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a  b  s  t  r  a  c  t

The  dynamic  optimization  of the  administration  of  therapeutic  drugs  in simulated  patients  is proposed.
The  approach  is  based  on a non-linear  discontinuous  cardiorespiratory  model,  which  has  been  conceived
to  simulate  the  effect  of inotropic  and  vasoactive  drugs  as  well  as anesthetic  agents.  A  stochastic  technique
(Particle  Swarm  Optimization),  within  the  context  of  the  control  vector  parameterization  approach,  is
adopted  to identify  the  infusion  profiles  of  various  drugs  in  order  to track,  as  close  as  possible,  the  set-
points  on  several  variables  of  medical  interest.  Two  different  medical  procedures  are  investigated  in order
to test  the  efficiency  and  robustness  of  the  algorithm:  a congestive  heart  failure  and  the  unclamping  of  an
aortic  vessel.  Due  to the  conflicting  nature  of  the  different  objectives,  compromise  solutions  are  obtained
in all  cases.

© 2015  Elsevier  Ltd. All  rights  reserved.

1. Introduction

The most critical variables to be controlled in intensive care
units are mean arterial pressure, mean pulmonary arterial pressure,
cardiac output and depth of anesthesia. The control of such vari-
ables is achieved through the administration of various drugs and
anesthetic agents. Drugs commonly used are sodium nitroprusside
and phenylephrine to regulate mean arterial pressure, dopamine to
control cardiac output, nitroglycerin to regulate mean pulmonary
arterial pressure, propofol to induce anesthesia and isoflurane to
maintain the anesthetic state.

In practice, physicians are responsible for adjusting the doses
of drugs in order to keep the hemodynamic and anesthetic vari-
ables within acceptable levels, performing the task of a closed
loop controller. The design of automatic controllers to assist physi-
cians in this process has been addressed by the Process Systems
Engineering community. For example, Yelneedi et al. (2009a,b)
evaluated the robustness of advanced control strategies for the reg-
ulation of hypnosis with propofol in a broad range of patients. In
general, the most popular control strategies considered are (Dua
and Pistikopoulos, 2010; Gentilini et al., 2001; Gopinath et al.,
1995; Isaka and Sebald, 1993; Kwok et al., 1997; Rao et al., 2000;
Uemura et al., 2006; Yu et al., 1992): multirate model predictive
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control, model predictive control, cascade internal model control
and multi-parametric model based control, among others. Model
based controllers use non-linear physiological models to simulate
human processes such as blood circulation, respiration and distri-
bution of substances among the organs (Yelneedi et al., 2009a,b;
Yu et al., 1992). The performance criteria commonly adopted is
the minimization of the settling times of the variables of interest.
Some of the controllers have been tested with relative success on
animals and on patients undergoing a specific disease (Dua and
Pistikopoulos, 2010; Gentilini et al., 2001; Gopinath et al., 1995).

Knowing in advance the optimal infusion profiles of the drugs
to be administered to a patient, provided by a dynamic optimiza-
tion problem, can potentially improve the quality of the treatment
in surgical and intensive care environments. Infusions can be
designed in order to prevent exceeding concentration limits of the
drugs which might impact, for example, on the time spent by the
patient in the post-operative care unit recovering from anesthesia.
A patient-specific physiological model within a dynamic optimizer
can also be used by the anesthesiologists to carry out “what if” and
failsafe analysis for various scenarios that may  arise during surgery.
In a closed loop framework, the optimal infusion profiles can be fed
as set-points to the control system since the open-loop optimal con-
trols are rarely applied directly in practice, due to the presence of
uncertainty such as model mismatch, process disturbance and vari-
ation in initial conditions. Moreover, the knowledge in advance of
an open-loop optimal control law for a given process can offer an
estimate on how far the system is from the optimal operation and
help to identify possible improvement actions (Chachuat, 2007).
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Nomenclature

Parameters
Ca1 1◦ systemic arterial capacitance
Cd(inyectable) drug concentration in vein chamber
Cd(inhalable) drug concentration in lung chamber
Cd(organs) drug concentration in organ chamber
Cj vessel elasticity in cardiovascular chamber j
Cp1 1◦ pulmonary arterial capacitance
Cv1 1◦ systemic venous capacitance
Cv1BARO 1◦ systemic venous capacitance influenced by the

baroreceptor
Cv2 2◦ systemic venous capacitance
EffCa1 effect of drugs on 1◦ systemic arterial capacitance
EffCp1 effect of drugs on 1◦ pulmonary arterial capacitance
EffCv1 effect of drugs on 1◦ systemic venous capacitance
EffEmaxlv effect of drugs on the maximal left systolic elastance
EffRa2 effect of drugs on 2◦ systemic arterial resistance
EffRa3 effect of drugs on 3◦ systemic arterial resistance
EffRl1 effect of drugs on 1◦ pulmonary venous resistance
EffVunv1 effect of drugs on 1◦ systemic venous unstressed

