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Abstract

L’anestesia generale &€ uno stato di coma farmacologicamente indotto, temporaneo e re-

versibile. Il suo obiettivo consiste nel provocare la perdita totale della coscienza e nel sop-
primere la percezione del dolore. Essa costituisce un aspetto fondamentale per la medicina
moderna in quanto consente di praticare interventi chirurgici invasivi senza causare ansia
e dolore al paziente. Nella pratica clinica dell’anestesia totalmente endovenosa questi effetti
vengono generalmente ottenuti mediante la somministrazione simultanea del farmaco ipnotico
propofol e del farmaco analgesico remifentanil. Il dosaggio di questi farmaci viene gestito dal
medico anestesista basandosi su linee guida farmacologiche e monitorando la risposta clin-
ica del paziente. Recenti sviluppi nelle tecniche di elaborazione dei segnali fisiologici hanno
consentito di ottenere degli indicatori quantitativi dello stato anestetico del paziente. Tali
indicatori possono essere utilizzati come segnali di retroazione per sistemi di controllo auto-
matico dell’anestesia. Lo sviluppo di questi sistemi ha come obiettivo quello di fornire uno
strumento di supporto per 'anestesista.
Il lavoro presentato in questa tesi e stato svolto nell’ambito del progetto di ricerca riguardante
il controllo automatico dell’anestesia attivo presso 1’Universita degli Studi di Brescia. Esso
¢ denominato ACTIVA (Automatic Control of Total IntraVenous Anesthesia) ed ¢ il risul-
tato della collaborazione tra il Gruppo di Ricerca sui Sistemi di Controllo dell’Universita degli
Studi di Brescia e I’'Unita Operativa Anestesia e Rianimazione 2 degli Spedali Civili di Brescia.
L’obiettivo del progetto ACTIVA consiste nello sviluppo teorico, nell’implementazione e nella
validazione clinica di strategie di controllo innovative per il controllo automatico dell’anestesia
totalmente endovenosa. Nel dettaglio, in questa tesi vengono inizialmente presentati i risul-
tati sperimentali ottenuti con strutture di controllo basate sull’algoritmo PID e PID ad eventi
per la somministrazione di propofol e remifentanil. Viene poi presentato lo sviluppo teorico e
la validazione clinica di strutture di controllo predittivo basate su modello. Successivamente
vengono presentati i risultati di uno studio in simulazione riguardante una soluzione di con-
trollo innovativa che consente all’anestesista di regolare esplicitamente il bilanciamento tra
propofol e remifentanil. Infine, vengono presentati gli sviluppi teorici ed i relativi studi in
simulazione riguardanti soluzioni di controllo personalizzate per le fasi di induzione e man-
tenimento dell’anestesia.
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Abstract

General anesthesia is a state of pharmacologically induced, temporary and reversible coma.
Its goal is to cause total loss of consciousness and suppress the perception of pain. It con-
stitutes a fundamental aspect of modern medicine as it allows invasive surgical procedures
to be performed without causing anxiety and pain to the patient. In the clinical practice of
total intravenous anesthesia, these effects are generally obtained by the simultaneous admin-
istration of the hypnotic drug propofol and of the analgesic drug remifentanil. The dosing of
these drugs is managed by the anesthesiologist on the basis of pharmacological guidelines and
by monitoring the patient’s clinical response. Recent developments in physiological signal
processing techniques have introduced the possibility to obtain quantitative indicators of the
patient’s anesthetic state. These indicators can be used as feedback signals for automatic
anesthesia control systems. The development of these systems aims to provide a support tool
for the anesthesiologist.
The work presented in this thesis has been carried out in the framework of the research project
concerning the automatic control anesthesia at the University of Brescia. The project is called
ACTIVA (Automatic Control of Total IntraVenous Anesthesia) and is the result of the col-
laboration between the Research Group on Control Systems of the University of Brescia and
the Anesthesia and Intensive Care Unit 2 of the Spedali Civili di Brescia. The objective of the
ACTIVA project consists in the theoretical development, implementation, and clinical valida-
tion of innovative control strategies for the automatic control of total intravenous anesthesia.
In detail, in this thesis the experimental results obtained with control structures based on the
PID and on event-based PID controllers for the administration of propofol and remifentanil
are initially presented. The theoretical development and clinical validation of model predic-
tive control strategies is then proposed. Next, the results of a simulation study regarding
an innovative control solution that allows the anesthesiologist to explicitly adjust the bal-
ance between propofol and remifentanil are given. Finally, the theoretical developments and
the relative simulation studies concerning personalized control solutions for induction and
maintenance phases of anesthesia are explained.






Introduction

In modern clinical practice, the use of technological tools has become part of the standard
of care. The introduction of new technologies in medicine is of paramount interest since it
allows considerable improvements in the quality of care to be obtained. For example, remark-
able results have been obtained with computer-aided diagnostic systems [1], robotic surgery
devices [2], robotic rehabilitation systems [3], optimization of pharmacological strategies for
cancer therapy [4] and artificial pancreas for the automatic control of insulin delivery [5].

