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After determining the transfer function of the bionic baroreflex, we
obtained the impulse response of the bionic baroreflex system [hganie(7)] via
inverse Fourier transform of the transfer function. We then calculated the
stimulus command [csim(f)] from the convolution integral between hgionic(7) and
baroreceptor pressure input [pi.u(f)] according to the following equation.

€ Stim ()= J?I Bionic \T )P Inpit (t—r)dr (BS]

In the above convolution integral, piulf) was treated as the change in
arterial pressure from the arterial pressure value measured immediately before
hypotensive intervention.
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Decoding of sympathetic heart rate control (see Ref 7). A: Recordings of cardiac
sympathetic nerve activity (CSNA) and heart rate (HR), which were plotted
against each other. B: Transfer function from CSNA to HR and the corresponding
impulse response. C: Prediction of HR from CSNA using the transfer function. A
scatter plot of measured HR versus predicted HR displays the accuracy of this
prediction.

Figure 2

A Hygavel 1) Hsum —arl 1) B

120 Head-up Tit

Gan
At Prossurs (mmHg)
8

- -~ o SR et )
g3 - z e W 2 W 40
sg-c:L - b Thne (&
i el ¢ A (A | &3 . "

oo 01 1 0.0 01 1 — S —
Fraguency (Hz) Freguancy (Hz) 120 Head-up Tit

Bionic Barorafiex (+)

o

| Barorefiex F aikurs

o =

Gawn
{Hzammig)
Artenasl Pressurs (mmHg)
g8

Phase
{racians)
1
H

D1 o 10 0 30 40
Frequency [Hz) Tima (8)




Journal of Artificial Organs 2009 (in press)
16

Arterial pressure regulation by the bionic baroreflex system (See Ref 13). A:
Transfer function of the native baroreflex [Hwaive(f)], transfer function from
stimulation of the celiac ganglion to arterial pressure [Hsim-.ap(f)]. and transfer
function of the bionic baroreflex [Hgionic(f)]. B: Arterial pressure responses during
head-up tilt in the rat with normal baroreflex (top) and in the rat with central
baroreflex failure (bottom). Activation of the bionic baroreflex system restored
the buffering effect against orthostatic hypotension.

Figure 3
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Survival of rats with chronic heart failure after myocardial infarction (see Ref 18).

Vagal stimulation dramatically improved the survival rate.
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Abstract—The assessment of arterial baroreflex function in
cardiovascular diseases requires quantitative evaluation of
dynamic and static baroreflex properties because of the
frequent modulation of baroreflex properties with unstable
hemodynamics. The purpose of this study was to identify the
dynamic baroreflex properties from transient changes of step
pressure inputs with background noise during a short-
duration baroreflex test in anesthetized rabbits with isolated
carotid sinuses, using a modified wavelet-based time-
frequency analysis. The proposed analysis was able to
identify the transfer function of baroreflex as well as static
properties from the transient input-output responses under
normal [gain at 0.04 Hz from carotid sinus pressure (CSP) to
arterial pressure (n = 8); 0.29 £ 0.05 at low (40-60 mmHg),
1.28 4 0.12 at middle (80-100 mmHg), and 0.38 £ 0.07 at
high (120140 mmHg) CSP changes] and pathophysiological
[gain in control vs. phenylbiguanide (n = 8); 0.32 + 0.07 vs.
0.39 £ 0.09 at low, 1.39 + 0.15 vs. 0.59 £ 0.09 (p < 0.01) at
middle, and 0.35 = 0.04 vs. 0.15 = 0.02 (p < 0.01) at high
CSP changes] conditions. Subsequently, we tested the pro-
posed wavelet-based method under closed-loop baroreflex
responses; the simulation study indicates that it may be
applicable to clinical situations for accurate assessment of
dynamic baroreflex function. In conclusion, the dynamic
baroreflex property to various pressure inputs could be
simultaneously extracted from the step responses with
background noise.

Keywords—Baroreceptor reflex, Sympathetic nerve activity,

Arterial pressure, Transfer function, Dynamic characteristics.

INTRODUCTION

Arterial baroreflex is a crucial negative feed-
back system because of the quick stabilization of
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arterial pressure (AP) against external pressure
disturbances.'**" The assessment of arterial baroreflex
function would require quantifying the dynamic as well
as static properties'>*® because the baroreflex gain or
sensitivity is rreﬁuently modulated during cardiovas-
cular diseases.**** Because quick responses of auto-
nomic nerves and AP mainly through the brainstem’
might contain the unknown characteristics changing
by the minute in acute cardiovascular diseases,” the
short-term dynamic system identification might relate
to the novel finding under such nonstationary condi-
tion. Laboratory and spontaneous baroreflex meth-
ods’” are widely used in human and animal studies.
The laboratory method requires invasive pharmaco-
logical or mechanical pressure interventions, and it
may be suitable for estimation of the mechanism of AP
regulation through the sympathetic as well as vagal
baroreflex.”** The spontaneous baroreflex method
aims Lo assess cardiovagal activity noninvasively using
systolic AP and heart rate variability.® These methods
have various merits under the baroreflex testing con-
ditions. but remain debatable because of complicated
mechanisms, 774043

