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Abstract: General anaesthesia is a clinical procedure that involves the continuous monitoring of several
parameters for the correct application of anaesthetics and associated drugs. Focusing on the automatic
control in anaesthesia, this work presents a multiobjective optimization design of controllers based on the
Non-dominated Sorting Genetic Algorithm IT (NSGA-II) to solve the problem of drug delivery for induction
of anaesthesia. Five Proportional-Integral-Derivative (PID) controllers in a decentralized scheme were
tuned for one specific patient and tested in a total of 24 simulated patients. Acting over the infusions of
Propofol, Remifentanil, Atracurium, Dobutamine, and Sodium Nitroprusside the proposed controllers
could maintain the controlled variables in a safe range for surgical procedures.
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1. INTRODUCTION

For essential surgery procedures, access to safe anaesthesia is
considered by the World Health Organization (WHO), a basic
human right (Gelb et al., 2018). To conduct anaesthesia,
adequate quantities of anaesthetic, analgesics, and other
auxiliary drugs should be available and the WHO recommends
the monitoring of several parameters such as blood pressure,
neuromuscular functions, depth of anaesthesia, among others.

The monitoring of anaesthetic and hemodynamic variables,
ensure the safety of the patient’s life, being a critical task for
operations since different information needs to be constantly
monitored, and regulated. So that deviations from the ideal
operating condition may result in severe trauma and eventually
death of the patient (Butterworth et al., 2018).

The regulation of drugs applications in anaesthesia is mainly
conducted manually by anesthesiologists, and in some cases,
the drugs delivery is computer-controlled, done by open-loop
target-controlled infusion systems, not existing closed-loop
solutions implemented in clinical care (Ghita et al., 2020).
Otherwise, studies were conducted to explore diverse
possibilities of closed-loop control solutions to the drug
delivery problem for anaesthesia.

In the work proposed by lonescu et al. (2008), a model-based
predictive controller with extended prediction self-adaptive
control (MPC-EPSAC) was employed to control the bispectral
index through the manipulation of Propofol infusion dosing
during anaesthesia procedures and is simulated for 12 patient
models. In another work, was employed an MPC-EPSAC
strategy, where a wavelet time-frequency analysis is used to
extract information from the bispectral index (BIS) to

manipulate the applications of Propofol and Remifentanil
infusions, to control depth of sedation (Ionescu et al., 2015).

To regulate the depth of hypnosis in anaesthesia Padula et al.
(2017) proposed a Proportional-Integral-Derivative (PID)
controller, with the propofol administration as the manipulated
variable and the BIS as a controlled variable. The PID was
optimized through genetic algorithms, with the integral of
absolute error (IAE) as the minimization objective function,
testing the solution in 12 patient models.

Other recent works have explored the use of PID controllers in
the coadministration of propofol and remifentanil in general
anaesthesia procedures, as presented by Merigo et al. (2019),
with a fixed ratio of the drugs infusions and the possibility of
an anesthesiologist to control the hypnotic state during
surgery, and Schiavo et al. (2021), where two sets of tuning
parameters allowed the control during the induction and
maintenance phase of surgery, both works used BIS as
feedback signal.

Two different control strategies, a predictive controller and a
Bayesian rule-based optimized control, were evaluated by
Neckebroek et al. (2019) to regulate BIS through the
application of propofol, additionally, supplementary analgesia
Remifentanil was considered, and the results were compared
with manually-adapted human control. Nevertheless, such a
problem remains as an open control problem, due to its
complexity and multiple requirements to fulfil.

In this work, we proposed a PID controller with static gains,
tuned using multiobjective optimization design procedures
(Reynoso-Meza et al., 2013), to regulate the application of five
drugs and control the safe induction of the patient to a hypnotic
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state. Aiming also to control the perception of pain,
neuromuscular block, cardiac output, and the mean arterial
pressure to levels where surgical procedures can be initiated.

The next section of the presented paper shows the drug dosing
control problem for anaesthetic and hemodynamic variables in
patients in a simulation environment. Section 3 presents the
stated multiobjective approach for the described problem,
assuming the control strategy adopted in this work. Section 4
discusses the results obtained in this research, followed by the
conclusion and future works that were described in section 5.

