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A Novel Approach to the Design of an Artificial Bionic Baroreflex
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Abstract—This paper presents a computationally efficient
method to design an artificial bionic baroreflex. This work is
built upon a physiology-based mathematical model of autonomic-
cardiac regulation describing the regulation of heart rate and
blood pressure as well as a system identification technique to
identify a subject-specific mathematical model for each subject.
The control strategy to regulate blood pressure is developed based
upon the in-vivo baroreflex mechanism. A unique strength of the
proposed method is its capability to determine the modulating
baroreflex functions on the sympathetic and parasympathetic
nerve activities. This method can be used in the treatment
of individuals with baroreflex failure through overriding the
corresponding nerves to properly regulate blood pressure. In
fact, nerve overriding causes heart rate and arterial stiffness
to adjust such that blood pressure reaches a proper range to
provide enough oxygenated-blood to the critical organs.

[. INTRODUCTION

The autonomic-nervous system (ANS) maintains home-
ostasis in the cardiovascular system (CVS) through many
negative feedback mechanisms including the baroreflex (the
major short-term blood pressure control mechanism) to deliver
adequate oxygenated blood-flow to organs against physical
(e.g. exercise and orthostatic hypotension) and psychological
(e.g. fear and anxiety) stressors [1]-[3].

In the CVS, the instantaneous arterial blood pressure (BP)
is sensed by baroreceptors located on the major arteries.
Accordingly, a series of commands are produced by the
baroreflex and transmitted to the heart, arteries, and other
organs to maintain homeostasis in the CVS. An artificial bionic
baroreflex consists of pressure sensors to measure arterial BP,
and a neurostimulator generating an electrical pulse train to
stimulate sympathetic and parasympathetic nerves regulated
by a computerized device [4], [5].

The gravitational effect on circulation during postural
changes provokes a baroreflex response to prevent hypotension
and hypoperfusion of the brain [6]. Therefore, baroreflex
failure in individuals with severe orthostatic hypotension (e.g.,
individuals with traumatic spinal cord injuries) may result
in loss of consciousness during sitting to standing position
change resulting in severely impaired quality of life [5], [7].
Moreover, the prevalence of drug-resistant hypertension (i.e.,
BP remains above 140/90 mmHg in spite of the concurrent
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Fig. 1. Schematic model of autonomic-cardiac regulation with emphasize
on the baroreflex

use of 3 anti-hypertensive medications [8], [9]) has increased
in the recent years [8], [10]. An artificial bionic baroreflex
is aimed to be an effective treatment for baroreflex failure
in individuals with drug-resistant hypertension and severe
orthostatic hypotension.

In [6], the open-loop transfer function of the baroreflex
was identified using white noise pressure perturbation after
anatomically isolating the carotid sinuses by assuming that
the baroreflex works linearly in some physiological pressure
range. Kawada and Sugimachi [7] present encouraging results
to prevent orthostatic hypotension in anesthetized cats using
epidural spinal cord stimulation and frequency analysis. The
nerve stimulation devices can be implanted or percutaneously
inserted into the skin surface.

We propose a method to design an artificial bionic baroreflex
by mimicking the in-vivo baroreflex mechanism, which can
be used in adjusting the existing neurostimulator devices to
regulate BP within an individual’s CVS (Fig. 1). The proposed
method consists of two parts: a sigmoidal characteristic to
mimic the modulating baroreflex functions on the sympa-
thetic and parasympathetic nerve activities, and an adaptation
mechanism adjusting the sigmoidal characteristic to different
physiological conditions (e.g., exercise and sleep), as well as
pathological conditions (e.g., hypertension and cardiovascular
disorders). The adaptation mechanism resetting the baroreflex
characteristic is devised according to the physiological adjust-
ment mechanism of the in-vivo baroreflex.

II. METHODS AND ALGORITHM

In this section, we first briefly explain the experimental data
obtained from the MIMIC dataset which is used in this study.
We then present a physiology-based mathematical model of the
autonomic-cardiac regulation described by two coupled non-
linear, delay-differential equations. Subsequently, the system
identification technique introduced in [11] and used to develop
subject-specific models for 3 subjects is briefly explained.
In this study, the subject-specific mathematical model has
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TABLE I
MODEL PARAMETERS OF AUTONOMIC-CARDIAC REGULATION.

Parameter  Definition Nominal Value
Cq arterial compliance 1.55 mimmHg ™'
RY minimum arterial resistance 0.6 mmHgsml ™!
AV stroke volume 50 ml

Hy intrinsic heart rate 100 min~*t

T sympathetic delay 3s

Vu vagal tone 1.17 s72

Bu sympathetic control of HR ~ 0.84 52

«@ sympathetic effect on R, 1.3

om relaxation time 1.7 st

been used instead of an individual’s in-vivo autonomic-cardiac
regulation (Fig 2). Finally, the proposed method to design an
artificial bionic baroreflex is described.