In the laboratory method, the standard analysis of
sympathetic baroreflex has been performed mainly in
the time'®' or frequency domain."?***** The time-
domain analysis has evaluated the stable or maximal
gain around the operating point, but may not char-
acterize the impaired dynamic baroreflex properties
accurately in cardiovascular patients with unstable
hemodynamics and background noise. In the fre-
quency domain, fast Fourier transform (FFT) analy-
sis’! has identified dynamic baroreflex properties under
such noisy condition, but requires longer data seg-
ments to cancel the background noise and to identify
the dynamic properties with low-frequency band,*
indicating difficulties to extract short-term changes. In
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the spontaneous baroreflex method, the analytical ime
window based on short-time FFT® (STFFT) has been
adjusted to evaluate the time-varying gain around the
operating point. However, this method may not be
suitable for the evaluation of short-term changes in
baroreflex properties for AP regulation through sym-
pathetic as well as vagal nerves, at multiple pressure
points with background noise. A combination of time
and frequency analysis using wavelet transform may be
able to identify the dynamic baroreflex properties
efficiently regardless of background noise®* by virtue
of its high temporal resolution.*® If dynamic and static
characteristics in cardiovascular patients with unstable
hemodynamics can be identified in a short-duration
baroreflex test, various pathophysiological character-
istics may be gained simultaneously.

The first purpose of this study was to examine
whether a proposed wavelet-based time-frequency
analysis was able to identify the dynamic as well as
static baroreflex properties in animals from transient
step pressure inputs with background noise during a
short-duration test. Next, the proposed analysis was
applied to identify unknown dynamic baroreflex
properties in nonlinear AP input ranges during the
Bezold-Jarisch reflex (BJR). We hypothesized that the
proposed analysis could evaluate the baroreflex trans-
fer properties from a short-term protocol, simulta-
neously at various pressure inputs under normal and
BIR conditions. Finally, we examined the possibility of
applying the new analysis to human studies to evaluate
the dynamic barorefiex for AP regulation through the
sympathovagal activity.

METHODS

Pathways of Baroreflex Functions

Under the carotid sinus open-loop condition, we
defined the total loop as the system from carotid sinus
pressure (CSP) input to AP output, which is divided
into the neural arc as the subsystem from CSP input to
renal sympathetic nerve activities (RSNA) output and
the peripheral arc as the subsystem from RSNA input
to AP output.'® The cardiac barorefiex was defined as
the system from CSP to heart rate (HR) response,*
which may represent sympathovagal control of the
heart through the baroreflex.

Surgical Preparations

Animals were cared for in 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. Japanese while

rabbits were anesthetized with an intravenous injection
(2 mL/kg) of a mixture of urethane (250 mg/mL)
and #-chloralose (40 mg/mL) followed by a contin-
uous administration (0.2-0.3 mL/kg/h, i.v.). The rab-
bits were artificially ventilated with oxygen-enriched
room air at 0.6 Hz. Raw wave of AP was measured
from the right femoral artery, using a high-fidelity
pressure transducer (Millar Instruments, Houston,
TX). A double-lumen catheter was placed into the
right femoral vein for drug administration. The aortic
depressor nerves identified by arterial pulse-synchro-
nous activities were sectioned, while bilateral vagi were
kept intact. Bilateral carotid sinuses were isolated from
the systemic circulation by ligating the external and
internal carotid arteries, and were filled with warm
physiological saline through catheters inserted into the
common carotid arteries. CSP was adjusted with a
servo-controlled piston pump controlled by a com-
puter system.

The left renal sympathetic nerve was exposed and a
pair of stainless steel wire electrodes (Bioflex wire
AS633, Cooner Wire) was attached. The nerve fibers
distal to the electrodes were crushed by tight ligature to
eliminate afferent signals from the kidney, and were
covered in silicone gel (Semicosil 932A/B, Wacker
Silicones). The preamplified nerve signal, band-pass
filtered at 150-1000 Hz, was full-wave rectified and
low-pass filtered at a cutoff frequency of 30 Hz (i.c.
Op-amp RC integrator) to quantify nerve activity.
Pancuronium bromide (0.3 mg/kg, i.v.) was adminis-
tered to prevent muscular activity. The body temper-
ature was kept at 38 °C.

Step Input Protocol

The carotid sinus baroreflex negative feedback loop
was closed by adjusting CSP to AP level for 20 min
after the surgical preparations (8 rabbits weighing 2.7-
3.0 kg). The feedback loop was then opened and CSP
was maintained at 40 mmHg for 4 min until the AP
response reached a steady state. CSP was then
increased from 40 to 160 mmHg in increments of
20 mmHg every minute (CSPyy_g, CSPgo-s0, CSPso 100,
Cspwg_uo, CSPy20-140, and CSPyso-160 changes), The
single trial was repeated three times every rabbit. Data
were sampled at 200 Hz and were averaged every 40
points for analysis (1.e. pulsatile AP signals were aver-
agedevery 0.2 s). HR (beats/min) was counted from the
pulse waves of raw AP signals, which are well known as
waves synchronized with ECG.>® RSNA data of cach
animal were presented in arbitrary units (a.u.), with
l-min averaged background noise taken as zero
level and 10-s averaged RSNA at CSP of 40 mmHg in
normal condition set as unity.
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Data Analysis
Identification of Dynamic Baroreflex