2. THE DRUG DELIVERY PROBLEM

To simulate the biological behaviour of patients submitted to
the hypnosis induction, with multiple variables and control
objectives, the work presented in (Ionescu et al.,, 2021)
proposed an open-source model for multiple drug dosing
control, where anaesthetic and hemodynamic variables can be
monitored and considered in the control strategy. The
proposed benchmark includes a representative database of 24
patients with different information, e.g., age with median value
69 years and varying between [45; 75] years, height with
median 172.5 cm, interval [155; 192] cm, weight 82.5 kg of
median value, [55; 114] kg, and lean body mass (LBM) with
median 60% and interval [77; 44]%, causing the behaviour and
reactions to the drugs to occur differently for each of the
simulated patients.

The related system was modelled based on the control of the
application of five different drugs, i.e., Propofol infusion (PR),
Remifentanil infusion (RE), Atracurium infusion (AT),
Dobutamine infusion (DB), and Sodium Nitroprusside (SNP),
to control five output indicators, the Bispectral Index (BIS),
Ramsey Agitation and Sedation Score (RASS), Neuromuscular
Blockade (NMB), Cardiac Output (CO) and Mean Arterial
Pressure (MAP). The description of the manipulated and
output variables, their operation ranges, and initial conditions
are presented in Table 1.

3. PROCEDURES FOR CONTROL TUNING

In this section, we discuss the multiobjective optimization
procedures, which was proposed by Reynoso-Meza et al.
(2013), that is composed of three main steps: the formulation
of the multiobjective problem where the parametric model is
obtained and the cost functions established; the multiobjective
optimization with the selection and employment of a
multiobjective optimization algorithm to obtain the Pareto
Front; and, in the final step, the decision making where some
selection criteria are applied to obtain a single feasible solution
for the problem.

3.1 Multiobjective Problem Formulation

To identify the transfer functions of the multiple inputs
multiple outputs (MIMO) system, open-loop tests were
performed considering patient 1. The criteria for simulation of
the drugs stimulation, i.e., the application of the drugs to the
open-loop system, was based on the standards of the Brazilian
therapeutic national formulary (Ministry of Health et al,
2010), where the Propofol is indicated to induce the patient to
the ideal hypnosis state; Remifentanil as adjuvant analgesia;
Atracurium a neuromuscular blocker, used for muscle
relaxation; Dobutamine to increase the strength of cardiac
muscle contraction; and Sodium Nitroprusside acts as a
vasodilator to reduce heart pressure.

To obtain the parametric model, used in the multiobjective
optimization step, the drugs profiles described previously were
considered, being applied directly into patient 1, with 74 years,
height 164 cm, weight 88 kg and LBM 60%, of the simulation
model provided in (Ionescu et al., 2021) in an open-loop
structure, with the application of one drug at a time.

The open-loop structure, constituting a MIMO model,
characterising the relationships between the five controlled
variables BIS, RASS, NMB, MAP, and CO through the five
manipulated variables PR, RE, AT, DB and SNP are presented
in (1).

Table 1. Manipulated variables, disturbances, and output variables

Description | Symbol | Operation Range | Initial Value | Unit
Manipulated Variables (MV)
Propofol infusion PR [0, 5] 0 mg(kg min)~!
Remifentanil infusion RE [0, 2.5] 0 ug (kg min)~t
Atracurium infusion AT [0, 15] 0 ug (kg min)~1
Dobutamine infusion DB [0, 10] 0 ug (kg min)~t
Sodium Nitroprusside infusion SNP [0, 10] 0 ug (kg min)~t
Output Variables (OV)
Bispectral Index BIS [40, 60] 100 %
Ramsay Agitation and Sedation Score RASS [-5, 4] 0 -
Neuromuscular Blockade NMB [0, 100] 100 %
Cardiac Output co [4,7] 5 Lmin™?!
Mean Arterial Pressure MAP [65, 110] 80 mmHg




The transfer functions of the MIMO model, are presented in
(2-14), the transport delay was obtained through the average
time of onset of drugs action (Ministry of Health et al., 2010),
and as the Atracurium was described as a drug with a quick
onset of action, however, to simulate the time from the drug
setting and the desirable effect response, a delay of 10 s was
considered.
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Related to the parametric model, characterised by a closed-
loop control structure (Fig. 1), with reference R (s) based on
the intervals for surgeries, its main objective is to present a set
of PID controllers with static gains and structure:
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in a decentralized control scheme, where the application of one
specific drug aims to regulate one specific controlled variable.
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Figure 1. Parametric model.