In this framework, closed-loop control of general anesthesia has attracted a considerable re-
search interest in recent years [6, [7]. General anesthesia is a pharmacologically induced,
temporary and reversible state that aims to provoke the inhibition of sensitivity, conscious-
ness, and pain. It is a fundamental aspect in modern medicine. Indeed, it allows invasive
clinical procedures to be carried out without causing anxiety and pain to the patient and
preventing the formation of memory. In the clinical practice of total intravenous anesthesia
(TIVA), these effects are obtained by simultaneously administering two drugs, propofol and
remifentanil. The first one has a hypnotic effect, while the latter has an analgesic effect. They
must be adequately dosed, avoiding over and under dosing that could cause the onset of side
effects. Traditionally, the administration of these drugs is manually regulated by the anes-
thesiologist that decides their dosing depending on many factors such as the type of surgery,
the physical characteristics of the patient, recommended infusion patterns and indicators of
depth of anesthesia (DoA). These latter, being qualitative, lend themselves to different inter-
pretations that depend on the experience and training of each anesthesiologist. In order to
reduce this variability and to assist the anesthesiologists, some measurement devices of the
anesthetic status have been introduced. For example, the developments in brain monitoring
techniques provided reliable quantitative indexes of the patient hypnotic state. However, the
administration of propofol and remifentanil is only a part of the anesthesiologist work that
is, in fact, demanding and hence prone to errors due to distraction and fatigue. With the
aim of reducing the anesthesiologist workload, the feasibility of automatic control systems
for anesthesia has been evaluated by exploiting the aforementioned quantitative indexes of
hypnosis as feedback variables. They are not intended to replace the anesthesiologist. Con-
versely, their goal is to automate the low-level, repetitive task of drug dosing, thus leaving the
anesthesiologist free to focus on higher-level clinical tasks and decisions. The availability of
monitoring devices for hypnosis has spurred the development of closed-loop control systems
for the automatic administration of propofol. Clinical studies have shown the effectiveness
of this approach with different control architectures and its benefits with respect to manual
control in terms of keeping physiological variables of interest within clinically recommended
range, reducing drug consumption and speeding up recovery [8, 9]. Furthermore, these sys-
tems can potentially bring numerous other benefits such as the reduction of human errors
and the optimization of drug dosing thanks to the continuous monitoring capability offered

vii



Introduction

by computerized systems. These aspects can contribute to reduce the variability in the quality
of care provided to patients, thus promoting the reproducibility and standardization of anes-
thetic procedures with a significant benefit in the intraoperative and post-operative phase
for both medical staff and patients. However, these systems are still research devices and
they are not yet commercially available and routinely used in clinical practice. Indeed, they
are not fully accepted by clinicians. This is mainly due to the absence of a simple, flexible
and complete control system that can be easily understood and used by anesthesiologist in
the operating room. Moreover, the automatic regulation of remifentanil is also required to
achieve a fully automatic and effective anesthesia control. However, the number of control
systems proposals that can automatically administer remifentanil is still limited since reliable
indicators of analgesia are not currently available.

The aim of this thesis is to contribute in the development of closed-loop systems for anesthesia
that can go beyond the scope of research and that can be used in routine clinical practice. This
objective is pursued through theoretical development, implementation and clinical validation
of innovative control strategies. For all the control solutions that are developed, particular
attention is given to their applicability in the real clinical scenario. To this end, their de-
velopment must take into account that they has to be intuitive for the anesthesiologist, who
operates in any case as supervisor and needs to fully understand the behavior of the controller.
In this context, also the implementation of collaborative control strategies that combines the
actions of the controller with manual interventions performed by the anesthesiologist plays
a key role. Indeed, this allows the behavior of the control system to be better tailored to
specific clinical needs by exploiting anesthesiologist’s knowledge and expertise.

The thesis is structured as follows. In Chapter |1 the topic of closed-loop anesthesia is intro-
duced. In particular, an overview of general anesthesia and of the tools currently available
in the clinical practice is provided. Then, an introduction to the anesthesia control problem
is given. In Chapter |2| the state of the art regarding closed-loop control of anesthesia is de-
scribed. Here the background and the contributions of the thesis are presented. In Chapter
the experimental results obtained with a control scheme for propofol and remifentanil coad-
ministration based on proportional-integral-derivative (PID) control are presented. Particular
attention is given to the evaluation of the clinical performance of the proposed control solution
and to its practical applicability in the operating room. In Chapter [4]the experimental results
obtained with an event-based PID controller for propofol and remifentanil coadministration
are presented. The aim of this innovative control technique is to mimic the way of operating
of the anesthesiologist, who can therefore clearly understand the behavior of the controller
and better supervise the system operations. In Chapter model predictive control (MPC) of
anesthesia is covered. In particular, an innovative control structure based on the presence of
an external predictor is presented. The case of propofol only administration is first considered
and the experimental results obtained are presented. Then, the approach is extended to the
case of propofol and remifentanil coadministration. Finally, the approach is further extended
by introducing the event-based technique. In Chapter [6] a recently proposed open-source
patient simulator is used to evaluate the performance of the PID-based and of the event-
based PID control schemes when a tuning parameter that regulates the remifentanil/propofol
balance is changed. Chapters |7] and [§ focus on the theoretical development of personalized
control solutions. In particular, in Chapter |7/ a PID tuning methodology that provides a
patient individualized selection of the controller parameters is presented. This methodology
focuses on the maintenance phase of anesthesia. In Chapter 8| optimization-based strategies
that provide a personalized propofol bolus for anesthesia induction are presented.
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Chapter 1

Introduction to closed-loop
anesthesia

This introductory chapter provides the basics to understand the topics covered in this
thesis. First, an overview of general anesthesia and of its clinical practice is provided. Then,
the tools that are currently available to support the anesthesiologist are reviewed. They
include mathematical models, target controlled infusion (TCI) devices and monitoring devices.
Finally, closed-loop control of anesthesia is introduced and the control problem is described.