After the recorded data (three times) of CSP,
RSNA, AP and HR were averaged in each animal, the
signals were convoluted by complex Morlet wavelet,
w(t, fo): %4

w f

w(t, fo) = ﬁ -exp (-26—;) - exp(2nfoit) (1)

where the (a,ﬁ]'” 2 normalizes the wavelets to be
unity total energy, and the exp(—r*/2¢7) is a Gaussian
shape with the central frequency f; at time 1. The
standard deviation (g,) of the time domain is inversely
proportional to the standard deviation (a,) of the fre-
quency domain [6, = (2n0,)”"]. A constant ratio, folop
determines the effective number of oscillation cycles in
the wavelet. The fo/a, was determined'' as 5 with f;
ranging from 0.04 to 04 Hz? in increments of
0.01 Hz. Because the dynamic baroreflex function was
well characterized by the transfer function up to
around 0.4 Hz based on the corner frequency and
slope of gain change,'**? the upper frequency limit for
analysis was set at 0.4 Hz, considering also the limi-
tation of the step input (low power in high frequency
components) and the respiratory frequency of 0.6 Hz.
The wavelet duration (2g,) is 39.8 s at 0.04 Hz and
3.98 s at 0.4 Hz, and the spectral band width (2a) is
0.016 Hz at 0.04 Hz and 0.16 Hz at 0.4 Hz.

The linear trend was subtracted only in animal
study, and the continuous wavelet transform of time
series u(f) was calculated as the convolution of a
complex wavelet [w(t, fp)] with the u(r):

i(t, fo) = w(t, fo) * u(1) 2

The power P(t, fy) of the signal in a frequency band at
around f; is the squared norm of the wavelet trans-
form: P(1, fo) = (1, fo)|*. The symbol (*) shows the
convolution in the time domain

To identify the dynamic baroreflex property from
time-sequential data, we define the transfer function
[H(¢, fp)] from input to output using wavelet transform
as follows.

Pt_v['r! fl‘)

H10) = B e 0)

(3)
where

Pt.t{"cv:m-fﬂ) = f(‘c\-’cﬂlsfb} = 'i'.zl('fewnl\ ﬁ"}
Pr‘\(f- J{U] L -“:“ﬂ:nhﬁl) '.f;_'(rnfﬂj

P (leyent, Jo) is the auto-wavelet spectrum of the input
signal [x(1)] with central frequency f; at a fixed time

levert When the power is maximum. The f.yen, Shows the
sole value of the analysis time (r) at fy; the transfer
function shows the effect of the maximum input power
al fevene ON the output responses during analysis time, 1,
for every f,. Here, we used the fixed input value to
extract the dynamics strictly against the step input. The
cross-wavelet spectrum, P, (1, fo), which is an effective
way to detect large-amplitude time-localized events,*
is the convolution of the wavelet transform values of
the input-output signals [¥(feven, /o) and (1, fi)l.
¥ (tevents fo) and ¥9(1, fo) is the complex conjugate of
Xlevens Jo) and w1, fo). The segment for wavelet
transform analysis was set at £30 s of the time of the
step input change and was moved to the next area of
the step input. The symbol (-) shows the product in the
frequency domain, which corresponds to the convo-
lution in the time domain.

To visualize the time-series transfer function dur-
ing the analysis time (r), the dynamic gain

(|H(t, fo)| = y/ Heelt, fo)} + Him(t, fo)’, where Hpg,
(1, fo) and Hi (1, fo) are the real and imaginary parts of

H(t, fo)] and phase [tp{l‘ fo) = tan™! %] of the
transient transfer function during analysis time were
calculated from Eq. (3).

Next, we constructed the bode plot using the max-
imum dynamic gains, which reflects the maximum
values of input and output powers. The phase of
Eq. (3) is based on the maximum P (fevens, fo) as the
auto-wavelet spectrum of the input signal without the
lag time of system response. To calculate the phase
of the bode plot, we estimated the lag time of the
system response as follows:

L = Ipxymax — Ipxxmaxy (4)

where L is the mean value between 0.35 and 0.4 Hz of
fo. The data between 0.35 and 0.4 Hz (5 points) were
averaged because of the varied estimation. The analysis
time was set to 0-6 s and the phase unwrap process to
make it continuous across 2n phase discontinuities by
adding multiples of +2n was applied. fpexmax i8 the
time at the maximum auto power spectrum of the
input data; Ipy, max 1S the time at the maximum cross
power spectrum of input-output data. Using the esti-
mated lag time (L) of the system response, the phase
[@(tmas, Jo)] of the transient transfer function is shown
as follows:

1 H‘Em(fnumfo)

—_m 5
He(toax: fo) )

@(tmax. fo) = tan™

where

H.'("ma\-fﬂ} - H“m.vaO) ‘exP(—EﬂfofL)
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Hp (tmax, fo) and  Hj(fmax, fo) are the real and
imaginary parts of H'(fiax, fo) with lag time, L. Iy iS
the time when the dynamic gain is maximum.

