle, ESCS
rate, and AP were stored in a laboratory computer.

Statistical analysis. All data are presented as means = SD. We
analyzed AP responses at 5 and 30 s after HUT. AP changes from
control value were compared among protocols by using repeated-
measures analysis of variance followed by Dunnett’s multiple-com-
parison procedure (8). Differences were considered significant when
P < 0.05.

RESULTS

Figure 24 is a representative example of static AP response
to stepwise ESCS changes. Stepwise increases of ESCS rate
produced a depressor response initially at low-ESCS rate and a
pressor response at higher rates, and subsequent decreases of
ESCS rate produced almost perfect reversal of AP changes.
The relationship between AP and ESCS rate appeared nenlin-
ear as a whole (Fig. 2B, top). However, for ESCS rates of 2
pulses/s and above, there is a linear relationship (> = 0.964,
AP = 16.0 X ESCS + 44.0, s, = 3.2 pulses/s; Fig. 2B). A
linear relationship during ESCS was found in all animals [+2,
0.876-0.979 (median, 0.959) slope, 143 = 5.8 mmHg-
pulses™'-s; pressure axis intercept, 35.7 = 25.6 mmHg; s,
4.9 = 2.5 pulsesfs]. The following protocels were performed
by using this linear ESCS range.

Figure 34 is a representative example of dynamic AP re-
sponse to ESCS. We selected low- and high-stimulation rates
that produced depressor and pressor responses, respectively,

J Appl Physiol + vOL. 97 « SEPTEMBER 2004 » WWW. jap.org
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the data obtained during ESCS {2, 4, 6, and 50 «

& Hz), omitting the values before and after
ESCS (0 Hz). A linear relationship is ob-
tained. The value s, represents the stimula-
tion rate where pressor and depressor re-
sponses balance.

and stimulated the spiral cord, according to a binary white
noise seguence. AP did not respond to fast changes in ESCS
rate, but appeared to respond to slower changes, increasing
with high-rate stimulation and decreasing with low-rate stim-
ulation. The estimated transfer function indicated low-pass
filter characteristics. Figure 3B shows the averaged transfer
function from ESCS rate to AP in six animals. The gain
decreased as the frequency increased and was attenuated to
one-tenth of the lowest frequency at 0.1 Hz. The phase ap-
proached zero radian at the lowest frequency, reflecting in-
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phase changes of ESCS rate and AP. The parameters obtained
by the least squares fitting to the second-order, low-pass filter
model are as follows: dynamic gain = 167 * 83
mmHgpulses™!-s, natural frequency = 0.022 = 0.007 Hz,
damping coefficient = 2.40 * 1.07, and lag time = 1.06 *
0.41 s. The dynamic gain was much higher than the gain at the
lowest frequency in the transfer function {Fig. 3A) but compa-
rable to the slope obtained in the static protocol. The coherence
function was close to unity between 0.01 and 0.4 Hz, indicating
that the input-output relation was governed by almost linear
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dynamics in this range. To facilitate better understanding of the
dynamic AP response to ESCS, the step functions were calcu-
lated by time integral of the inverse Fourier transform of the
transfer functions. The estimated step functions are averaged
and shown in Fig. 3C. An initial time lag and overdamped slow
AP response to unit step ESCS are evident. The time courses of
the estimated step functions were almost identical to but
smoother than those of the actually observed AP responses to
stepwise ESCS changes, indicating the ability to cancel out
noises by the white noise method.

Figure 4 is a representative example of how we designed the
vasomotor center transfer function. The steady-state gain is
determined simply to match a total baroreflex loop gain of 5.
This setting ensures that the steady-state AP fall will be
attenuated to 10 mmHg in the case of a depressor stimutus of
60 mmHg. By changing the derivative corner frequency {(f.),
we simulated various transient AP responses to orthostatic
depressor stimulation. Lower f; causes unstable oscillation in
AP (Fig. 4B, Ieft), and higher 1. slows AP restoration (Fig. 4B,
right). On the basis of these simulations, f; = 0.02 Hz was
selected in this example (Fig. 4B, middle, 0.018 * 0.008 Hz in
6 cats).

Figure 5 shows a representative example of real-time appli-
cation of BBS to a cat. In the control cat with baroreflex failure,
abrupt HUT produced a rapid and then progressive fall in AP
by 44 mmHg in 30 s (Fig. 5, left}. Activation of the simulation-
based BBS attenuated the AP fall (Fig. 5, middle;, AP fall, 25
mmHg in 5 s and 19 mmHg in 30 s} but did not attain the
predetermined target (gaps indicated by vertical bars in Fig. 5,
middle and right). If the total loop gain of 5 were preserved, the
AP fall should theoretically be attenuated to 44/(1 + 5), or ~7
mmHg, according to the linear control theory. The observed
attenuation of 19/44 (=1/2.3) indicated that the actual gain was
1.3 (1 + 1.3 = 2.3). To achieve a total loop gain of 5, we
increased the gain of the vasomotor center transfer function by

A B
3
>
£ |
Vo5
AP ESCS $%
A E
8
+
+ L T d
Pd Freq":]encym

£,=0.01
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3.8-fold and reassessed the efficacy of BBS. As a result, AP
returned to the predetermined target (Fig. 5, righr; AP fall, 19
mmHg in 5 s, 7 mmHg in 30 s).

Figure 6 summarizes the results obtained from six cats,
demonstrating the effectiveness of the BBS performance. In
the cat model of barorefiex failure, HUT decreased AP by 37 +
5 mmHg in 5 s and by 59 = 11 mmHg in 30 s. In animals with
stmulation-based vasomotor center, the initial attenuation (AP
fall: 32 = 7 mmHg in 5 s} was not significant, and the
steady-state attenuation (17 * & mmHg in 30 s) did not satisfy
the predetermined target. On the other hand, in animals with
gain-adjusted vasomotor center (2.4 * 1.1-fold increase), the
BBS achieved both initial and the steady-state targets (21 = 2
mmHg in 55, P < 0.05; 8 £ 4 mmHg in 30 5, P < 0.05).

DISCUSSION

The present results indicate that AP can be controlied by
ESCS and that ESCS-mediated BBS prevents orthostatic hy-
potension in anesthetized cats. Although the BBS based on
simulation alone did not work as predicted during HUT, gain
adjustments of the vasomotor center achieved quick and stable
restoration of AP,

Necessity of BBS for treatment of central baroreflex failure.
Conventional treatments for central baroreflex failure aim at
increasing AP. Although they alleviate the hypotension to the
extent of preventing syncope, they have adverse effects of
causing supine hypertension and enhancing the risk of hyper-
tensive organ disease. Recently, Shannon et al. (28) suggested
well-timed water consumption as a treatment for orthostatic
hypotension in patients with autonomic failure, Their strategy
is superior to conventional treatments because it prevents AP
fall if predicted in advance. However, at least a few minutes are
necessary for their method to increase AP. This time lag makes
it impossible to control AP against sudden or unpredictable AP

£,=0.02 £,=0.04

- =)

Y T h

10 sec

Fig. 4. Representative exampie of designing the G, A: schematic diagram of the method of designing the Gc. AP changes in the
presence of Py were simulated by changing the comer frequency (f.) for derivative characteristic in the G.. B: simulation results
of this example. A vasomotor center with f. of 0.02 Hz restores AP with sufficient speed and stability (center).
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Fig. 5. Representative example of real-time application of the BBS during head-up tilt (HUT). Left: in the cat with baroreflex
failure, ESCS rate was fixed at 5.0 pulse/s. HUT produced a rapid and then progressive fall in AP. Middle: simulation-based BBS
(BBS-sim) attenuated the AP fall but did not attain the predetermined target. Right: gain adjustment of the vasomotor center
(BBS-adj) resulted in quick and sufficient attenuation of AP fall (see text for derail). Vertical bars indicate the ranges of

predetermined targets.

fall. None of the treatments attempted so far can prevent
sudden orthostatic hypotension because the dynamics of the
baroreflex remain impaired.