1.1 Overview of general anesthesia

Anesthesia is fundamental in modern medicine as it allows patients to undergo surgical
interventions and invasive medical procedures without anxiety, pain and protecting them from
physical and psychological traumas. There are three broad categories of anesthesia that differ
for depth, duration and part of the body involved:

e Local/regional anesthesia: it is obtained by local injection of specific anesthetic drugs
(e.g. ropivacaine). These drugs block the transmission of nerve impulses between the
targeted body part and the central nervous system, causing loss of sensation in the
interested part. With this type of anesthesia the patient remains conscious as it acts
only at the level of the peripheral nervous system.

e Sedation: it reduces the central nervous system activity to a lesser degree. It reduces
anxiety and it inhibits the creation of long-term memories. The brain activity is reduced
but the patient is still conscious.

o General anesthesia: it is a drug induced loss of consciousness during which patients are
not aroused, even by painful stimulation [10]. Thus, it inhibits sensitivity, consciousness
and pain. Paralysis can also be induced.

The first two types are suitable for minor and short-termed surgeries. General anesthesia is
appropriate for most major surgical procedures which require unconsciousness of the patient,
long duration and paralysis. More in detail, general anesthesia provides three main effects
on the patient: hypnosis, analgesia and paralysis, as summarized in Figure Hypnosis
coincides with loss of consciousness, it prevents intra-operative awareness and memorization.
Analgesia prevents the patient from perceiving pain by suppressing the physiological responses
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Hypnotics
(e.g. propofol) Hypnosis
Analgesics
(e.g. remifentanil) Analgesia

—

!

Neuromuscular Blocking Agents

(e.g. curare) .
Paralysis

- —)

Figure 1.1: Schematic representation of the drugs administered in TIVA and their clinical effects.

to nociceptive stimulations. Paralysis prevents the occurrence of involuntary muscle contrac-
tions, and it is obtained by blocking the neuromuscular activity. These effects are obtained
by means of specific drugs that can be administered by inhalation or by intravenous infusion.
This gives rise to two different types of anesthesia: inhalation anesthesia and total intra-
venous anesthesia (TIVA). The drugs commonly used for inhalation anesthesia are desflurane
and sevoflurane. These agents have a combined hypnotic/analgesic effect. Conversely, with
TIVA three separate drugs are used to provide the three main effects of anesthesia. The most
common drugs are: propofol, remifentanil and rocuronium/atracurium. Propofol is one of
the most widely used hypnotic agent because it is potent, it has a fast redistribution and
metabolism accounting for rapid onset and short duration of action [11]. It also causes rela-
tively few side effects if properly dosed [12]. Remifentanil is a synthetic opioid with analgesic
effects, and it is characterized by a short half-life that minimizes opioid-induced side-effects.
The combined use of propofol and remifentanil introduces the problem of the interaction be-
tween drugs: there can be an increment or a decrement in the effect of every single drug,
strengthening of side effects or the introduction of new ones. In this case, remifentanil in-
creases the effect of propofol as well as its side effects. The study of the interaction between
drugs is therefore fundamental to guarantee an adequate level of anesthesia and to properly
selecting the dose to administer. Rocuronium and atracurium belongs to the curare drugs
which are neuromuscular blocking agents. These drugs act peripherally at the level of the
synaptic link between the nerve and the muscle and not centrally in the brain or in the spinal
cord. Thus, there is no interaction between curare and hypnotic/analgesic agents.

This thesis focuses on TIVA. Hence, in the rest of this document the term anesthesia always
refers to this specific type. The anesthesia procedure is divided into five different phases:
premedication, induction, maintenance, emergence and recovery.

e Premedication: it consists in the patient’s preparation for the surgical procedure. The
venous catheter needed for intravenous drugs administration is inserted. Amnxiolytic
drugs (e.g. midazolam) and/or opioids (e.g. fentanyl) are usually administered in order
to increase patient’s comfort before entering the operating room. The patient is then
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placed on the operating table and all the sensors required for vital signs monitoring are
placed like: electrocardiogram electrodes, pulse oximeter sensor, invasive or non-invasive
blood pressure sensors and temperature probe. Finally the patient is pre-oxygeneted
in order to guarantee an adequate oxygen concentration in the blood before starting
anesthesia induction.

Induction: in this phase the patient is driven from consciousness to an anesthetic state
suitable for the beginning of the surgical procedure. This is obtained by administering
a bolus of propofol in combination with a bolus of fentanyl and/or with an infusion
of remifentanil. The administration of analgesic drugs is required in this phase to
prevent the patient from feeling pain during airway instrumentation. Indeed, propofol
has a respiratory depressant effect and the patients stop breathing autonomously as
soon as they lose consciousness. Therefore, mechanical ventilation is required. The
instrumentation of the airway can be obtained trough the insertion of a laryngeal mask
or an endotracheal tube according to clinical requirements. If the second option is
required and intubation is performed a bolus of curare is administered in this phase
to suppress reflexes. Anesthesia induction should be fast to preserve the patient from
anxiety and to quickly secure patient’s airway. The amount of drugs administered in the
initial boluses must be adequate in order to provide a fast induction. However, it must
not provoke overdosing which can cause hypotension and all the side effects related to
it.

Maintenance: it is the phase in which surgery is performed. In this phase it is neces-
sary to maintain an adequate depth of hypnosis (DoH) despite the presence of noxious
stimuli related to surgery. The hypnosis and analgesia are maintained by imposing a
continuous infusion of propofol and remifentanil by means of specific medical devices
called infusion pumps. The infusion rates of these devices are regulated by the anes-
thesiologist according to alterations of DoH, physiological responses to noxious stimuli,
type and phase of surgery to avoid excessively deep or shallow anesthetic states. Boluses
of propofol can be administered if the patient shows signs of arousal to avoid awakening.
Boluses of propofol and fentanyl can be administered as a preventive measure during
phases of strong surgical stimulation. Boluses of curare can be administered in this
phase to provide optimal conditions for the surgeon and/or to suppress reflexes. Va-
soactive medications (e.g. ephedrine and etilefrine) can be administered in this phase
to maintain hemodynamic variables inside recommended ranges.