Static Characteristics

After the RSNA, AP, and HR during the last 10 s of
each CSP level were averaged using the data of the
step-input protocol, the static characteristics of total
baroreflex loop, neural arc, and cardiac barorefiex
control were examined by regression analysis for the
logistic function.?**¢*” To quantify static characteris-
tics of the peripheral arc, linear regression analysis was
performed. The closed-loop operating point of the
baroreflex (APgp) was determined from the intersec-
tion point between the CSP-AP curve (total baroreflex
loop) and CSP-AP identity line. APop was also
determined from AP at the intersection point between
the CSP-RSNA curve (neural arc) and RSNA-AP line
(peripheral arc) in the equilibrium diagram.'®

Standard Analysis

The STFFT as a traditional time-frequency method
was applied to the step-input (20 mmHg) protocol,
using the model response between CSP and AP (see
Appendix). The time window was set to 12.8 5 (64 data
points) and 51.2 s (256 points, which is close to that at
the lowest frequency in the used wavelet method).
After the application of the detrend and Hanning
window, power spectral densities of the CSP and AP
and the transfer gain of the cross-spectra were com-
puted every 200 ms. In the STFFT (256 points),
pseudo-random noises were added to the input (within
+0.1 mmHg) and output (+1 mmHg every 200 ms)
signals. The STFFT analysis was also compared with
the proposed wavelet analysis over frequencies under
the pseudo-random noise within 0.1 mmHg in the
input and +1 or &2 mmHg in output every 200 ms.

Experiment of Bezold-Jarisch Reflex

To elucidate the modified wavelet-based analysis in
the pathophysiological condition, the previous datasets
assessing static baroreflex during BJR'® were reana-
lyzed; the data at sampling rate of 200 Hz were aver-
aged every 40 points. In 8 anesthetized rabbits with
sectioned aortic depressor nerves, intact vagi, and
isolated carotid sinuses, CSP was increased stepwise
while AP and HR were recorded before and after
7-min administration of a serotonin (5-HT;) receptor
agonist, phenylbiguanide (PBG, 100 pg/kg/min, intra-
venous infusion): Control and PBG conditions. Vagal
afferent was confirmed as the main pathway of the
BJR induced by intravenous PBG infusion.*

Cardiac Baroreflex

The role of cardiac baroreflex (CSP to HR response)
was studied, focusing on the contribution of the car-
diac sympathovagal activity to dynamic barorefiex for
AP regulation. The ratio of the transfer functions
between cardiac baroreflex and total (CSP-AP) loop
was calculated under Control and PBG conditions,
using the results from the proposed analysis.

Statistical Analysis

All data are expressed as mean 4+ SEM. The gain,
power, and frequency in the figures are shown in log
scales. The transfer functions in the neural and
peripheral arcs were normalized in each animal so that
the average gain in all stepwise changes of normal
condition became unity at 0.04 Hz. To test the differ-
ence among six stepwise changes or between the
Control and PBG conditions, we obtained the gain at
0.04 (G 04), the average slope of the gains between 0.1
to 0.4 Hz (Slope), and the lag time in each animal.
One-way analysis of variance with multiple compari-
sons using Bonferroni correction” was applied to assess
the level differences. Differences were considered sta-
tistically significant at p < 0.05.

Simulation for Closed-Loop Baroreflex

The carotid sinus open-loop animal experiment
should be linked to human closed-loop baroreflex to
explore the possibility of applying the proposed anal-
ysis to clinical diagnosis. We performed a simulation
study, using the emulated cardiac barorefiex model
from observed AP input to observed HR output under
the closed-loop AP response (see Appendix) to test the
accuracy of the proposed wavelet-based analysis and
to acquire the transfer functions of the cardiac baro-
reflex for use in human laboratory test.

RESULTS

Test of Wavelet Analysis

The proposed wavelet-based analysis was tested
using the baroreflex model response between CSP and
AP under carotid sinus open-loop condition (see
Appendix). After the calculation of the wavelet power
spectrum for the input and the input-output cross
spectrum (Fig. 2a), the transfer function was acquired
(Fig. 2b). The gains reached the maximum immedi-
ately after the step input at 60 s and the phase changed
greatly when approaching the maximum gain. Bode
plots were extracted from the maximum points of
the time-course transfer function with and without
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FIGURE 1. Time-frequency method based on the short-time FFT for system Identification using the simulated step-input protocol.
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background noise (Fig. 2c). In the presence of pseudo-
random noise (within £0.01 mmHg in input and
+1 mmHg in output changed every 200 ms), the
transfer function closely resembled the theoretical
values. Compared to the STFFT (Fig. 1), the proposed
wavelet method could accurately estimate the transfer
function over different [requencies, regardless of a
poor signal to noise (S/N) ratio at higher frequency,
because of the property of the step input power
(Fig. 2d).