In contrast, the BBS continuously monitors and controls AP
to achieve quick restoration of AP. Because AP is increased via
sympathetic pathways, the AP response to the BBS vasomotor
center command is as fast as that to the native vasomotor center
control. Therefore, the quick, adequate, and stable nature of the
native baroreflex system can be restored by the BBS with
appropriate settings of the artificial vasomotor center.

Designing the vasomotor center transfer function and pa-
rameter adjustments. In a negative feedback system, closed-
loop responses to external perturbation are dependent on the
dynamic characteristics of the total open-loop transfer func-

tion. We assumed that the derivative characteristics in cats are
identical to those in rabbits or rats, which have been delineated
previously (10, 13, 25). We optimized gain and derivative
parameters for each cat so that both speed and stability were
achieved.

In animal experiments, however, the simulation results were
not fully reproduced. Gain adjustments of the vasomotor center
were necessary to attain quick and sufficient attenuation of the
AP fall. This discrepancy cannot be explained without consid-
ering a possible slope decrease or nonlinearity in peripheral
effector characteristics (AP-ESCS relationship) caused by the
HUT, or both. Pooling of blood volume in the splanchnic and
hindlimb circulation would be a cause for such attenuated AP
response. If AP responses during posture change can be de-

A Time courses of AP B Changes in AP
responses to HUT
Time after HUT
0 30 sec

Fig. 6. Summarized results of HUT ob- g & 07J* :
tained from 6 cats. A: averaged time courses 5 [ Baroreflex failure 104+
of AP responses to HUT in cats with barore- g 50 - N R T
flex failure (fop) and with BBS (middle and SIS pagnp 20
bottom). Using the parzmeters determined — 30k
from simulation, we found that the BBS S e o
(BBS-sim) did not adequately atienuate hy- 0T Ul I "\ g mrIe el %:é a0 b
potension in all cats (middle). Appropriate 5 E R e £
gain increase (BBS-adj) was necessary for E, -50 . ~ 50—

: . : BBS-sim
quick and sufficient attenuation of hypoten-
sion (botrom). B: changes in AP produced by -60 -
HUT. Data are expressed as means = SD. 70k
*P < (.05 compared with baroreflex failure. -
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fined quantitatively, then a more elaborate artificial vasomotor
center can be developed that automatically adjusts the param-
eters. Automated -adjustments may also be accomplished with
adaptive control systems that execute real-time system identi-
fication and self-tuning of controller. The present study sug-
gests the necessity of such manipulation of the vasomotor
center settings.

Pressor and depressor responses by ESCS. We demon-
strated both depressor and. pressor responses in AP to ESCS
with a linear range (Fig. 2). Earlier studies have shown that
dorsal column stimulation produces pressor and depressor
responses. Depressor response is produced by a group of dorsal
column fibers that project ta the dorsal nuclei at the level of Cy
to L; and transmit to the fibers that ascend through the dorsal
spinocerebeller tracts (4, 27, 32). Pressor response is produced
by another group of fibers that ascends or descends through the
terminal zone and enter the gray matter. Some of these fibers
project to the intermedial lateral columns to activate sympa-
thetic presynaptic fibers. AP responses to ESCS observed in
the present study are the results of compound responses in
these multiple pathways. Nevertheless, controllability of AP by
the BBS is ascertained by a clear linearity between ESCS and
AP response in both static and dynamic relationships.

Although we have not confirmed it in the closed-loop con-
dition, depressor response shown in the open-loop condition
indicates that ESCS-mediated BBS can attenuate hypertension
as well as hypotension. Because an offset ESCS rate (so) is
applied in the absence of pressure disturbance, lowering ESCS
rate would attenuate hypertension to some extent. AP in
conscious animals fluctuates between hypertension and hypo-
tension, even in a quiet position (5). The speed of AP restora-
tion is considered sufficient to control these fluctuations.

Future step for clinical application. Clearly, the next step
toward clinical application is to demonstrate the safety and the
effectiveness of the ESCS-mediated BBS during orthostasis in
conscious patients and amimals. To study BBS in conscious
antmals, we have been developing an implantable hardware
that enables BBS. Elaboration of such devices is mandatory for
its future clinical application by searching the optimal stimu-
lating site and condition that do not cause uncomfortable
sensation and muscle twitch. A control algorithm must be
developed that overcomes the problem revealed in the present
study, The developing implant would be as small and low
power as a pacemaker, with the aid of recent LSI technologies,
and would be telemetrically programmable. In parallel, we
began collaboration with a clinical group to develop ESCS-
mediated BBS to suppress sudden hypotension in anesthetized
humans during surgery. This study would prove the feasibility
of human BRBS.

Finally, new methods for long-term manometry are defi-
nitely required. Intravascular manometry can be achieved only
with long-lasting antithrombotic material, Other indirect meth-
ods should be used until we are confident in antithrombotic
ability.

Conclusions. As a step toward clinical application of BBS,
we demonstrated that AP could be controlled with ESCS. We
designed the artificial vasomator center based on the dynamic
characteristics of AP response to ESCS. Although there was a
dissociation between the predicted and actual attenuation of AP
fall, ESCS-mediated BBS with appropriate gain adjustment
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was capable of preventing HUT-induced hypotension rapidly,
sufficiently, and stably,

APPENDIX

Simulation of AP Restoration and Implementation
by the Artificial Vasomator Center

We modeled the vasomotor center transfer function (G.) as

I+£j

Gc(fJ=KC( = )eXP(—ZﬁﬁLc) An

e

where f is frequency, K. is the steady-state gain of the artificial
vasomotor center, fu is f; for derivative characteristics, f.» and Jfe3 are
corner frequencies for high-cut characteristics, j is an imaginary unit,
and Lc i a pure delay. The value fia was set 10 10 X foy, and fea was
set to 1 Hz. These settings attenuate AP pulsation and preserve total
baroreflex gain (13). L. was introduced to simulate the possible time
delay of 0.1 s in transforming AP to ESCS rate but was excluded in
real-time application to improve AP stability.

The simulation was performed as follows. The block diagram in
Fig. 44 is represented as

AP =G, - ESCS + P,
ESCS = G, + AP

where Gy, is transfer function of the peripheral effectors, and Py is
pressure disturbance to AP. Rearranging these formula yields

AP=G.-G,- AP +P, (A2)
The time domain representation of Eg. A2 is
AAP(n) = Jg(r)+ AAP(t — 1)dr + P, (A3

where AAP(i) is AP change from control value, and 2(1) is the
impulse response function of the total open-loop transfer function
(Go-Gyp). To simulate orthostatic hypotension, Pu(f) is set as an
exponential AP fall to —60 mmHg with a time constant of 5 s rather
than a stepwise fall (see Fig. 64, 7op). We simulated the transient AP
response to depressor stimulus while changing £.1 in the presence of
the negative feedback system.