A. Experimental Data

We examined the proposed method using the experimental
data of autonomic-cardiac regulation in 3 subjects taken from
the MIMIC Dataset [12]. A 1-hour sample of heart rate
(HR) and BP signals in each individual is extracted and
divided into 30s-long data segments to be used in the system
identification section. The MIMIC dataset contains physiologic
signals including HR, BP, and cardiac output (CO) in different
lengths continuously recorded at approximately 1Hz from
intensive care unit (ICU) monitors. The MIMIC dataset is
freely available on the PhysioNet website [13].

B. Mathematical Model

We introduced a physiology-based mathematical model of
the autonomic-cardiac regulation in [11] using two coupled
differential equations (1)-(2) having nonlinear and delayed
dynamic interactions, each of which describes the dynamics
of HR and BP regulation as follows:

HEt) = BuTs—VuT,+dg[Ho—H®)] (1)

Py = -t HOAV
RO(1 + aTs)C, C,
where H is HR, and P is mean arterial BP. The definitions and
nominal values of the parameters in (1)-(2) are summarized
in Table L. In this model, the modulating baroreflex functions
on the sympathetic and parasympathetic nerve activities are
denoted by T and T}, respectively.

The modulating barorefelx functions on the sympathetic
and parasympathetic nerve activities (i.e., Ts and 7T},) can be
modeled using a sigmoid function o(P) with an amplitude-
limiting characteristic [14]. o(P) is defined as follows:

1
1+ e*O‘SP(P*Psp)

o(P) = 50 < P < 200. 3)
The sigmoid function o(P) is characterized using two vari-
ables, setpoint Ps, and sensitivity o, [15], [16]. To simulate
the in-vivo sympathetic and parasympathetic modulating func-
tions, we substitute 7, = 1 — o (P(t — 7)) and T, = o (P(t))
into (1)-(2).

BP, (t,t+T)
— P BPn(t-T,)
s
adjustment
Po Sigmoid fen [~ Ts —

s .
BPau(®)| (varying P,) Mathematical — BP,,.

ymg o) | T, —| Model
Fig. 2. Schematic model of the proposed artificial bionic baroreflex

Parametric sensitivity analysis is conducted on the model
to classify the model parameters into high-sensitivity and low-
sensitivity groups based on their relative impacts on the system
outputs. Hy and R? were initially classified into the category
of “invariant” parameters since they are essentially constant
within an individual in a short-time interval. The remaining
model parameters were classified into high-sensitivity (Vy,
B, o, AV, and Fy) and low-sensitivity (ausig, ¥, Cas T, 0pr)
groups according to the results of the sensitivity analysis to
select a subset of parameters with significant impact on the
system outputs (i.e., high-sensitivity group). The detailed de-
scription of the mathematical model and parametric sensitivity
analysis is explained in [11].

C. System Identification

To estimate subject-specific high-sensitivity parameters in
(1)-(2), a system identification method was developed based on
an optimization problem minimizing the normalized L;-error
between measured versus model-estimated HR and BP signals.
The system identification was performed by optimizing the
high-sensitivity parameters such that the error function (4)
become minimized in each 30s-long data segment, whereas
low-sensitivity and invariant parameters were fixed at their
corresponding population nominal values (Table I). The error
function (i.e., the objective function) was specified as follows:

n

Ex=Y_

t=0

=

Xs(t, ) — X (t)

/ Xt |

“4)

where X,,(¢t) and X (¢,I') (X = H,P) are mea-
sured and model-estimated output signals, respectively, and
I ={Vu,Bu,a, AV, Py, asig, v, Ca, 7,811, Ho, RO }. The op-
timization problem was solved using the fmincon routine with
an active-set algorithm in the MATLAB Optimization Toolbox
[17] which finds the constrained minimum of a multivariable
nonlinear scalar function J using Quasi-Newton approxima-
tion. The set of optimized high-sensitivity parameters min-
imizing the error function were used as representative (or,
estimates) of high-sensitivity parameters for the corresponding
data segment. The system identification method has been
thoroughly described in [18].
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D. Artificial Bionic Baroreflex