Dynamic Baroreflex

The averaged RSNA, AP, and HR responses to the
step-input changes were decreased with the increments
in CSP from 40 to 160 mmHg every minute (n = 8,
Fig. 3a). In the averaged time series (n = 8, Fig. 3b),
the power spectrums at all step inputs were the same
values at each frequency level because of a constant

gain (bottom) in the absence (leff) or presence (right) of p do-random nol

change of +20 mmHg (greater in low frequency and
smaller in high frequency). The powers of RSNA, AP,
and HR change were higher at CSPyy 19 than other
CSP changes over all frequency ranges, and the mag-
nitudes were especially small at low or high CSP
changes.

The averaged (n = 8) time series of transfer func-
tions in the neural arc (a), peripheral arc (b), total loop
(c) and cardiac baroreflex (d) were calculated after
wavelet transform (Fig. 4). In the neural arc, gain
values in low frequencies were much less at CSP
changes away from the operating point. In the
peripheral arc, low pass characteristics in the gains
were observed at all CSP changes except the lowest
CSP4o 0 change reflecting spontaneous neural firing.
In the total barorefiex loop, the gains at CSP changes
within 60-120 mmHg were higher than those at other
CSP changes, indicating low-pass characteristics. In
the cardiac baroreflex, the gains were smaller at the
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FIGURE 3. Averaged time series (a, n = 8) and wavelet power (b, n = 8) of CSP, renal sympathetic nerve activities (RSNA), AP,
and heart rate (HR) during the static protocel. CSP was increased from 40 to 160 mmHg in 20 mmHg increments, resulting in

changes of RSNA, AP, and HR through the id sinus ba

CSPsye0 and CSP 4. j60 changes than other CSP
changes.

Figure 5 and Table | show the average gain and
phase (n = 8) in the neural arc (a), peripheral arc (b),
total loop (c), and cardiac baroreflex (d). In the neural
arc, Gpos (242 £ 0.07 a.u./mmHg) at the CSPgq. 100
change was the highest among all CSP changes, and
was almost four to five times higher than those at the
CSPy60 (054 £0.09, p<001) and CSPi4 160
(0.62 £ 0.06, p < 0.01) changes. Slopes increased sig-
nificantly at lower and higher CSP changes compared
with the CSP gy 20 change. Lag time at CSPgq_jg9 was
the shortest among all CSP changes. In the peripheral
arc, Slope and lag time did not differ significantly
among the CSP changes, whereas Gggs showed a
tendency to decrease slightly with increase of CSP.
In the total baroreflex, Gyps at CSPgy 00 change
(1.28 + 0.12) was significantly higher compared to
other CSP changes. Slopes were significantly greater at
CSP changes within 60-120 mmHg than other CSP
changes. Lag time did not differ significantly among

CSP changes. In the cardiac baroreflex, G gq
(0.90 & 0.18 and 0.92 £ 0.19 beats/min/mmHg) and
Slopes were significantly higher at CSPg 90 and
CSPoo-120 changes than other CSP changes. There
were no significant differences in lag time among CSP
changes.

Static Baroreflex

The static characteristics of the total loop were
averaged (n = 8). Regression analysis was performed
for logistic functions. Response range, coefficient of
gain, midpoint of input axis, and minimum value of
output were 0.45, 0.11, 99.6, and 0.55 in the neural are,
65.2, 0.07, 97.6, and 69.4 in the total loop, and 29.5,
0.11, 98.2, and 281.2 in the cardiac baroreflex. Linear
regression analysis was performed in the peripheral arc
(static gain = 0.0086 and offset pressure = 0.027). The
intersection between the CSP-AP curve and the line of
identity corresponds to APgp (94.3 mmHg) located in
the steepest portion (80-100 mmHg) of the sigmoid
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baroreflex loop from CSP to AP (c), and cardiac baroreflex from CSP to HR (d) averaged across all animals (n = 8).

curve. In the equilibrium diagram, RSNA decreased
with increasing CSP in the neural arc, AP increased
with increasing RSNA in the peripheral arc, and the
intersection between the two arcs provided the APop
(99.7 mmHg). In the cardiac baroreflex, HR decreased
with the increase in CSP.

Bezold-Jarisch Reflex

In the total loop and cardiac barorefiex, the gains at
various CSP changes during the BJR were identified
(n =8, Fig. 6 and Table 2). Averages of gain and
phase (Fig. 6d) were derived from the time series in
Figs. 6b and 6¢c. At middle CSP change of the total
loop, Gyos was approximately halved under PBG
condition compared to Control (0.59 4+ 0.09 vs.
1.39 £ 0.15, p < 0.01). Slope and lag time did not
differ significantly between the PBG and Control
conditions at all CSP changes. In the cardiac baroreflex
(Fig. 6¢), G o4 tended to modulate under PBG condition

at low and high CSP changes, but did not differ sig-
nificantly between the two conditions at middle CSP
changes. Slope differed significantly between the two
conditions ai low CSP change whereas lag time did not
differ significantly at all CSP changes.