To implement the designed vasomotor center transfer function, we
programmed the artificial vasomotor center to calculate ESCS rate in
response to AP changes, according to the following equation:

ESCS(f) = [h{r) - AAP(r = 1)d7 + s,

where h(1) 1s the impulse response function of the designed vasomotor
center transfer function, AAP(r) is AP change from the conirol value,
and s, is the offset ESCS rate obtained from the static parameteriza-
fion.
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Miyamoto, Tadayoshi, Toru Kawada, Yusuke Yanagiya,
Masashi Inagaki, Hiroshi Takaki, Masaru Sugimachi, and Kenji
Sunagawa. Cardiac sympathetic nerve stimulation does not attenuate
dynamic vagal control of heart rate via c-adrenergic mechanism. Am J
Physiol Heart Circ Physiol 287: H860-H865, 2004. First published
March 11, 2004; 10.1152/ajpheart.00752.2003 —Complex sympatho-
vagal interactions govern heart rate (HR). Activation of the pestjunc-
tional B-adrenergic receptors on the sinus nodal cells augments the
HR response to vagal stimulation, whereas exogenous activation of
the presynaptic a-adrenergic receptors on the vagal nerve terminals
attenuates vagal control of HR. Whether the a-adrenergic mechanism
associated with cardiac postganglionic sympathetic nerve activation
plays a significant role in modulation of the dynamic vagal control of
HR remains unknown. The right vagal nerve was stimulated in seven
anesthetized rabbits that had undergone sinoaortic denervation and
vagotomy according to a binary white-noise signal (0-10 Hz) for 10
min; subsequentty, the transfer function from vagal stimulation to HR
was estimated. The effects of B-adrenergic blockade with propranoclol
(1 mg/ke iv} and the combined effects of B-adrenergic blockade and
tonic cardiac sympathetic nerve stimulation at 5 Hz were examined.
The transfer function from vagal stimulation to HR approximated a
first-order, low-pass filter with pure delay. B-Adrenergic blockade
decreased the dynamic gain from 6.0 = 04 to 37 * 06
beats'min~'Hz™' (P < 0.01) with no alteration of the comner
frequency or pure delay. Under 3-adrenergic blockade conditions,
tonic sympathetic stimulation did not further change the dynamic gain
(3.8 = 0.5 beats-min~'-Hz~"). In conclusion, cardiac postganglionic
sympathetic nerve stimulation did not affect the dynamic HR response
to vagal stimulation via the a-adrenergic mechanism.

systemns analysis; transfer function; B-adrenergic blockade; rabbits;
sympathovagal interaction

COMPLEX SYMPATHOVAGAL INTERACTIONS are known to occur in
the regulation of heart rate (HR). These interactions involve
neural interactions within and between cardiac ganglia (2, 3), at
the end terminals for their cardiac projections (18), and via
second-messenger systems in the innervated myocytes (29).
An increase in background sympathetic tone augments the HR
response to vagal nerve activity (19, 20). Levy (19) referred to
this phenomenon as an accentuated antagonism of HR control.
Accumulation of cAMP in the sinus nodal cells via activation
of postjunctional B-adrenergic receptors contributed to the
accentuated antagonism (25). On the other hand, activation of
the prejunctional a-adrenergic receptors attenuated ACh re-
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lease from the cardiac vagal nerve terminals (1, 22, 23, 26-28,
30, 31). Akiyama et al. (1) demonstrated that local norepineph-
rine (NE) administration in the feline heart attenuated myocar-
dia! interstitial ACh release during electrical vagal stimulation
via the o-adrenergic mechanism. These findings, in concert,
indicate that whether the HR response to vagal stimulation is
augmented or attenuated by concomitant sympathetic tone
depends on the type and site of adrenergic receptors most
selectively activated under a given condition.

Our previous studies performed on the rabbit indicated that
elevated cardiac sympathetic nerve activity augmented the
dynamic HR response to vagal nerve stimulation via activation
of the postjunctional B-adrenergic cascade (13, 14, 25). On the
other hand, high plasma NE levels attenuated the dynamic HR
response to vagal stimulation via the a-adrenergic mechanism
(24). However, whether NE released from cardiac postgangli-
onic sympathetic nerve terminals exerts presynaptic inhibition
on vagal control of HR via the a-adrenergic mechanism re-
mains unknown. We hypothesized that cardiac postganglionic
sympathetic nerve stimulation under B-adrenergic blockade
conditions would manifest, if any, the presynaptic inhibition on
vagal control of HR. The objective of the present investigation
was therefore to examine the effects of tonic sympathetic nerve
stimulation on the dynamic vagal control of HR under 3-ad-
renergic blockade conditions, The results indicated that cardiac
postganglionic sympathetic nerve stimulation did not affect the
dynamic HR response to vagal stimulation via the a-adrenergic
mechanism.

MATERIALS AND METHODS

Surgical preparations. Animal care was in accordance with *Guid-
ing Principles for the Care and Use of Animals in the Field of
Physiological Sciences,” which was approved by the Physiological
Society of Japan. Twelve Japanese White rabbits (body wt, 2.5-3.1
kg) were anesthetized via injection (2 mlkg iv) of a mixture of
urethane (250 mg/ml) and a-chloralose (40 mg/ml); subsequently, the
rabbits were mechanically ventilated with oxygen-enriched room air.
Supplemental doses of these anesthetics were administered as neces-
sary via the marginal ear vein. Aortic pressure (AP) was monitored
with a micromanometer catheter (Millar Instruments; Houston, TX)
inserted via the right femoral artery. A catheter for drug administra-
tion was inserted into the right femoral vein. Sinoaortic denervation
was performed bilaterally to minimize changes in sympathetic effer-
ent nerve activity via the arterial baroreflexes. The vagi were sec-
tioned bilaterally at the neck. A pair of bipolar platinum electrodes
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was then attached to the cardiac end of the sectioned right vagus for
dynamic vagal stimulation. The right inferior cardiac sympathetic
nerve, which mainly consists of postganglionic nerve fibers in the
rabbit (15), was exposed through a midline thoracotomy. A second
pair of bipolar platinum electrodes was attached for tonic sympathetic
nerve stimulation. To prevent drying and provide insulation, the
stimulation electrodes and the nerves were immersed in a mixture of
white petrolenm jelly (Vaseline) and liquid paraffin. Instantaneous HR
was measured from the AP signal utilizing a cardiotachometer (model
N4778, San-ei). Body temperature was maintained at 38°C with a
heating pad throughout the experiment.

Protocols. The pulse duration of nerve stimulation was set at 2 ms.
The stimulation amplitude of the right vagus was adjusted to yield a
HR decrease of ~50 beats/min at a stimulation frequency of 5 Hz.
After adjustment, the amplitude of vagal stimulation ranged from 3.5
t0 6.0 V. The stimulation amplitude of the right cardiac postganglionic
sympathetic nerve was adjusted to yield a HR increase of 50 beats/min
at a stimulation frequency of 5 Hz. After adjustment, the amplitude of
sympathetic stimulation ranged from 1.8 0 3.8 V.

In protocol 1 (n = T), which was done to estimate the transfer
function from vagal stimulation to HR response, the right vagus was
stimulated employing a frequency-modulated pulse train. The stimu-
lation frequency was switched every second at either 0 or 10 Hz
according to & binary white-noise signal. The power spectrum of the
stimulation signal, which was reasonably constant up to 0.5 Hz,
decreased gradually to 1/10 at ~0.8 Hz and diminished sharply as the
frequency increased to 1 Hz. The transfer function was estimated only
up 10 0.8 Hz, because the reliability of estimation decreased due to the
lack of input power above this frequency. The selected frequency
range sufficiently spanned the physiological range of interest with
respect 10 dynamic vagal control of HR in rabbits (13, 14, 24, 23).