The measured BP (BP,,) must be continuously compared
to the time-varying BP setpoints (BPg,), i.e., the BP level
providing the need of body organs for oxygenated-blood. If
the BP,, differs from the BP,,,, the baroreflex characteristic is
adjusted such that it causes the BP to gradually reach the BPg,.
In this study, individuals were replaced by subject-specific
mathematical models describing autonomic-cardiac regulation
of each subject, simulated BP (BPy;,,) instead of BP,,, is con-
tinuously compared against the BP,),. The baroreflex effects on
the autonomic-cardiac regulation are achieved by modulating
sympathetic and parasympathetic nerve activities (Vi, Bm,
and «a) using T, and T,. Therefore, for example, when the
BP must decrease to reach the setpoint, T, must reset such
that its magnitude at the same BP level becomes higher. This
causes HR decreases and then BP decreases. Considering T,
is a sigmoidal curve, Py must reset to a lower value in order
to obtain a higher HR decelerating parasympathetic effect and
vice versa. Therefore, Py, then sigmoidal characteristic, must
be updated by the adjustment rule as follows:

where k is a positive coefficient representing pace or strength
of the adjusting mechanism to an error in the BP regulation,
and A is an interval in which the baroreflex characteristic
needs to be updated. The adjustment rule (5) is initialized
by Py = 100. Moreover, to be consistent with the baroreflex
physiology, the Py is constrained between 50 mmHg and 200
mmHg. A very large k£ may cause overshoot in the control
system while a very small £ may cause a large settling time
preventing proper adjustment of baroreflex characteristic to
track the BPg,,. This coefficient is empirically tuned to k =
0.08 by considering both overshoot and settling time of the
control system. The time inetrval A in (5) is 30s in this study;
however, it can be set to a larger or smaller value depending
on the pace of variation in BPg),.

III. RESULTS AND DISCUSSION

Since we aimed to use a subject-specific mathematical
model for each individual, the mathematical model (1)-(2) was
specified by estimating individualized nominal values for high-
sensitivity parameters in each subject whereas the remaining
parameters were assigned by their population nominal values
(Table I). As the MIMIC dataset contains CO measurement,
we therefore calculated an individualized nominal value of
AV for each subject instead of either estimating AV by
the proposed identification technique or using the population
nominal value. Accordingly, we obtained time series of Vi,
Bu, and o with a 1-hour length using the system identification
technique, and the average value of these parameters over 1-
hour length were calculated to be assigned as individualized
nominal values (Table II). Note that the individualized high-
sensitivity parameters must be updated every 1-hour (or, any
other length initially assumed) interval of data in the future
studies. We obtained 3 sets of model parameters representing 3

subjects in the 1-hour interval to evaluate the proposed method
in designing an artificial bionic baroreflex.
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Fig. 3. BP measurement (BP setpoint) vs. the results of the artificial bionic
baroreflex (simulated BP) for 3 subjects with subject ID: 477, 486, and 476.
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TABLE I
INDIVIDUALIZED NOMINAL VALUES OF HIGH-SENSITIVTY PARAMETERS
IN 3 SUBJECTS VERSUS CORRESPONDING POPULATION NOMINAL VALUES

Subject Population
1(477) 11 (486) III (476) P
Vi 0.65 1.37 2.13 1.17
B 1.5 0.87 0.68 0.84
« 0.7 1.36 1.55 1.3
AV 46 40 36 50

To evaluate the proposed method, we compared the sim-
ulated BP obtained based on the control strategy (5) versus
the BP setpoints (Fig. 3). In each panel of Fig. 3, the
top figure shows the BP measurement used as BP setpoints
versus simulated BP obtained by the proposed artificial bionic
baroreflex and the bottom figure shows the tracking error
over the 1-hour interval. In each subject shown in Fig. 3, the
tracking error is considerably higher during ¢ = 0s — 100s
due to the P, initialization. After ¢ > 100s, P, converges
to a proper value to control the BP regulation system. Since
we assumed that the control strategy would not respond very
rapidly, several abrupt changes in the BP setpoints during
t = 1000s — 1300s in Fig 3(a) and ¢t = 1700s — 1800s in Fig
3(c) which may be originated due to the measurement noise
caused the tracking error to become large. Fig 4 shows the
calculated Py for 3 subjects. Considering the large tracking
error between ¢t = 2700s and ¢ = 3200 in Fig 3(b) and
the saturated Py at 200 during the same interval, it can be
concluded that the control strategy was not able to track the
setpoints successfully in that interval.

IV. CONCLUSIONS AND FUTURE WORK

In conclusion, this paper presented the feasibility and po-
tential for a computationally efficient method to design an
artificial bionic baroreflex that can be used in the treatment
of baroreflex failure. Future work will include the evaluation
and validation of the real-time performance of the proposed
approach in clinical settings, e.g., the system identification
strategy may need to be adjusted due to the activation of the
bionic baroreflex in the clinical setting.
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