Cardiac Baroreflex

The ratio of the cardiac baroreflex to the total loop
in dynamic characteristics was studied (Fig. 7). For
CSP changes within 60-120 mmHg under Control
condition, the ratios were almost linear and increased
slightly with increase in frequency; in lower or higher
CSP changes, they were modulated especially around
0.2 Hz. For CSP changes under PBG condition,
overall the ratios were higher than those under Control
condition. For CSP changes within 80-120 mmHg
under PBG condition, the ratios were almost linear
and the slopes were greater than those of Control
condition; in lower or higher CSP changes, they
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increased within the 0.1-0.2 Hz range and decreased at
higher frequencies. The phase difference did not differ
among CSP changes under both Control and PBG
conditions.

Closed-Loop Baroreflex

Simulation was performed using a cardiac barore-
flex system from closed-loop AP input to HR output
(Fig. 8a). To test the proposed wavelet analysis, an

external disturbance to AP (AP = +20 mmHg)
was added to the system, and HR responses under
carotid sinus open- and closed-loop AP responses were
calculated (Fig. 8b). The observed AP and HR
(APchange and HR pang) were modulated by closed-
loop regulation of AP. The CSP is identical with the
observed AP,y Gain and phase in the time series
(Fig. 8¢) and extracted (Fig. 8d) transfer functions
were accurately estimated under open and closed AP
responscs.
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TABLE 1. Parameters of the transfer functions in the neural arc,

ripheral arc, total loop, and cardiac barorefiex at various step

pressure inputs.

CSP (mmHg)
40-60 60-80 80-100 100-120 120-140 140-160

MNeural arc

Ga o4 (a.u/mmHg) 054 £ 008 125+ 017" 242+ 007" 189+0.13"" 1,18 020"  0.62 + 0.pg™*"*

Slope (dB/decade) 178+£41 100+£19 77420 584 3.1° 110+ 1.8 16.8 + 3.1

Lag time (s) 263 +£058 078 +0.16' 0.27 £ 0.18" 0.48 = 0.14™ 0.45 + 0.7 1.83 £ 071
Peripheral arc

Go.os (MmHg/a.u.) 142 + 017 150+0.18 130+ 0.08 1.13 £ 013 0.85 £+ 0.10' 0.92 + 0.09

Slope (dB/decade) —246+33 —294+13 282408 -266 + 2.8 -227+28 2324+ 48

Lag time (s) 040 +079 1.29+020 1.35+0.20 1.35 + 0.58 210 £ 0.69 0.08 + 0.64
Total loop

Go o4 0.29 £ 005 0.854£016" 1.28+ 012" 083009 038+ 007" 0,24 + 004"

Slope (dB/decade) -68+41 194424 205+ 16" -207+21" —11BL27

Lag time (s) 3.03+£061 207+£012 1624020 1.82 + 0.60 2.54 + 0.62 1.91 4 0.44
Cardiac barorefiex

Gp o4 (beats/min/mmHg) 011 £002 037 £011 0904 018" o092+019" 0554012 036+ 009"

Slope (dB/decads)
Lag time (s)

-23+21
2.13 + 0,62

-10.7 £23
226 + 0,34

-159+ 28"
217 £ 0.62

-6.3 4 3.1%
1.92 £+ 0.86

-19.0 £ 2.9*
1.51 £ 0.16

~-11.8 £ 2.6
1.70 £ 0.61

Gooa, transfer gain at 0.04 Hz. Slope, average slope of transfer gain between 0.1 and 0.4 Hz.
p<0.01; ** vs. 40-60, "' vs. 60-80, ** vs. BO-100, and ** vs. 100-120 mmHg in CSP change; the same symbols of a single show p < 0,05,

DISCUSSION

We have shown that the analysis using wavelet
transform can identify the dynamic baroreflex prop-
erties at various pressure levels from the time-course
data under normal (Fig. 5) and pathophysiological
conditions (Fig. 6) with background noise. The results
of the proposed analysis applied in animal experiments
indicate the possibility of its use in the assessment of
human baroreflex (Figs. 7 and 8).

Time-Series Analysis for Dynamic Baroreflex

Under the background noise added to the response
model, the proposed analysis applied to step response
was able to detect the dynamic baroreflex characteris-
tics (Fig. 2). The standard spectral analysis under
stationary conditions has high reliability in the
baroreflex test, and uses longer data to cancel the
noise™"* at various pressure inputs and lose the short-
term and important changes. In direct calculation of
the dynamic characteristics from the step input output
data, the traditional time series analysis might also
have a disadvantage under noise contamination, which
may cause poor S/N ratio in the impaired baroreflex
function of cardiac diseases.*’ The STFFT using lime
windows of a constant range for all frequencies was
actually unable to catch the dynamic property espe-
cially at higher frequencies under such condition
(Figs. 1 and 2d) because of the average one within the
whole time window. On the other hand, the modified

wavelet-based analysis with improved temporal
resolution at higher frequencies to reasonably catch the
localized changes in cardiovascular control**® will be
effective for extracting the dynamic baroreflex char-
acteristics under nonstationary hemodynamics with a
low S/N ratio. Because the baroreflex test may
depend on the various S/N ratios depending on the
system input (e.g. amplitude) and/or the background
noises, further investigations will be required in this
regard.