The transfer function from dynamic vagal stimulation to the HR
response was estimated from 10-min data under the following three
conditions: control, B-adrenergic blockade, and B-adrenergic block-
ade plus tonic sympathetic nerve stimulation. After the control data
was recorded, a bolus injection of propranolol (1 mg/kg iv) was
administered; ~10 min elapsed before HR and AP reached the new
steady state. Under B-adrenergic blockade conditions, estimation of
the transfer function was repeated with and without simultancous
5-Hz tonic sympathetic stimulation. The order of the latter two
conditions was randomized across the animals. The control data was
obtained first in all animals, as the long-lasting effects of propranolol
did not permit the subsequent acquisition of control data.

n protocel 2 (n = 5), which was done to examine the stability of
electrical sympathetic stimulation, 1-min stimulation of the right
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cardiac postganglionic sympathetic nerve was repeated every 10 min
for 6 stimulations.

Dara analysis. Data were digitized at 200 Hz utilizing a 12-bit
analog-to-digital converter and stored on the hard disk of a dedicated
laboratory computer system.

In protocol 1, prestimulation values for HR and AP were obtained
by averaging the respective data for 10 s immediately before vagal
stimulation in each condition. Mean values for HR and AP during
vagal stimulation were calculated by averaging the respective data
over the time period of dynamic vagal stimulation.

The transfer function from dynamic vagal stimulation to the HR
response was estimated based on the following procedure. Input-
output data pairs of the vagal stimulation frequency and HR were
resampled at 10 Hz; subsequently, data pairs were partitioned into
eight 50%-overlapping segments consisting of 1,024 data points each.
For each segment, the linear trend was subtracted and a Hanning
window was applied. A fast Fourier transform was then performed to
obtain the frequency spectra for vagal stimulation [N(f)] and HR
[HR{H} (7). Over the eight segments, the power of the vagal stimu-
lation [Sa.a{f)], that of HR [Sur.ur(H]. and the cross-power between
these two signals [Sy.ur()} were ensemble averaged. Finally, the
transfer function [H(f}] from vaga! stimulation to HR response was
determined using the following equation {4, 21)

SN'HR(f)
Sw-n{f)

The transfer function from vagal stimulation to HR response
approximated a first-order, low-pass filter with pure delay in previous
studies (13, 14, 24, 25); therefore, the estimated transfer function was
parameterized with the equation

H() =

K R

H(f) =
3
T

where K tepresents dynamic gain (in beatsemin™*-Hz™1), fc denotes
corner frequency (in Hz), L denotes pure delay (in s), and f and j
represent frequency and an imaginary unit, respectively. The nepative
sign in the numerator indicates the negative HR response to vagal
stimulation. The parameters were estimated by means of iterative
nonlinear least-squares regression.

To quantify the linear dependence of the HR response on vagal

B-blockade + S S
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Fig. 1. Representative recordings of vagal stimulation (stim) obtained utilizing a binary white-noise signal {1op) and the
corresponding heart rate (HR) responses (bottom). Recordings before (Control; leff) and after infusion of B-adrenergic blockade
with propranolol (1 mg/kg iv; middle) and B-adrenergic blockade plus tonic sympathetic nerve stimulation (B-blockade + 85; right)
are shown. B-Adrenergic blockade decreased mean HR and attenuated the amplitude of HR variation. Tonic sympathetic nerve
stimulation concomitant with the 3-adrenergic blockade did not further affect the amplitude of HR variation.
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Table 1. Mean heart rate and aortic pressure values before
and during vagal stimulation obrained from protocol 1

Control B-Blockade B-Blockade + §S
Heart rate, beats/min
Prestimulation 243%19 20612+ 204%11*
During stimulation 20816 185+ 124% 184 % 124+
Aortic pressure, mmHg
Prestimulation 103x6 90+6 89+9
During stimulation 101x7 B8x6 897

Values are means = SE. 3-Blockade, B-adrenergic blockade with propran-
olol (1 mg/ke iv); B-blockade + SS, B-adrenergic blockade with propranciol
and constant cardiac sympathetic stimulation at 5 Hz. *P < 0.01; *+P < 0.05
vs. corresponding control.

stimulation, the magnitude-squared coherence function [Coh(f}] was
estimated employing the equation (4, 21)

Sy A
Coh(f) = | I HR(f)|
SN-Nm ) SHR‘HRU)

Coherence value ranges from zero to unity, Unity coherence
indicates perfect linear dependence between the input and output
signals; in contrast, zero coherence indicates total independence
between the two signals.

In protocol 2, prestimulation values of HR and AP were obtained
by averaging the respective data for 10 s immediately before each
I-min sympathetic stimulation, The steady-state HR value was ob-
tained by averaging instantaneous HR data for the last 10 s of each
1-min sympathetic stirmulation. The HR increase at each sympathetic
stinulation was calculated from the difference between the steady-
state and prestimulation HR values.

Statistics. All data are presented as means = SE. In protocol I, the
mean levels of HR and AP and fitted parameters of the transfer
function were compared among conditions of control, B-adrenergic
blockade, and B-adrenergic blockade plus tonic sympathetic stimula-
tion by repeated-measures ANOVA, When a significant difference
(P << 0.05) was evident among the three conditions, Tukey’s test for
all pairwise comparisons (9) was applied to identify the inequality
between the two conditions with a significance level of P < 0.05.

10
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RESULTS

Figure 1 exhibits typical recordings of vagal stimulation and
HR response under conditions of control, B-adrenergic block-
ade, and B-adrenergic blockade plus tonic sympathetic nerve
stimulation. Random vagal stimulation decreased HR intermit-
tently. B-Adrenergic blockade decreased mean HR and atten-
uated the amplitude of HR variation. Tonic sympathetic nerve
stimulation in the presence of the B-adrenergic blockade did
not further affect the amplitude of HR variation. The speed of
the response of HR to vagal stimulation appeared to be un-
changed across the three conditions.

Table 1 summarizes prestimulation and mean values of HR
and AP during vagal stimulation averaged from ali animals in
protocol 1. B-Adrenergic blockade significantly decreased pre-
stimulation and mean values of HR during vagal stimulation.
Tonic sympathetic nerve stimulation did not alter prestimula-
tton and mean values of HR compared with the B-adrenergic
blockade conditions. Changes in AP were not statistically
significant.

Figure 2 illustrates the transfer functions from vagal stimu-
lation to the HR response averaged from all animals in protocol
1. The gain plots, phase plots, and coherence functions are
shown. The transfer gain was relatively constant below 0.05 Hz
and decreased above 0.05 Hz up to 0.8 Hz in each panel. The
phase approached —m radians at the lowest frequency and
lagged with increasing frequency. Coherence was near unity in
the frequency range below 0.5 Hz under control conditions. A
slight decrease from unity in the coherence values was noted
under B-adrenergic blockade conditions with and without tonic
sympathetic nerve stimulation.

The fitted parameters of the transfer functions are summa-
rized in Table 2. B-Adrenergic blockade decreased dynamic
gain with no alteration of the corner frequency or pure delay.
Under B-adrenergic blockade conditions, tonic sympathetic
nerve stimulation did not further change the dynamic gain.