Emergence: it is the phase in which the patient wakes up. The administration of drugs is
stopped during surgical wound medication. The patient usually regains consciousness
in 8-10 min. The laryngeal mask or endotracheal tube is removed when the patient
starts to breathe autonomously and shows clinical signs of wakefulness.

Recovery: in this phase the patient is moved from the operating room to a recovery room.
Here the patient is monitored to assess the stability of vital signs and to check for the
onset of side effects such as post-operative nausea and vomiting (PONV), shivering and
pain. If necessary, appropriate drugs are administered. After this phase the patient is
moved to the ward.

From this description of the anesthesia procedure it is possible to infer that the drug admin-
istration task heavily relies on the anesthesiologist ability and experience. Indeed, he or she
decides the most appropriate drugs dosing by choosing the sequence and timing of drug bo-
luses and drugs infusion rates. These decisions are based on patient’s physical characteristics,
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1 INTRODUCTION TO CLOSED-LOOP ANESTHESIA

physical status, pathologies, type and phase of surgery. The initial anesthetic plan is based on
recommended doses and on anticipated effects given by mathematical models. Then, during
the surgery, the anesthetic plan is adjusted on the basis of patient’s physiological responses
that the anesthesiologist has to continuously monitor. However, the drug dosing task is only
a part of the anesthesiologist workload that is, in fact, demanding and hence prone to errors
caused by distraction and fatigue. For this reason, in the past years, several tools have been
introduced to support the anesthesiologist.

1.2 Tools for general anesthesia

In this section the tools currently available to support the anesthesiologist are described.
First the monitoring devices that are commonly used to quantitatively measure the patient’s
anesthetic state are presented. Then, the mathematical models employed to predict the
clinical effect produced by the administration of a certain amount of drug are presented.
Finally, Target Controlled Infusion (TCI) system based on the aforementioned models are
described.

1.2.1 Monitoring devices for general anesthesia

In the clinical practice, the interpretation of qualitative indicators of DoH is highly sub-

jective and depends on anesthesiologist experience. For this reason in the past decades some
quantitative indicators for DoH have been introduced. They are obtained through neuro-
monitoring systems that can estimate DoH by analyzing the brain activity through the mea-
surement and elaboration of the electroencephalogram (EEG). The Bispectral Index Scale
(BIS, Aspect Medical Systems, Norwood, USA) [13] is one of the most widespread and clin-
ically accepted DoH indicator. Indeed, its clinical efficacy has been widely demonstrated
[14} 15 (16} 17, (18] [19]. It is based on the bispectral analysis of a frontal EEG and it provides
an estimation of the DoH by means of a dimensionless number which varies from 0 (EEG
silence) to 100 (patient fully awake). During anesthesia this index should be kept inside
the range from 40 to 60 for most kinds of surgeries [17]. Another indicator of DoH is the
NeuroSENSE (WAV ¢ng) (NeuroWave Systems, Beachwood, USA) [20], that is based on a
wavelet decomposition of a frontal EEG. Another index for the DoH is the Patient State
index (PSi, Masimo, Irvine, USA). It is based on the analysis of multivariate changes in brain
electrical activity [21]. A recently proposed DoH index is the qCON, included in the Conox
monitor (Fresenius Kabi, Bad Homburg, DE). The qCON is based on the analysis of EEG
spectral ratios and burst suppression (BS) [22].
While for DoH reliable indicators are available and they are routinely used in the clinical prac-
tice, the assessment of analgesia is still an open field. Some indicators have been proposed
such as ANT [23], NOL [24] and gNOX [22]. In spite of evaluation studies demonstrating their
therapeutic significance, these indexes are not fully accepted and routinely used in clinical
settings.

1.2.2 Mathematical models for general anesthesia

Pharmacological models describe the relationship between the administration of a certain
amount of drug and its clinical effect on the human body. Modern anesthesia relies on these
mathematical models to decide how to dose drugs. They can also be exploited in computerized
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systems, such as TCI, to perform numerical simulations. In this thesis they are extensively
used to design and validate closed-loop control systems for automatic regulation of anesthesia.
This thesis is focused on the intravenous administration of propofol and remifentanil and to
their desired effect on DoH. A short review of the models used in this work is provided in this
section.

All the considered models are Pharmacokinetic/Pharmacodynamic (PK/PD) models with a
Wiener structure, i.e., they have a linear part in series with a static nonlinearity as shown
in Figure The PK describes the dynamic relationship between drug infusion, redistri-
bution and metabolism. The PD describes the relationship between the drug concentration
in the blood (plasma concentration) and its clinical effect. It comprises a linear part and
a static nonlinearity. The first one describes the relationship between plasma concentration
and effect-site concentration. The second one describes the relationship between the drug
effect-site concentration and its clinical effect. The linear part of the model is represented
with compartmental models. Each compartment represent a group of parts of the human
body that have a similar dynamics with respect to drug absorption, redistribution and elim-
ination. Propofol and remifentanil dynamics are well described by a three compartmental
PK model plus an effect-site compartment. A schematic representation is shown in Figure
[1.3] The overall linear part can be therefore described by the following system of differential
equations:

q1(t) = — (k1o + k12 + k13)qi(t) + ka1go(t) + k31g3(t) + u(t)

G2(t) = k12q1(t) — ka1g2(2) (1)
q3(t) = k13q1(t) — ks1gs(t) '
Ce(t) = k1e(q1(t)/V1) — keoCe(2),
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Here the mass flow of the infused drug is u(t), expressed in mg/s for propofol and in ug/s for
remifentanil. The drug masses in the primary, fast and slow compartments are ¢ (), g2(¢) and
q3(t), respectively. They are expressed in mg for propofol and in pg for remifentanil. The drug
transfer rates between compartments, expressed in s~1, are k12, ki3, ko1, k31 and ki.. The
drug concentration in the effect-site compartment is C(t). It is expressed in mg/1 for propofol
and in pg/l for remifentanil. The drug elimination rate from the primary compartment and
from the effect-site compartment, expressed in s, are k1 and ke, respectively. The volumes,
expressed in 1, of the primary, fast and slow compartments are Vi, Vo and V3, respectively.
The clearances, expressed in 1/s, of the primary, fast and slow compartments are Cly, Cly and
Cls, respectively. The plasma concentration represent the drug concentration in the primary
compartment and it is calculated as:

Cy(t) = (13)
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it is expressed in mg/1 for propofol and in pg/l for remifentanil.
By defining the state vector as:

z(t) = @1 (t), g2(t), a3(t), Ce(t)]" € RY,

the linear system can be written in state-space form as:

x(t) = Az(t) + Bu(t), (1.4)
where:
—(k1o+ k12 + k1) ka1 ks 0O
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The nonlinear part of the model is a Hill function:

y(t) = F(Celt)) = Fo — Bmas ( Cet)’ ) ,

_— 1.
Co(t) + O (1.6)

where f : R — R, Fy is the baseline value of y(¢) in the absence of drug, Fy — Epeq is
the maximum clinical effect on y(t) achievable with drug administration, v is the maximum
steepness of the function, and C¢,, is the concentration in the effect-site compartment required
to reach half of the maximum effect.

Linear PK/PD models for propofol

The Schnider model [25}26] is among the most widely used PK/PD models for propofol. In
the thesis this model is considered since it is widely used in the development of TCI infusion
systems (see Section . Moreover, it was successfully exploited to design closed-loop
control systems for automatic regulation of propofol anesthesia. This model was developed
by collecting blood samples of 24 healthy volunteers with age, weight and height ranging
from 26-81 years, 44-123 kg and 155-196 cm, respectively. The model parameters are shown
in Table Note that the values of some parameters depend on patient’s demographic data,
which are model covariates. So k1o, k12 and ko1 are functions of the patient height, weight, age
and gender. In particular k19 = f(weight, height, gender), k12 = f(age) and ko1 = f(age).

Linear PK/PD models for remifentanil

In this thesis the Minto [27] PK/PD model for remifentanil is considered. This model was
developed by collecting blood samples of 65 healthy volunteers with age, weight and height
ranging from 20-85 years, 48-108 kg and 156-192 cm, respectively. The model parameters
are shown in Table It is worth noting that kg, k12, k13 and ko; depend on weight, age,
height and gender, while k31, k.o and k1. depend on age.
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Figure 1.2: Schematic representation of the Wiener model structure where u(t) is the drug
infusion rate, Cp(t) is the plasma concentration, Ce(t) is the effect-site concentration and y(t) is
the clinical effect.
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Figure 1.3: Schematic representation of the linear PK/PD compartmental model where u(t) is
the mass flow of the infused drug, qi(t), g2(t) and g3(t) are the drug masses, kia, ki3, ka1, k31
and k1. are the drug transfer rates, C.(t) is the drug concentration in the effect-site compartment,
k1o and keo are the drug elimination rates, Vi, Vo and V3 are compartments volumes.
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Parameter Value
0, 4.27
0 18.9
03 238
0,4 1.89
05 1.29
O 0.836
0 —0.391
Os 0.0456
09 —0.0681
010 0.0264
011 —0.024
LBM (Males) L1+ WT — 128« (WT?/HT?)
LBM (Females) 1.07« WT — 148 x (WT?/HT?)
Wi [ 0,
Vo [l 0> + 07 x (Age — 53)
Vs [l 03
Cly [I/min] 04+ (WT —=77)x03) + (LBM —59) x0g) + (HT — 177) % 619))
Cls [I/min] 05 + 611 * (Age — 53)
keo [1/5] 0.456,/60
kle [1/5] keO

Table 1.1: Parameters values of the Schnider PK/PD model for propofol, LBM is the lean body
mass, WT is the weight expressed in kg and HT is the height expressed in cm. Age is expressed
m years.

Parameter Value
LBM (Males) L1+« WT — 128 % (WT?/HT?)
LBM (Females) 1.07« WT — 148« (WT?/HT?)
Vi [] 5.1 — 0.0201 % (Age — 40) + 0.072 » (LBM — 55)
Vs ] 0.82 — 0.0811 * (Age — 40) + 0.108 * (LBM — 55)
Vs [1] 5.42
Cly [I/min] 2.6 — 0.0162 x (Age — 40) 4+ 0.0191 « (LBM — 55)
Cls [I/min] 2.05 — 0.0301 * (Age — 40)
Cls [I/min] 0.076 — 0.00113 * (Age — 40)
keo [1/min] 0.0595 — 0.007 * (Age — 40)
kle [l/mm] keO

Table 1.2: Parameters values of the Minto PK/PD model for remifentanil, LBM is the lean body
mass, WT is the weight expressed in kg and HT is the height expressed in cm. Age is expressed
i years.
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Parameter | Ej FEoaz y Cey, Imy/l]
Value 95.9 | 87.5 | 2.69 4.92

Table 1.3: Average parameters values of the Hill function for propofol-BIS relationship proposed
in the Vanluchene model.

Nonlinear PD models for propofol

The relationship between propofol concentration in the effect-site compartment and the
DoH, assessed via the BIS, is described by means of the nonlinear Hill function . The
average values of Fy, Epaz, Cey, and v were identified in the model of Vanluchene [28] and
they are shown in Table However, the value of Ejy can be assessed for each patient
by measuring the baseline value of the BIS before the administration of propofol. With the
exception of Ej the values for the other parameters are not know a priori, they do not depend
on the patient’s demographics and they are subjected to a large variability. Hence, the Hill
function is a significant source of uncertainty in the model.