To evaluate possible solutions of controllers, two performance
metrics were considered (16-17), the integral of absolute error
J14r(8), representing the difference between the reference and
the output of the controlled variables, and the total variation of
the control signal J;, (@), a robustness measure related to the
output signal of the controller C(s), i.e., time variations in the
application of the drug/manipulated variable.
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Thus, the multiobjective function is defined as:
. T
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where 0 = [Ky, Kiy, Kgi, Ny, ..., Kps, Kis, Kgs, Ns|' is  the
decision vector, associated with the proportional gains (Kyy),
integral gains (K;), derivative gains (Ky,) and derivative
filters (Ny) of the PID controller equation, the relationship
between the 10 cost functions, the 5 PID controllers, and
manipulated and controlled variables are presented in Table 2.

Table 2. Relationship controllers/cost functions/variables

Cogt Controller Manipulated Contyolled
Functions Variable Variable
Jiaap), Jiawy Ci(s) PR BIS
J2aag), J2ervy Cy(s) RE RASS
J3aag), Jaerwn C3(s) AT NMB
Jatag), Jagrvy Ca(s) DB co
Jsaag), Jserv Cs(s) SNP MAP

The constraints of the multiobjective optimization problem are
defined as the critical stabilization limits for the PID gains of
the decision vector and are presented in Table 3.

Table 3. Restrictions of the multiobjective problem

K, K; K, N
C,(s) | [66-2,0] |[-6.2¢-4,0] | [-5e-2,0] | [0, 100]
C,(s) | [-0.4,0] [-3.7e-2,0] | [-0.35,0] | [0, 100]
Cs(s) | [-5.3e-2,0] | [-5.7¢-3, 0] | [-0.05, 0] | [0, 100]
C.(s) |[0,0.197 |70, 1.3e-3] |[0,0.17] | [0, 100]
Cs(s) | [-7.5¢-3,0] | [-3.3e-4, 0] | [-6e-3, 0] | [0, 100]

3.2 Multiobjective optimization and Controller Selection

The multiobjective optimization step consists of the
application of an algorithm to obtain a Pareto Front, we
selected the Non-dominated Sorting Genetic Algorithm II
(NSGA-II) (Deb et al., 2002), since diverse works were
presented for control tuning with good results in different areas
of study (Deng et al., 2019; Kagami et al., 2020).

The NSGA-II was applied considering a population of 50
individuals and 100 generations, with default values for the
genetic operators. Figure 2 presents the Pareto Front with cost
functions of the solutions standardised with mean 0 and
standard deviation [-1, 1], the chosen solution is highlighted,
and the selection criteria are described below.
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Figure 2. Standardised Pareto Front.

To select a single solution for the problem, different strategies
can be employed, such as the use of multi-criteria decision-
making methods (MCDM), the trade-offs exploration
presented in the Pareto Front, or even the application of
successive filtering aims to remove undesirable behaviours
from the set of solutions (Reynoso-Meza et al., 2017).

Due to the difficulty of conducting a trade-off analysis in the
obtained Pareto Front, mainly caused by the objectives
dimensionality, the MCDM Technique for Order of Preference
by Similarity to Ideal Solution (TOPSIS) (Hwang & Yoon,
1981; Lai et al., 1994) was applied. The concept of TOPSIS
orders the Pareto Front solutions based on proximity to the
Positive Ideal Solution (PIS) and the remoteness of the
Negative Ideal Solution (NIS), i.e., calculate de Euclidian
distance of PIS (d{PIS}) and NIS (d{NIS}) for each solution
and select the best solution, according to (18), the concept to a
2-dimensional problem is represented in Fig. 3.
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Figure 3. 2-dimensional TOPSIS concept.

4. RESULTS AND ANALYSIS

The PID controller solution, obtained as described in the
previous section is presented in Table 4.

Table 4. Gains of the PID controllers

K, K, K, N
C,(s) |-398¢-3 | -2.15e-4 | -1.42¢2 | 74.18
C,(s) | -3.46e-1 | -236e2 | -2.70e-1 | 76.39
Cs(s) | -3.67e2 | -5.60e-3 | -1.60e2 | 57.18
Cu(s) | 1.06e-1 5.57¢-4 2.62e2 | 35.95
Cs(s) |-32le3 | -1.78¢-4 | -6.00e-3 | 33.14

The parametric model used for controller tuning considered
only patient 1 (age 74 years, height 164 cm, weight 88 kg and
LBM 60%). Nonetheless, further control tests consider the full
set of patients are evaluated in the benchmark (Ionescu et al.,
2021). The tests aimed to verify the feasibility of the PID
controllers with static gains, in the induction to the hypnotic,
pain suppressed and muscular relaxation state, making it
possible to start surgical operations.