Table 3 shows the prestimulation values of HR and AP
and the HR increase in response to tonic sympathetic nerve

Fig. 2. Transfer functions from vagal stimu-
lation to the HR response averaged from all
animals (n = 7), and right panels display
transfer functions before ({eft) and after (mid-
dle) infusion of propranolol in the absence
and presence (right) of SS are shown, Gains
(top), phase shifts (middle), and coherence
functions {Coh; botrom) are presented. Sclid
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Table 2. Parameters of transfer function from vagal
stimulation to heart rate response

B-Blockade +

Control B-Blockade S8
Dynamic gain, beats-min~!-Hz"!  6.0+0.4 3.7+06* 3.8:+0.5*
Corner frequency, Hz 019006 0222004 024004
Pure delay, s 049+0.05 0.55*0.07 045+0.03

Values are means = SE. *P <2 005 vs. comesponding control values.

stimulation obtained from protocol 2. The HR increase to
tonic sympathetic nerve stimulation did not change signifi-
cantly for 50 min, which covered the entire time period of
protocol 1.

DISCUSSION

We have demonstrated that B-adrenergic blockade with
intravenous propranolol administration decreased the dynamic
gain of the transfer function from vagal stimulation to HR.
Under (-adrenergic blockade conditions, tonic stimulation of
the cardiac postganglionic sympathetic nerve did not affect the
dynamic gain of the HR response to vagal stimulation.

Effects of tonic sympathetic nerve stimulation on dynamic
vagal control of HR under B-adrenergic blockade conditions.
Previous studies indicate that activation of a-adrenergic recep-
tors modulates the vagal control of HR. Pardini et al. (26)
showed that o-adrenergic stimulation by intravenous phenyl-
ephrine inhibited the HR response to electrical stimulation of
the preganglionic vagal fibers, whereas this treatment facili-
tated the HR response to carbachol-induced activation of the
postganglionic vagal fibers. In a previous investigation (24),
we demonstrated that intravenous NE infusion attenuated dy-
namic vagal control of HR via the a-adrenergic mechanism.
However, because these previous studies employed phenyleph-
rine or NE administration, whether endogenous NE released
from the cardiac sympathetic nerve terminals modulated the
vagal control of HR via the a-adrenergic mechanism remained
unknown.

In the present investigation, the effects of electrical stimu-
lation of the cardiac postganglionic sympathetic nerve on vagal
control of HR were examined under B-adrenergic blockade
conditions. Selective stimulation of the cardiac sympathetic
nerve did not increase plasma NE concentration perceivably (8,
16, 32). Therefore, changes in the vagal control of HR, if any,
could be attributable to the effects of NE released from the
postganglionic cardiac sympathetic nerve terminals. As depicted
in Fig. 2, dynamic vagal control of HR was unaffected by tonic
sympathetic nerve stimulation under B-adrenergic blockade con-
ditions, which suggests that modulation of the vagal control of HR
via the o-adrenergic mechanism is negligible during selective
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stimulation of the cardiac sympathetic nerve. A failure to stimu-
late the sympathetic nerve cannot account for this observation,
because the HR response to sympathetic nerve stimulation was
reproducible in protocol 2 for the time period necessary for
completing protocol 1 (see Table 3).

In addition to classical nicotinic cholinergic synapses, B-ad-
renergic synapses are present in sympathetic ganglia (3).
Hence, B-adrenergic blockade can alter sympathetic transmis-
sion in the intrathoracic cardiac nervous_system. However,
because the right inferior sympathetic nerve we stimulated was
mainly postganglionic in rabbits (15), the lack of sympathetic
effects after B-adrenergic blockade cannot be ascribed to the
interroption of sympathetic ganglionic transmission to the
heart. Another factor that should be taken into account is the
extent of overlap in innervation between the sympathetic and
vagal systems. If the innervation does not overlap at all, NE
released from the sympathetic nerve terminals may not reach
the prejunctional a-adrenergic receptors on the vagal nerve
terminals. However, we stimulated right-sided inputs for both
parasympathetic and sympathetic inputs and thereby maxi-
mized the potential of neural interactions, Under similar ex-
perimental conditions, we detected sympathovagal interactions
in the absence of B-adrenergic blockade in previous studies
(13, 14). Therefore, we speculate that there was substantial
overlap in innervation between the nerves we were activating.

Effects of B-adrenergic blockade on dynamic vagal control
of HR. The present results indicated that B-adrenergic blockade
significantly attenuated the dynamic gain of the vagal control
of HR (see Fig. 2). These results are consistent with findings in
a previous study on dogs (6). B-Adrenergic blockade decreased
mean HR during dynamic vagal stimulation (see Table 1),
which suggests that a considerable sympathetic tone had ex-
isted under control conditions. Although the right inferior
cardiac sympathetic nerve was sectioned, other sympathetic
branches directed to the heart were kept intact and may have
provided sympathetic tone under control conditions. The with-
drawal of such background sympathetic tone after B-adrenergic
blockade reduced the dynamic gain of the vagal control of HR.

Plasma catecholamines also participate in the background
sympathetic tone. Althongh we demonstrated that high plasma
NE concentration attenuated dynamic vagal control of HR
(24), the effects of plasma epinephrine on dynamic vagal
control of HR remain unknown. It is possible that plasma
epinephrine exerted a positive chronotropic effect and aug-
mented dynamic vagal control of HR under control conditions,
However, previous studies using cardiac microdialysis have
indicated that plasma catecholamines can dissociate from myo-
cardial interstitial catecholamine levels due to substantial com-
partmentalization (16, 18). Myocardial interstitial NE levels
correlate with left ventricular contractility regardless of

Table 3. Effects of cardiac sympathetic stimulation on heart rate response obtained from protocol 2

Time, min
t 11 o2 31 41 51
AHR, beats/min 49.9*7.0 50055 491+34 43.5*+3.7 45.0+4.6 454x5.1
Prestimulation HR, beats/min 240.9%13.2 238.3+129 234.8*11.3 2353+118 231.8%11.7 2321127
Prestimulation AP, mmHg 8§8.2+87 86.5%8.5 82.7+8.7 85.1+9.1 86.0*54 87.7*x9.0

Values are means * SE. HR, heart rate; AP, acrtic pressure.
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whether the interstitial NE levels were increased endogenously
with cardiac sympathetic stimulation or exogenously with
intravenous NE infusion (16). Therefore, not only plasma but
also myocardial interstitial catecholamine levels are important
for determining cardiac function. Additional studies are nec-
essary to determine whether high levels of plasma and/or
myocardial interstitial epinephrine modulate the dynamic vagal
contro) of HR.

Limirations. First, data were obtained from animals under
anesthetized conditions. In the event that data had been ob-
tained from conscious animals, the results may have been
different. However, because we stimulated the efferent path-
ways of the sectioned vagal and cardiac sympathetic nerves,
the effects of anesthesia on the central nervous system may not
influence the present results much. Furthermore, because we
compared the vagal control of HR among the three different
conditions under the same anesthesia, it is fair to say that the
tonic sympathetic stimulation did not affect the vagal control of
HR via the w-adrenergic mechanism.

Second, rabbits may exhibit a different degree of sympatho-
vagal interaction compared with the more commonly studied
dogs. However, the HR response to autenomic nerve stimula-
tion is similar between rabbits and dogs in various aspects. The
HR response to vagal stimulation is faster than that to sympa-
thetic stimulation (5, 13). The accentuated antagonism {10, 19)
and presynaptic inhibition (11, 28) between the vagal and
sympathetic nerves were observed in both species. The three-
dimensional plot derived from the steady-state HR response to
various combinations of vagal and sympathetic stimulation is
sirnilar for the two species (14, 19). We therefore believe that
rabbits are as good as dogs for investigating the autonomic
control of HR.