Nonlinear PD models for propofol and remifentanil coadministration

When propofol and remifentanil are coadministered, their linear PK/PD model is not
affected. On the contrary, the nonlinear PD model is modified to account for their synergistic
effect on the BIS. The following interaction model is considered [28], 29, [30]:

( Uprop(t) + Uremif (t) > !
5 Uso(¢)
maz Uprop(t) + Uremis (1)
L+ < Uso(9) >

where Uppop and Upepip are the effect-site concentrations of propofol and remifentanil nor-
malized with respect to half of the effect-site concentration required to reach the maximum
effect and ¢ is a dimensionless parameter that represents the combination power of propofol
and remifentanil:

Cep(t)

Uprop(t) = 077 Uremz'f(t) = =" (18)
€50

BIS(t) = Eo — (1.7)

Uprop(1)
Uprop(t) + Uremif (t) ’
where C¢,, and Cey, , are the C¢,, values for propofol and remifentanil, respectively, Ce p(t)
and C¢,(t) are the effect-site concentrations of propofol and remifentanil, respectively and
describes the synergistic effect of propofol and remifentanil. Finally, Us(¢) is a term required
for the normalization of the drugs combined effect:

Uso(¢) = 1 — 8o + B¢, (1.10)

. (1.9)

The average values of the parameters are shown in Table Note that, also in this case, the
parameters of the nonlinear interaction model do not depend on the patient’s demographics
and they are subjected to a large variability. Hence, the nonlinear interaction model for
propofol and remifentanil coadministration also represents a significant source of uncertainty.
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Parameter | Ey | Fue v Ceso Img/l] | Cegor [1g/l] | B
Value 95.9 87.5 2.69 4.92 12.5 1.5

Table 1.4: Awverage parameters values of the Hill function for propofol/remifentanil-BIS rela-
tionship.

1.2.3 Target controlled infusion (TCI)

As described in Section the goal of anesthetic drugs administration is to achieve

and maintain over time a desired clinical effect while minimizing side effects. Traditionally,
in TIVA, the anesthesiologist relies on drug dose recommendations and predefined infusion
patterns. They are personalized for each patient by scaling them according to patient’s weight,
that is the only covariate taken into account when determining a dose with these traditional
methods. Indeed, the mathematical models presented in Section are difficult to exploit
in the clinical practice because they have intricate mathematical relationships that relates the
covariates to drug dose. Hence, for the anesthesiologist it is not straightforward to take them
into account when drugs are manually administered. For this reason, computerized systems,
known as TCI, were introduced to support the anesthesiologist in drug dosing task [31]. These
devices can use the most accurate models available from the literature as they only represent
trivial calculations for the computer, thus providing a more precise titration of anesthetics by
means of a personalized drug infusion profile [32]. The anesthesiologist gives as reference to
the TCI system a desired plasma or effect-site target concentration. The computer determines
the necessary dose to reach the desired concentration and drives an infusion pump to deliver
it. In particular, by using a PK/PD model of the drug and the patient demographic data, the
computer continuously determines the amount of drug in each compartment and how that
affects the dose of drug necessary to achieve the desired concentration. Both the induction
and maintenance phases of anesthesia can be performed with TCI devices. First, a bolus of
drug is administered by the system. Theoretically, this bolus aims to instantly achieve the
target concentration. Second, an infusion equal to the elimination rate of the drug is given
to maintain the target concentration.
The first commercially available TCI system for propofol administration was the Diprifusor
(AstraZeneca, Cambridge, UK) [33]. Then, open TCI systems were introduced, where PK/PD
models libraries also for other drugs, like remifentanil, are included. Today, TCI systems are
widespread and they are routinely used in the clinical practice [34]. However, it is worth
stressing that TCI is an open-loop control architecture and this makes it subject to errors
due to unavoidable model uncertainties, thus making manual adjustments necessary. The
anesthesiologist needs to provide feedback by adjusting the target concentration based on the
observed clinical response that may differ from that foreseen by the model.

1.3 Closed-loop anesthesia

After the introduction of TCI systems, a further step forward in the development of
computerized systems for anesthesia consists in closed-loop control systems. The investigation
of this kind of systems for TIVA regulation has been stimulated by the introduction of EEG-
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Figure 1.4: Schematic representation of the transition from manual control to automatic control
of anesthesia.

derived indicators of DoH, such as the BIS, that can be exploited as feedback signals to
autonomously regulate drug infusion.

With respect to TCI, closed-loop systems are fully autonomous and, in principle, they do
not require any kind of manual intervention. Indeed, the anesthesiologist assumes the role
of a system supervisor, as shown in Figure As pointed out in Section the dosing
of anesthetic drugs is only a part of the anesthesiologist workload in the operating room
that is demanding and hence prone to errors due to distraction and fatigue. Closed-loop
systems have the potential to provide better working conditions for the anesthesiologist and,
thus, an improved patient safety. Moreover, since a closed-loop computerized system is not
subjected to distraction, fatigue, or emotional reactions in emergency situations, it can provide
a standardization in the quality of cares provided to the patients. Moreover, unlike TCI,
closed-loop systems do not rely entirely on PK/PD models, which, even if accurate, will
always have mismatches. Conversely, they calculate their actions according to the actual
state of the patient, assessed through physiological signals measured in real-time. Thus, they
provide an additional degree of customization of drug dosing, reducing the risk of overdosing
and underdosing. All these aspects can have a positive impact in terms of economic and social
costs as they have the potential to reduce the onset of post-operative complications related
to anesthesia management, thus improving the quality of patient’s recovery and reducing the
length of hospitalizations.