Burgess et al.” showed that cross spectrum analysis
using wavelet transform characterized strong coupling
between sympathetic nerve traffic and AP at frequen-
cies of <0.1 Hz. Davrath er al.* reported that time-
varying power obtained from wavelet transform of the
spontanecous HR or AP fluctuation in humans are
remarkably modulated at approximately 0.1 Hz under
standing condition. Whereas the traditional wavelet
analysis could extract the localized characteristics of
time-series data in a nonstationary condition,®*
application to dynamic system identification is difficult
because of the limitation in phase extraction. When the
same time window is set for the input and output data,
the actual information of phase and gain may be lost
or split, instead of high temporal resolution of wavelet
transform.™ To apply wavelet analysis to the barore-
flex system identification, we expanded the basic
analysis by acquiring the transfer function from max-
imum input and output data. The proposed method
was able to acquire the system identification of baro-
reflex because of the specific characteristics of wavelet
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HR through the carotid sinus barorefiex. Time-series transfer functions of total loop (b) and cardiac barorefiex (c) in the Control
(left) and PBG (right) conditions. Average (n = 8) gain (top) and phase (bottom). Transter functions of total loop (d) and cardiac
barorefiex (e) estimated by wavelet analysis in the Control (leff) and PBG (righf) conditions.




Short-Term Dynamics of Baroreflex

123

TABLE 2. Parameters of the transfer functions for the total loop and cardiac barorefiex before and during PBG infusion,

Low CSP (40-60 mmHg)

Middle CSP (80-100 mmHg)

High CSP (120-140 mmHg)

Control PBG Control PBG Control PBG

Total loop

Go o4 0.32 + 007 0.39 = 0.09' 1.39 £ 0.15 0.59 + 0.09*" 0.35 + 0.04""  0.15 + 0.02"

Slope (dB/decade) -11.6 £ 3.3 8.0+ 42 -17.8 £ 2.1 15.0 + 3.2 65+ 25 7.4 £53"

Lag time (s) 290 £ 07 1.43 + 0.68 1.44 + 0.22 221+ 059 348 + 0.61 274 + 0,89
Cardiac baroreflex

Gy o (beats/min/mmHg) 0,14 + 0.02 0.26 + 0.10' 0.78 + 0.21 0.75 + 0.18 0.54 £ 0.13 0.35 + 0.08°

Slope (dB/decade) -1.B8+ 22 =125 +£29° —13.4 4 2.7 -11.6 £ 2.1 -126 + 2.7 -66 £ 40

Lag time (s) 299 + 089 291 + 055 2.06 + 0.30 2.28 + 0.64 265+ 072 247 + 0.77

Gy oa, transter gain at 0.04 Hz. Slope, average slope of gain between 0.1 and 0.4 Hz. PBG, phenylbiguanide.
** p<0.01and * p<0.05 PBG vs. Control at the same CSP; "' p < 0.01 and ' p < 0.05, all conditions vs. CSPay_ 00 0f Control.
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FIGURE 7. The ratio in the transfer functions of the cardiac baroreflex (CSP-HR) to the total loop (CSP-AP) (n = 8). The ratio of
dynamic gain (fop) and the phase difference (bottom). Control (a) and PBG (b) conditions.

transform that can adjust the analysis window at every
frequency level and extract the localized data. When
the mother wavelet is appropriately used for any pur-
pose, the ficlds of the application of wavelet analysis
might be extended. We used the traditional and rea-
sonable Morlet function;''**** however, the compar-
ison with other wavelet functions such as Mexican hat,
Haar, and Daubechies® will be required in future
studies. In addition, the convolutions within the
transfer function of Eq. (3) may lose the temporal
information; however, because the wavelet transform
reflects the effect of reasonably changed time window,
the gain and phase updated every 0.2 s can continu-
ously express the representative property at the center
point of the time window during the time-course
change.

Physiological Perspective

The powers of the RSNA, AP, and HR responses 1o
CSP changes showed maximum values at CSPyy 00
change (Fig. 3b), which was almost consistent with
APgp (943 and 99.7 mmHg) from static analysis.
In contrast, the power responses at CSPy, 4y and
CSP 40160 changes were lower than those at APop.
resulting from the nonlinear characteristics of the
baroreflex around threshold and saturation to AP in-
puts as indicated by the static analysis. The gain and
phase were revealed within the physiological range
including nonlinear points in normal rabbits (Figs. 4
and 5). Whereas the static analysis cannot show the
dynamic characteristics at higher [requencies (e.g.
>0.01 Hz'®), the proposed wavelet-based analysis
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AP responses. Gain (top) and phase (bottom). Dotted lines, theoretical values. Squares, estimated values by our wavelet analysis.

could derive them from the same step input protocol,
which may be able to reduce the number of experi-
ments and duration of data acquisition.