Finally, the stimulation pattern of binary white noise
differs from the physiological discharge of the vagal nerve
{17). Notably, the aphasic nature of binary white-noise
stimulation relative to each R-R interval would mask the
phase-dependent sensitivity of the HR response to nerve
stimulation (12). Moreover, we stimulated the entire bundle
of the vagal nerve simultaneously. Thus the dynamic HR
response determined in the present study cannot account for
possible regional differences in nerve function among the
nerve fibers.

In conclusion, cardiac postganglionic sympathetic nerve
stimulation did not affect the dynamic HR response to vagal
stimulation via the a-adrenergic mechanism in rabbits. Presyn-
aptic inhibition of the vagal contro] of HR might manifest itself
upon activation of the presynaptic a-adrenergic receptors on
the preganglionic and/or postganglionic vagal nerve terminals
by circulatory agents.
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Kawada, Torn, Kazunori Uemura, Koji Kashihara, Atsunori
Kamlya, Masaru Sugimachi, and Kenji Sunagawa. A derivative-
sigmoidal model reproduces operating point-dependent baroreflex
neural arc transfer characteristics. Am J Physiol Heart Circ Physiol
286: HO00-HO00, 2004. First published February 12, 2004; 10.1152f
ajpheart.00787.2003.—A cascade model comprised of a derivative
fitter followed by a nonlinear sigmoidal component reproduces the
input size dependence of transfer gain in the baroreflex neural arc

from baroreceptor pressure input to efferent sympathetic nerve activ-

ity (SNA). We examined whether the same model could predict the
operating point dependence of the baroreflex neural arc transfer
characteristics estimated by a binary white noise input.- In eight
anesthetized rabbits, we isolated bilateral carotid sinuses from the
systemic circulation and controlled intracarotid sinus pressure (CSP),
We estimated the linear transfer function from CSP to SNA while
varying mean CSP among 70, 100, 130, and 160 mmHg (P10, Piso,
Pi3o, and Piso, respectively). The transfer gain at 0.01 Hz was
significantly smaller at P74 (0.61 %= 0.26) and P;g0 (0.60 = 0.25) than
at Pioo (1.32 + 042) and Piso (1.36 = 0.45) (in arbitrary units/
mmHg; means * SD; P < 0.05). In contrast, transfer gain values
above 0.5 Hz were similar among the protocols. As a result, the slope
of increasing gain between (.1 and 0.5 Hz was significantly steeper at
P70 (17.6 * 3.6) and Pigo (14.1 £ 4.3) than at Py (8.1 * 4.4) and
P30 (7.4 = 6.6) (in dB/decade; means * SD; P < 0.05). These results
were consistent with those predicted by ‘the derivative-sigmoidal
model, where the deviation of mean input pressure from the center of
the sigmoidal nonlinearity reduced the transfer gain mainly in the
low-frequency range. The derivative-sigmoidal model functionally
reproduces the dynamic SNA regulation by lhe arterial baroreflex over
a wide operating range.

systems analysis; transfer function; simulation; carond sinus barore-
flex; nonlinearity

THE ARTERIAL BAROREFLEX SYSTEM is one of the important neg-
ative-feedback systems that stabilize arterial pressure (AP)
against pressure disturbances during daily activity. A system-
atic analysis of baroreflex dynamic characteristics is essential
for better understanding of physiological AP regulation, lead-
ing to the development of a bionic baroreflex system that can
replace a failed vasomotor center (25, 26). We have analyzed
the arterial baroreflex system by breaking its sympathetic limb
down into neural and peripberal arc subsystems (8, 21, 24).
The dynamic SNA response to baroreceptor pressure input
becomes greater as the frequency of input perturbation in-
creases in the frequency range between 0.0l and 1 Hz in
anesthetized rabbits and rats (8, 15, 23), suggesting derivative
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characteristics of the baroreflex neural arc. In contrast, the
dynamic AP response to SNA becomes smaller as the modu-
lation frequency of SNA increases in the same frequency
range, indicating the low-pass characteristics of the baroreflex

.peripheral arc. The fast neural arc effectively compensates for

the slow peripheral arc to accelerate dynamic AP regulation by
the baroreflex negative-feedback loop (8).

The static input-output relationship between baroreceptor
pressure input and AP determined under open-loop conditions
approximates a nonlinear sigmoidal curve with threshold and
saturation (1, 2, 16, 22, 28). Under closed-loop conditions, the
barcreceptor pressure input equilibrates with AP. The closed-
loop operating pressure thus determined is near the center of
the sigmoid curve in anesthetized rabbits and rats (4, 24). The
baroreflex dynamic characteristics frequently have been esti-
mated by using the mean input pressure around the closed-loop
operating pressure {8-10, 14, 15, 19, 20). Accordingly, the
baroreflex dynamic characteristics have not yet been elucidated
over a wide operating range.

In a previous study, we (14) demonstrated that a cascade model
consisting of a linear derivative filter followed by a nonlinear
sigmoidal component (a class of Wiener model) can serve as a

first .approximation of neural arc transfer characteristics. Using

this model, we simulated how differences in mean input pressure

affect the Enear transfer function from pressure input to SNA. On

the basis of results of simulation using a binary white noise input,
we hypothesized that deviation of the mean input pressure from
the closed-loop operating pressure would decrease the neural arc
transfer gain mainly in the low-frequency range, while not affect-
ing that in the high-frequency range. To test this hypothesis, we
petformed an open-loop experiment on the carotid sinus barore-
flex in anesthetized rabbits. The previous investigation (14) fo-
cused on developing a proper model for the overall transfer
characteristics of the baroreflex neural arc based on a particular set
of data, whereas the present investigation focused on verifying the
model by predicting systern behavior in response to input signals
that had not been examined during the model construction. The
results of the present study supported our hypothesis that the
deviation of mean input pressure from the closed-loop operating
pressure affects neural arc transfer gain in a frequency-dependent
MANDET.

MATERIALS AND METHODS

Simulation study. Figure 1A illustrates a cascade mode] consisting
of a derivative filter followed by a nonlinear sigmoidal component
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¢see appendix for oumerical descriptions). This model was able to
reproduce the input size dcpendence of harorefléx neural arc transfer
characteristics from carotid sinus pressure (CSP) to SNA in a previous
study (14), We calculated the linear transfer function of this model in
the frequency range between 0.01 and 1. Hz by using a binary white
noise input. The mean input pressure was deviated from the center
(Pc) of the sigmoidal nonlinearity by +20, +40, and +60 mmHg
(Pc=20, Pexao, and Poxsn, respectively).

Surgical preparations. Avimals were cared for strlctly in aCCor-
dance with the Guiding Principles for the Care and Use of Animals in
the Field of Physiological Sciences approved by the Physiological
Society of Japan. Bight Japanese white rabbits weighing 2.6-3.6 kg
were anesthetized by intravenous injection (2 mb/kg) of a mixture of
urethane (250 mg/ml) and e-chloralose (40 mg/ml) and mechanically
ventilated with oxygen-enriched room air. Supplemental anesthetics were
injected es necessary (0.5 mikg) to maintain an appropriate level of
anesthesia. AP was measured with a high-fidelity pressure transducer
(Millar Instruments, Houston, TX) inserted via the right femoral artery.
We isolated bilateral carotid sinuses from the systemic circulation by
ligating the internal and extemal carotid arteries and other small branches
originating from the carotid sinus regions, The jsolated carotid sinuses
were filled with warmed physiological saline through catheters inserted
via the common carotid arteries. CSP was controlled by a servo-con-
trolled piston pump. Bilateral vagal and sortic depressor nerves were
sectionied at the neck to minimize reflex effects from the candiopulmonary
region and aortic arch on the central processing of the baroreflex neural
arc. We exposed the left cardiac sympathetic nerve through a midline
thoracotomy and attached a pair of stainless steel wire electrodes (Bioflex
wire AS633; Cooner Wire) to tecord SNA (13). The nerve hundle
peripheral to the electrodes was sectioned to eliminate afferent signals
from the heart. The nerve and electrodes were covered with curing
silicone glue (Kwik-Sil; World Precision Instruments) for insulation and
fixation. The preamplified nerve signal was band-pass filtered at 150
1,000 Hz, and then full-wave rectified and low-pass filtered with a cutoff
frequency of 30 Hz to quantify nerve activity. Pancuronium bromide (0.1
mg/kg) was administered to prevent contamination of muscular activity

_ frequency {Hz) frequancy (Hz)

in the SNA recording. Body lemperatwe was maintained at ~38°C with
a heating pad. !