Despite the presence of these potential benefits, these systems are still research devices and
they are not routinely used in the clinical practice. Indeed, the implementation of this systems
is not trivial. For example, their clinical performance strongly depends on the reliability of
the signal used as feedback. Moreover, they have to deal with the presence of measurement
noise and artifacts, strong nonlinearities, intra- and inter-patient variability and the lack of
quantitative measures for analgesia. Their diffusion is also hindered by the mistrust of clinical
practitioners. Indeed, it is important for this kind of systems to be safe, intuitive and easy
to use. Problems arising from the practical implementation of the control device could also
represent a limiting factor.

In this section anesthesia is described from a control system engineering point of view. The
control problem is formulated and the control specifications are presented. Finally, a short
bibliographic review is proposed. It describes a brief history of closed-loop control systems
for anesthesia regulation and the main milestones achieved in their development.

1.3.1 Control problem formulation

A block diagram of a generic closed-loop control system for automatic anesthesia regu-
lation is shown in Figure The controlled process is represented by the response of the
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1 INTRODUCTION TO CLOSED-LOOP ANESTHESIA

patient to drug administration. It represents a particularly challenging process from a control
system design point of view. Indeed, as explained in Section this process is character-
ized by a strong nonlinear behavior. Moreover, it is subjected to a large variability, that is of
two types: intra-patient and inter-patient. The first one represents the fact that the status of
a patient, and hence the dynamical behavior, can change throughout a surgical intervention.
This can be due, for example, to the concurrent administration of other drugs, to blood losses
and to the development of drug tolerance. The second one represents the fact that each pa-
tient is different, and hence has a different behavior with respect to drug administration. It
is worth stressing that even two patients with exactly the same demographic data can have a
completely different reaction to the administration of the same amount of drug. The process is
also affected by the dynamics of the infusion pumps. Indeed, they are affected by saturations
and slew-rate limitations. Thus, they provide a control action u(t) that might differ from the
theoretical one u(t). The controlled variables are indicated with y(t). They are measurable
physiological variables of interest that are suitable to be used as feedback variables, for exam-
ple the BIS. They are unavoidably affected by measurement noise n(t) that, if not properly
handled, can be detrimental for the performance of the control system. They are also affected
by disturbances d(t), that can be caused, for example, by the surgical stimulation. The signal
x(t) represents the patient physiological states that are not used as feedback signals but that
are nonetheless important and relevant for patient’s health. However, they are monitored by
the anesthesiologist supervising the system. Basing on that, he/she can decide to intervene
by adjusting the set-point values r(¢) and/or by carrying out manual interventions m(t) to
adjust the drugs infusion rates u.(t) calculated by the controller.

As described in Section anesthesia is essentially a multiple-input-multiple-output (MIMO)
control problem as more than one drug must be administered, i.e. propofol and remifentanil,
and more than one clinical variable must be controlled, i.e. DoH and analgesia. However, the
lack of a reliable quantitative indicator of analgesia hinders the development of MIMO control
systems. On the contrary, the wide availability and reliability of DoH monitoring devices allow
single-input-single-output (SISO) control systems to be developed. They use an indicator of
DoH as feedback variable and the propofol infusion rate as control variable. However, the reg-
ulation of remifentanil infusion is fundamental to achieve a fully automated anesthesia control
system. To compensate for the lack of feedback variable of analgesia multiple-input-single-
output (MISO) control systems, which only exploit a measure of DoH as feedback signal, can
be developed. This approach is based on the fact that the DoH variability is correlated with
the analgesic coverage in presence of nociceptive stimulation [35] [36]. However, this property
cannot be used to control the hypnosis-analgesia balance as it does not provide information
on analgesia in the absence of stimulation. This implies that there is a degree of freedom that
must be considered in the controller design as the same steady-state value of DoH can be
reached with different effect-site concentrations of propofol and remifentanil. This additional
degree of freedom is called opioid-hypnotic balance. It must be considered in the design of
MISO control systems since different values of this parameter have different clinical effects.

1.3.2 Control specifications

To design anesthesia control systems, the clinical specifications must be translated into
appropriate control specifications. In this section the main control specifications are briefly
described. Anyway, it is worth noting that they may change depending on patient physi-
cal condition, type of surgery and anesthesiologist preferences. There are different control
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Figure 1.5: Block diagram of a generic closed-loop system for automatic control of general
anesthesia.

requirements for the induction phase and for the maintenance phase of anesthesia. A fully
automated control system for anesthesia regulation should provide satisfactory performance
and meet the clinical requirements for both phases. The emergence phase is not relevant
for the design of closed-loop systems since it is simply handled by stopping the anesthetic
drugs administration. Hence, it depends on patient’s own dynamics and not on that of the
controller. Anyway, this phase is affected by the quality of control during the induction and
maintenance phases as drug overdosing may lead to delayed awakening. From a clinical point
of view, during the induction phase it is required that the patient is rapidly brought from
wakefulness to an adequate DoH that prevents awareness. Induction should be fast enough
to avoid excessive anxiety to the patient and to allow the patient’s airway to be safely instru-
mented. However, a fast induction should not be achieved at the expense of drug overdosing
that may lead to excessively low DoH and its related side effects. From a control system de-
sign point of view, anesthesia induction can bee seen as a set-point tracking problem, where
the DoH must be driven from its initial value to a target value. When the BIS is employed as
the feedback variable for DoH, its initial value is close to 100 and the target value is usually
50. In particular, it is required that the BIS drops below 60 since it has been shown that,
in general, BIS values below this threshold are associated with a reduced risk of awareness
during endotracheal intubation [37]. This should be achieved in less than 5 min while avoiding
an excessive BIS undershoot. Values of BIS up to 30 are common in clinical practice and are
not considered harmful to the patient health. Conversely, values of BIS below this threshold
should be avoided since they are correlated with the onset of BS that has been associated
with post-operative delirium [39]. Moreover, it might cause a dangerous hypotension [40]. An
adequate analgesic coverage should also be provided during induction to blunt the stimulation
related to airway instrumentation. During the maintenance phase, an adequate DoH must be
properly maintained despite the presence of surgical stimulation that could provoke an arousal
effect on the patient. From a control system design point of view, anesthesia maintenance
can be seen as a disturbance rejection control problem where DoH must be maintained at
its target value despite the presence of disturbances due to surgical stimulation. The system
must rapidly compensate for those disturbances, while avoiding to cause excessive undershoot
and overshoot of DoH. When the BIS is employed as the feedback variable for DoH, for most
kinds of surgery, it is recommended that it remains as long as possible in the range from 40 to
60 [17]. As it is common in the literature, see e.g., 42|, the effect of the surgical stimula-
tion on BIS is modeled as an additive disturbance acting on the BIS signal. In fact, although
a nociceptive stimulation affects different vital signs of the patient, this choice represents the
worst-case scenario. It is worth noting that different disturbance profiles have been proposed
in the literature. The simplest disturbance profile is represented by a double step signal, as
shown in Figure Although simple, this disturbance profile allows a clear evaluation of
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1 INTRODUCTION TO CLOSED-LOOP ANESTHESIA