volume
Emaxlv maximal left systolic elastance
EmaxlvBARO maximal left systolic elastance influenced by the

baroreceptor
Emaxrv maximal systolic right ventricular elastance
H heart rate
Lj flow inertia in cardiovascular chamber j
PAA partial pressure of drug in alveoli
PCO2 partial pressure of CO2 in alveoli
Pj blood pressure in cardiovascular chamber j
PO2 partial pressure of O2 in alveoli
Qa3 flow rate at the systemic capillary section
Qj blood flow in cardiovascular chamber j
Qp3 Flow rate at the pulmonary capillary section
Ra1 1◦ systemic arterial resistance
Ra2 2◦ systemic arterial resistance
Ra2BARO 2◦ systemic arterial resistance influenced by the

baroreceptor
Ra3 3◦ systemic arterial resistance
Ra3BARO 3◦ systemic arterial resistance influenced by the

baroreceptor
Rj viscous loss term in cardiovascular chamber j
Rl1 1◦ pulmonary venous resistance
Vj blood volume in cardiovascular chamber j
Vunj unstressed volume in cardiovascular chamber j
Vunv1 1◦ systemic venous unstressed volume
Vunv1BARO 1◦ systemic venous unstressed volume influenced

by the baroreceptor
Vunv2 2◦ systemic venous unstressed volume

Acronyms
BIS Bispectral index
CO Cardiac output
CVP Control Vector Parameterization
DAEs Differential-algebraic equations
DOA Depth of anesthesia
DP Dopamine
EEG Electroencephalogram
ISO Isoflurane
IVP Initial value problem
MAP  Mean arterial pressure
MPAP Mean pulmonary arterial pressure
NLP Non-linear programming problem

NTG Nitroglycerin
OF Objective function
PFL Propofol
PNP Phenylephrine
PSO Particle Swarm Optimization
SNP Sodium nitroprusside
SQP Succesive quadratic programming

The dynamic optimization approach is extensively used to aid
in the design and operations of industrial systems (Adams and
Seider, 2008; Balsa-Canto et al., 2005; Barton et al., 1998, 2000;
Biegler, 2010; Carrasco and Banga, 1997; Galán and Barton, 1998;
Vassiliadis et al., 1994). The most popular application is the deter-
mination of optimal operating policies in batch processes. Other
applications include the design of operating procedures for pro-
cess start-up, shut-down and changeover, the design of emergency
shutdown systems, and the optimal design of inherently dynamic
processes such as those operated in a batch, semi-continuous
and/or periodic manner (Carrasco and Banga, 1997; Barton et al.,
2000; Schlegel et al., 2005).

Besides its development, according to our knowledge there are
practically no reports in the open literature on applications of the
dynamic optimization strategy to physiological systems. In this
article, the drug infusion optimization problem is formulated as
a dynamic optimization problem (or open loop control problem) to
find the input profiles of the manipulated variables (drug infusion
rates) that minimize the off-sets of the hemodynamic and anes-
thetic variables with respect to appropriate set-points over a finite
time interval. For this purpose, a detailed physiological simulation
model is used and the Particle Swarm Optimization (PSO) strat-
egy within a Control Vector Parameterization (CVP) approach is
adopted to conduct the dynamic optimization. It is worth men-
tioning that the problem is inherently multi-objective, since it is
desired to control several variables simultaneously.

In the next section the used physiological model is described. In
Section 3 the basic concepts of dynamic optimization problems are
presented followed by the description of the PSO algorithm (Section
4). In Section 5 implementation details of the proposed approach
are presented. In Section 6, the results of the addressed case studies
are detailed followed by a conclusions and future work section.

2. Physiological model

The adopted physiological simulation model is built up on
models available in the literature for the following processes:
cardiovascular dynamics, baroreflex, respiration, transport and dis-
tribution of substances and pharmacologic effects of drugs. The
integrated model, reported in Montain et al. (2014), provides the
time profiles of the main hemodynamic and pharmacodynamic
variables under many different scenarios of drug infusion for ther-
apeutic purposes. A brief description of each sub model and the
corresponding references are provided below. In Fig. 1, the inter-
connection among the sub models is depicted.

2.1. Cardiovascular and baroreflex model

The cardiovascular system model is a lumped pulsatile model
that captures the main features of the blood circulation. The dif-
ferent organs are represented by a series of interconnected elastic
chambers, representing the pumping heart and vascular systems
(systemic and pulmonary circulation). For a complete description
of this model see Ottesen et al. (2004).
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