Protocols. To esumate dynamlc chamctenstlcs of the carotid sinus
baroreflex at different operating points, we perturbed CSP with the
mean inpul,.préssure_;"ﬁet_‘al 70, 100, 130, and 160 mmHg. These
protocols dre hereafter denoted as Pos, Pioo, Piao, and Pyso, respec-
tively. In each protocal, CSP was assigned at either 20 mmHg above
o1 below the mean input pressure every 500 ms according 10 a binary
white fioise signal. The four protocols were performed in random
order. After mean SNA and AP had reached a steady state in each
protocol, CSP, SNA, and AP were recorded for 10 min. Data were
sampled at 200 Hz with a 12-bit analog-to-digital converter and stored
on the hard disk of & dedicated laboratory computer system.

Data analysis. The neural arc transfer function from CSP to SNA,
the peripheral arc transfer function from SNA o AP, and the total loop
transfer function from CSP to AP were estimated by the following
procedure. The input-output data pairs were resampled at 10 Hz and
segmented into eight sets of 50%-overlapping bins of 1,024 points
each (6). For each segment, a linear trend was subtracted and a
Hanning window was applied. A fast Fourier transform was per-
formed to obtain the spectra of the data segments (3). The ensemble
averages of input [Sxx(f)} and output [Sy»(f)] and cross-spectra
between the input and output [Syx{f)] were estimated over the eight
segments. Finally, the transfer function [H(f)] from the input to the
output was calculated as (18)

SYX(f)
S f)

To quantify the linear dependence between the input and output
signals in the frequency domain, a magnitude-squared coherence
function {Coh(f)} was calculated as (18)

IS (A
Sp(f)SrdS)

H(f) = H

Coh{f} = (2
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and arterial pressure (AP) obtained from the 4 pro-
< ~ tocols, CSP was perturbed according to & binary
Z 3 white noise sequence. The mean levels of SNA and
ne AP decreased as the mean input pressure increased.
P10, Pron, P13, and Pyso, protocols with mean input
pressure at 70, 100, 130, and 160 mmHg, respec-
tively; aw, arbitrary units.
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The coherence value ranges from zero 1o unity. A unity coherence
value indicates perfect linear dependence between the input and
output signals, whereas a zero coherence value indicates total inde-
pendence between the two signals. Possible sources for lowering the
coherence values include physical poise in signa] measurements,
biclogicat noise in the output signal unrela!ed to the input algnal, and
nonlinear system responses.

Statistical analysis. All datanrepresented as means * SD. Because
the absolute amplitude of SNA varied depending on recording con-
ditions, SNA is presented in arbitrary units (au). We calculated a
normalization factor for the neural arc transfer function in each animal
80 that the average value of transfer gains obtained from the four
protocols became unity at 0.01 Hz. Because we multiplied the same
normalization factor to the transfer gain values at all frequencies, the
gain plot did not change its frequency distribution. The inverse of the
normalization factor was then applied to the peripheral arc transfer
function in each animal. The total loop transfer function was not
normalized. To compare the transfer functions among the P+o, Pioo,
P30, and P protocols, the transfer gain vatues at 0.01 and 0.1 Hz
{Go.or and Go,;) were used. To quantify the extent of frequency-
dependent changes in transfer gain, an average slope of the transfer
gain between 0.1 and 0.5 Hz (Slopen.-os) was calculated. The
frequencies of these parameters were chosen arbitrarily so that the
parameters could properly represent the observed changes in the
transfer functions. These parameters were tested among the four
protocols with & repeated-measures analysis of variance followed by
the Tukey test for all pairwise comparisons (5). Differences were
considered significant when P < 0.05. Differences in mean SNA and
AP during the CSP perturbation were tested among the four protocols
by the same statistical procedure.

RESULTS

Figure 1B shows the linear transfer function from CSP to
SNA estimated from the simulation data with a derivative-
sigmotdal cascade model (see ApPENDIX for details). Gain plots,
phase plots, and coherence functions are presented. When the
mean input pressure was at the center of the sigmoidal non-
Linearity, the transfer gain increased slightly with increasing
frequency. The phase approached —= rad at the lowest fre-
quency and lagged with increasing frequency. The coherence
values were close to unity in the frequency range from 0.01 to

AQ:4 1 Hz. The deviation of mean input pressure at Pcxaq, Poxao,

and Pgsgo decreased the transfer gain mainly in the low-
frequency range. The derivative characteristics became more
enhanced as the deviation of mean input pressure increased.
Although the phase plot did not change markedly across the
four conditions, the phase values led slightly between 0.04 and
0.3 Hz at Pergo. The deviation of mean input pressure de-
creased coherence values in the lower frequencies.

Figure 2 shows typical time series of CSP, SNA, and AP in
one animal. CSP was perturbed by a binary white noise
sequence. An identical binary sequence with a different pres-
sure level was unposed on CSP. Although the series are
arranged ia Fig. 2 in order of ascending CSP level, the actual
protocols were performed in random order. The elevation of
CSP level suppressed mean SNA and AP. Despite the same
amplitude of CSP perturbation, changes in AP appeared to be
greater in the P;oo and Pm protocols than in the Pyg and Pen
protocols.

Mean Jevels of SNA and AP obtained from all animals are
surnmarized in Table 1. The mean SNA and AP values during
the CSP perturbation were significantly higher in the Py
protocol than in the other three protocols. The mean AP value
was significantly lower in the P\g protocol than in the Pyoo
protocol.

Figure 3 shows the neural arc transfer functions averaged
from all animals. Gain plots, phase plots, and coherence
functions are presented. The transfer gain increased with in-
creasing frequency in each protocol, indicating the derivative
characteristics of the neural arc. The gain values at lower

Table 1. Mean levels of sympathetic nerve
activity and arterial pressure

Pro Pioo | JES Piso
SNA, au L1700 % 085+0.37 0.73+£0.33 0.72+028
AP, mmHg 113£13*1} 93x15 8216 77+13§

Data are means = SD. SNA, sympathetic nerve activity; au, arbitrary wnits;
AP, arterial pressure; Pro, Pron, Pian, Pisn, input pressure of 70, 100, 130, and
160 mmHg, respectively. *P < 0.01, 1P < 0.01, $ P < 0.01 vs. Piog, Piao, and
Piso, rcspccﬁvcly; §P < 0.05 vs. Pigo.
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Fig. 3. Newral arc transfer functions obtained from @ 5 - - 3
the 4 protocols. The gain plots, phase plots, and s C1p ; 3 T . :
coherence functions are shown. The transfer gain at 3 3 3 3
0.01 Hz was smaller in the Pzo and Piso protocols r : 1 o "
than in the Pioo and Pyao protocols. The slope of o Lasuavn i wacnnd sl Loaesuud g TP T
increasing gain between 0.1 and 0.5 Hz was steeper .Ot‘_l) ‘
in the Py and Piso protocols than in the Pooand @ & SaleiN ‘ e
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mean and mean * SD values, respectively. &£ ®
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frequencies were smaller in the Py and Pigo protoools than in
the Pyo0 and P13 protocols. In contrast, the gain values above
0.5 Hz were similar among the four protocols As a result, the
slope of the increasing gain was steeper in the Py and Pygp
protocols than in the Pjoo and Pag protocols The phase ap-
proached —r rad at the lowest frequency in the P00 and P30
protocols, reflecting the out-of-phase relationship between CSP
and SNA. The phase values in the lower frequéncies were
dispersed, and mean phase Values were ‘deviated from —r
toward O rad in the P7o and Pigo protocols. The coherence
values were <0.5 below 0.1 Hz in the Py protocols. The
coherence values appeared to be greater in the Pmo and Plao
protocols than in the Py and Prgo protocols.