Related to the BIS, the interval [40, 60]%, provides patient’s
health safety, and reduced risk of postoperative cognitive
dysfunction. Conducting operations outside this range should
also be avoided, as having BIS > 60% can cause sudden
regaining of consciousness, and BIS < 40% refers to the deep
hypnotic state, presenting cortical silence and increasing burst
suppression pattern (Butterworth et al., 2018). Exposure to
BIS < 40% for a time longer than 5 minutes is also associated
with postoperative problems (Nunes et al., 2015).

The BIS of the proposed solution, tested in all 24 patients, is
presented in Fig. 4, in all cases, there were no occurrences in
which the upper limit was exceeded after entering the
operation zone. Concerning overshooting the lower limit, there
were occurrences in only two patients, the first one reaching
39.45% and remaining outside the interval for 4 seconds, and
the second one, reaching 36.10% and remaining outside the
interval for 12 seconds, significantly shorter than the time limit
of 5 minutes. The time to reach the interval varied between 39
and 48 seconds, with a mean of 41.5 seconds.

Related to sedation level, the RASS with a value of -5 indicates
an unarousable state, with no response to voice or physical
stimulation that endangers the patient's life and should be
avoided (Hobaika et al., 2007; Rasheed et al., 2018), therefore
close to -4 the desired indicator. It is possible to visualise, in
Fig. 5, the transitions between the different sedation scales in
the 24 patient cases, with the time-varying between 43 and 68
seconds, with 53.5 seconds of mean time.
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The NMB considered to work in the interval [0, 5]% indicates
that the muscles will be sufficiently flaccid so that the patient
does not have contractions and spasms and facilitates the
intubation procedure (Cardoso et al., 2016), this interval was
reached in a time between 48 and 49 seconds, Fig. 6.

The safety intervals considered for CO and MAP, [4, 7]
Lmin~! and [65, 110] mmHg respectively, were not
exceeded. CO presented a variation of 5 to 5.4 L min~! and
MAP 80 to 68.7 mmHg during all the transition time to the
hypnotic state, the haemodynamics are shown in Fig. 7.

The control signal of manipulated variables, i.e., the profiles
of drug applications, are presented in Fig. 8 for PR (with an
application peak of 5 mg (kg min)~? at the initial instant and
quick stabilisation), RE and AT. In the case of DB and SNP,
the first one acts to increase the CO, but it did not show any
reduction during the conduction to the hypnotic state; the same
happened with SNP with acts reducing the MAP, no being
necessary to use both.

Since the PID controllers were designed to work with the
induction of the patients to the operating state, their
performance during the surgical stages does not present good
maintenance performance relative to the ideal interval of these
procedures, as presented in Fig. 9, thus other control strategies
should be adopted.

5. CONCLUSIONS

This work presented the use of a multiobjective optimization
framework aiming to control drug applications using simple
PID controllers in a decentralized scheme to the safe induction
of the patient to a hypnotic state. Having also considered pain
perception, neuromuscular blockade, cardiac output and mean
arterial pressure as control objectives.

In the adopted strategy, hill nonlinear behaviours were
approximated by linear functions, so that the tunned
controllers for the model identified in the response of patient
1, could act in a generalist way toward the behaviours of the
other patients. Thus, the considered approach was able to
conduct all the 24 simulated patients to the hypnotic state, and
safety regions for surgical procedures.

The proposed controllers reached the BIS interval in a time-
varying from 39 to 48 seconds, providing overshoots with
duration and exposure time sufficiently small, so that would
not endanger the health of patients under real-life
circumstances. The transition between the RASS index from 0
to -4 was conducted smoothly by the controller, not coming
closer to the -5 value (a life-threatening coma), with a mean
time of 53.5 seconds.

The presented strategy showed that the PID controllers with
static gains, when correctly tunned, based on multiobjective
optimization procedures, can perform satisfactory results
despite its simplicity, even so, further studies are necessary to
ensure safety, before clinical trials are carried out.

The next steps of this research will consider the control for
disturbance rejection of surgical interventions with the
improvement of strategies for interval reference tracking.
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