Clinical Implications for Cardiac Patients

The wavelet-based system identification indicated a
possibility to acquire pathophysiological understand-
ing under various responses with cardiac diseases. The
proposed analysis revealed that the dynamic charac-
teristics in the total loop and neural arc were signifi-
cantly attenuated at various pressure changes
contaimng nonlinear points under PBG condition
(Fig. 6 and Table 2), in addition to the previous

studies.'®*® The Gy o4 at APop in Control (1.39 £ 0.15)
was decreased to almost half during PBG condition
(0.59 £ 0.09); it was attenuated to 1/3-1/4 times as
small as that under PBG condition (0.39 £ 0.09) at
low CSP4y g0 change, which may be induced by the
decrease of peripheral pump function in heart failure,
suggesting the risk of further bluntness of barorefiex
ability during the BIR.

In carotid-cardiac response, HR may be related to the
assessment ol AP regulation by the product of HR,
stroke volume, and total peripheral resistance, rather
than RR interval.”* Because it may be difficult to
evaluate the baroreflex to regulate AP under the
carotid-sinus closed loop condition (i.e. CSP = AP), we
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explored the possibility to evaluate the baroreflex
dynamics from the HR response related to AP regula-
tion, considering the dissociation between animal and
human studies and applying the proposed method. The
transfer functions of the cardiac barorefiex were similar
to those of the total loop around the operating point
(Fig. 7a). On the other hand, the dynamic characteris-
tics in nonlinear CSP points and during the BJR were
greater than those around the operating pointin Control
condition (Fig. 7b), suggesting the effect of cardiac
sympathovagal activity, Next, to consider human bar-
oreflex assessment, the dynamic transfer function was
estimated by the closed-loop model response (Fig. 8),
resulting in the effective assessment. Even when the
system input is modulated by the nature of closed-loop
response, it would be crucial to be able to estimate the
dynamic baroreflex characteristics.

The spontaneous baroreflex method is commonly
used in clinical assessments.”” This method may have
some limitations because of the highly complex and
interconnected  cardiovascular  mechanisms  in
short-term AP regulation®”*** and the unclear system
input might induce the different pathophysiological
understandings.** On the other hand, our focus was to
explore the possibility of the evaluation of the baro-
reflex to regulate AP against great external distur-
bances in patients with cardiovascular diseases and
unstable hemodynamics. To identify the system
dynamics of the carotid-sinus baroreflex for AP regu-
lation with sympathovagal activity,” this study
improved the standard analyses, particularly consid-
ering the pure time delay. Using the transfer function
corresponding to the independent step input fre-
quency, the proposed analysis was able to indicate
some novel aspects of the dynamic baroreflex proper-
ties during the BJR as mentioned above.

For clinical application, the other indexes (e.g. AP
to muscle SNA response'?) for AP regulation might be
tested. In addition, in the time-course data, there are
some effective methods such as complex demodulation
method'? based on the low pass filter, focusing on a
frequency band such as LF and HF; it has good tem-
poral resolution. However, the complex demodulation
method might concentrate on the information of
amplitude in a frequency band, not on each frequency
level within the band. This limitation makes it impos-
sible to perform the system identification in this study
to reproduce the response corresponding to a wide
[requency. Furthermore, the continuous estimation of
the dynamics might connect to an effective index of the
real-time control of hemodynamics such as an auto-
mated drug infusion system.'”!?

Because we kept the bilateral vagi intact, low pres-
sure baroreflexes from the cardiopulmonary region

might have interacted with the arterial baroreflex,
affecting estimation of carotid sinus baroreflex transfer
functions. After the vagotomy, the dynamics from
isolated aortic depressor nerve to AP responses was
almost preserved and AP remained unchanged despite
a HR decrease.®™ Our previous data of dynamic
baroreflex properties with®™ and without®' vagal nerves
were compared. The dynamic characteristics of the
total loop and cardiac baroreflex around the operating
point were similar, whereas the corner frequency was
slightly greater under intact vagal condition, Next, the
static gain may be increased during the rising pressure
protocol, compared with the falling one.*® Hysteresis
induced by the rising and falling pressure protocols
may also modulate the dynamic baroreflex. However,
the vagal effect of the cardiovascular receptors on the
dynamics may not be large.® Third, the phases at
lower or higher CSP changes in the transfer functions
varied with the observed frequency because of non-
linear characteristics in the neural arc and the input
power in the peripheral arc decreased by the neural arc.
Especially at high frequencies, the phases appear Lo be
modulated because of the step input showing low
power with the high frequency. Finally, the simple
models used for the simulations in this study have
some limitations, such as a lack of information of non-
parametric components or nonlinearity.*

CONCLUSIONS

The wavelet-based time-frequency analysis was
capable of identifying the dynamic baroreflex proper-
ties over wide frequencies at various pressure levels
both in normal and BJR conditions. Because the
dynamic baroreflex properties to physiological pressure
inputs as well as static characteristics can be simulta-
neously extracted from the short-term responses with
background noise, the proposed method is potentially
applicable to assess human dynamic baroreflex func-
tion under carotid-sinus closed-loop condition.

APPENDIX

Model Response of Arterial Baroreflex

We used the following model'® as the carotid sinus
open loop baroreflex for the simulation study (Figs. 1
and 2). The neural arc transfer function [Gn(f)] using a
first-order high-pass filter can be expressed as
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