Figure 4 shows the peripheral arc transfer functions aver-
aged from all animals. The transfer gain decreased with-in-
creasing frequency in each protocol, indicating the low-pass
characteristics of the peripheral arc. The transfer gain values
below 0.03 Hz were smaller in the P+o protocel than in the

) fraquency (Hz)

other three protocols. A sharp peak arcund 0.6 Hz corre-
_sponded to the frequency of anificial ventilation. The phase
approached 0 rad at the Jowest frequency in each protocal,
reflecting the fact-that an increase in SNA increased AP at
steady state. The phase lagged significantly with increasing
frequency in each protocol. The coherence values were <0.5
below 0.4 Hz in the P protocol. The coherence values
appeared to be greater in the Pygo and Py3q protocols than in the
P70 protocol. The coherence values were similar in the Pjop and
P60 protocols. ;

Figure 5 depicts the total loop transfer function averaged

from all animals, The tiansfer pain'decreased as the frequency

‘increased in each protocol, indicating the low-pass character-
" istics of the total baroreflex Joop. The gain values below 0.1 Hz
were smaller in the Py and Pys protocols than in the Pygg and
P30 protocols. The phase approached —m rad at lowest fre-
quencies in the P00 and P13 protocols, reflecting the negative
feedback attained by :the total baroreflex loop. The phase

Pr P1oo Pis Piso
10
3 NG
‘% g : “-) ‘\:..._..._ 1.
Fig. 4. Peripheral arc transfer functions obtained €9 E N
from the 4 protocols. The gain plots, phase plots, E 9 -
and cobercnce functions are shown. The transfer 0.0 %

gain at 0,01 Hz was smaller in the Py than in the
P30 protocol. Neither the transfer gain at 0.1 Hz nor

Lo J LE2Al

the slope of decreasing gain from 0.1 to 0.5 Hz

differed among the 4 protocols. Solid and dashed
lines represent mean and mean * SD values, re-

spectively,

Phase.

(radians) o
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3 AR
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O E 3 E obtained from the 4 protocols. The gain plots, phase
[ [ [ plots, and coherence functions are shown. The trans-
0.01 " fer gain at 0.01 Hz was smaller in the Pz protocol
F than in the Pioe and Prae protocols. The transfer gain
0 o at 0.1 Hz was smaller in the P70 and Piso protocols
.001 than in the Pigo and Piso protocols. The slope of
© M decreasing gain between 0.1 and 0.5 Hz was shal-
a L. i lfower in the Po than in the Pigo protocol. Solid and
& [=< 1t dashed lines represent mean and mean = SD values,
AT K respectively.
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values in the lower frequencies were dispersed and mean phase
values were deviated from —r toward 0 rad in the P7; and Piso
protocols. The coherence values were <0.5 below 0.08 Hz in
the P protocol and <<0.5 below 0.02 Hz in the Pigq protocol
The coherence values appeared to be greater in the Pigo and
P30 protocols than in the Pyo and Piso protocols.

Table 2 summarizes the statistical analysis of the. ohtamed
data. In the neural are, Go.o) and Go,) were significantly smaller
in the P;y and Pigo prOtocols than in the P]bo and Piso
protocols. Slopeg.;-o.s was significantly steeper in the P7o and
Pieo protocols than in the Pioo and Piap ‘protocols. In the
peripheral arc transfer function, Gg.o; was significantly smaller
in the Py than in the Pisg pl'DtOCO]; Gy and S]Ope‘-'),l_a,s did
not differ among the four protocols. In the total loop transfer
function, Go.n was significantly smaller in the Py protocol
than in the Pigo and Py3o protocols. Goy was significantly
smaller in the P and Pygo protocols than in the Pygo and Prae
protocols. Slopeqg 105 was significantly less negative in the Pyo
than in the Pyg protocol.

DISCUSSION

We have demonstrated that differences in mean input CSP
significantly affect the linear transfer function of the baroreflex

neural arc_estimated by a binary white noise input (Fig. 3).
Changes in the neural arc transfer function observed in the
animal experiment were qualitatively consistent with predic-
tions made by the derivative-sigmoidal cascade model (Flg
1B), remforcmg the validity of this model as a first approxi-
mation of baroreflex neural arc transfer characteristics.
Operatmg point dependence of baroreflex transfer charac-
teristics. In a previous study, we (14) postulated a simple
model of the baroreflex neural arc consisting of a linear
derivative filter followed by a nonlinear sigmoidal component
based on the input size dependence of the neural arc transfer
characteristics. The:same mode] predicted that deviation of the
mean input level from the center of sigmoidal nonlinearity
would decrease the gain of signal transduction mainly in the
low-frequericy range (Fig. 1B). The midpoint pressure for the
static input-output relationship between CSP and SNA was
~110-115 mmHg in anesthetized rabbits (12, 13). Hence,
significant deviation of the mean input CSP from the midpoint
pressure in the Poy and Pygp protocols resulted in decreased
transfer gain in the lower frequencies compared with the Pioo
and P39 protocols (Fig. 3). Generally, the interpretation of the
estimated transfer function in the frequencies associated with
Iow coherence values is difficult. This is because the low

Table 2. Parameters of neural arc, peripheral arc, and total loop transfer functions

P Piuo Pizo Pien

Neural are

Gom, aw/mmHg 0.61+0.2618 1.32£0.42 1.36£0.45 0.60+0.251§

Gq.1, aw/mmHg 0.86+0.311% 2342077 246£0.96 1.30:£0.59*%

Slopeg.i-o.s, dB/decade 17.6+3.61% 8.1+44 74266 14.124.31§
Peripheral arc i

Go.os, mmHg/an 0.54+0.26% 0.76+0.43 0.96::0.30 0.8520.41

Go,1, mmHgfau 0.22+0.11 0.19x0.08 0.22+0.09 0.160.10

Slopea,1-0.5, dB/decade ~315*11.5 =35.6+5.2 =34.7+6.7 -334x79
Total barorefiex loop

G 0.46+0.24*§ 1.40+0.80 155+0.72 0.73*0.39

Go.t 0.28x0.09*+ (.53+0.22 0.52+0.14 0.24+0.12+§

Slopeo.1-o.s, dB/decade —17.3%7.34 —28.3x55 ~-26.0+11.2 —~21.8+7.7

Data are means * SD. Go.ot, Go.1, transfer gain at 0.01 Hz and 0.1 Hz, respectively; Slopcm u.s, average slope of transfer gain between 0.1 and 0.5 Hz.

*P < 005, 1P < 0.01 vs. Proy P < 0.05, §P < 0.01 vs, Piag.
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