the control performance [42]. More detailed disturbance profiles mimicking the time course
of a surgical stimulation profile [43] 44] are shown in Figures and

As discussed in Section the BIS is also affected by a significant amount of noise. An
example of the noise affecting the BIS signal extracted from real clinical data is shown in
Figure If not properly handled, the noise can be detrimental for the performance of the
control system. For example there can be residual noise in the control action that can provoke
mechanical stress to the actuators.

The effect of limitations introduced by the dynamics of the infusion pumps can degrade the
performance of control systems [45]. Hence, these limitations should be taken into account
during the design phase. One limitation is represented by the saturation on the control action
imposed by the minimum and maximum infusion rates of the syringe pumps. For example,
the two different models of infusion pumps considered in this work, namely the Graseby 3500
(Smiths Medical, London, UK) and the Alaris GH (Alaris Medical UK Ltd., Basingstoke,
Hampshire, UK), can deliver infusion rates that range from 0 ml/h to 1200 ml/h. By ex-
pressing the infusion rate of propofol in mg/s and the infusion rate of remifentanil in ug/s it
is clear that the lower saturation bound is 0 mg/s for propofol and 0 ug/s for remifentanil.
The upper saturation bound depends on the drug dilution. Propofol is commercially available
with the dilutions of 10 mg/ml and 20 mg/ml. In the first case the upper saturation bound
is:

1200 ml/h
Up10 3600 s/h 0 mg/m 3.34 mg/s, ( )
while in the second case it is:
1200 ml/h
Up2o 3600 /b 0 mg/ml = 6.67 mg/s ( )

Remifentanil is usually employed with a dilution of 50 pg/ml, hence its upper saturation

bound is:
1200 ml/h

3600 s/h

The dynamic behavior of commercially available infusion pumps is also affected by start-up
and update delays which show significant differences between various brands [46, [47].
Another important aspect in the design of this kind of system is represented by the possibil-
ity to include manual interventions performed by the anesthesiologist. Indeed, by completely
excluding the human intervention from the control loop, the supervision is difficult, since the
anesthesiologist cannot adapt the functioning of the system to different clinical situations.
This can be perceived as a safety issue thereby precluding the diffusion of such devices in
the clinical practice. A step to overcome these limitations consists of collaborative control
systems that allow the human operator to intervene (anesthesiologist-in-the-loop) [6]. The
first theoretical studies on this kind of systems have been presented in [45] (48], where the
effects of both controller and anesthesiologist-in-the-loop for hypnosis regulation have been
considered. In these works it is highlighted that, at the current state, automatic systems
process only a limited amount of information while the anesthesiologist has a broader view of
the overall situation. So, it is important that the anesthesiologist can intervene, for example,
with additional drug boluses. Thus, the control system must be adequately tested against
such a kind of interventions, in order to demonstrate that they do not lead to instability or,
in any case, to a significant degradation of the performance.

- 50 pg/ml = 16.67 ug/s. (1.13)

Uy =
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Figure 1.6: Double step disturbance profile modelling the effect of surgical stimulation.
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Figure 1.7: Disturbance profile: (A) arousal due to the first surgical incision; (B) offset slowly
decreases but settles at 10% due to continuous normal surgical stimuli; (C) withdrawal of stimuli.

It is worth noting that, as explained in Section even if only some physiological vari-
ables y(f) are used as feedback signals, other physiological variables x(t) are also important
and should be considered in the control system design. To this end, an open-source pa-
tient simulator that provides a realistic simulation environment has been recently proposed
[49]. It implements both anesthetic and hemodynamic variables and takes into account their
interaction. It receives propofol, remifentanil, dopamine, sodium nitroprusside (SNP) and
atracurium infusion rates as inputs and gives, as outputs, the BIS, Ramsay Agitation Se-
dation Score (RASS), the mean arterial pressure (MAP), the cardiac output (CO) and the
neuromuscular blockade (NMB), as shown in Figure The RASS is used as a surrogate
measure of analgesia since a model for more specific indicators is not available yet. Generally,
it is recommended to keep the MAP inside the range 65-110 mmHg and the CO inside the
range 4-8 1/min. A desirable value for RASS is -5 since it means that the patient is unrespon-
sive to surgical stimulation, while lower values indicates an excessive analgesic dosing.

It is worth stressing that all these specifications must be met for all patients despite the pres-
ence of a large intra-patient and inter-patient variability. Hence, controller robustness plays
a crucial role.

1.3.3 Performance assessment

A set of performance indexes has been proposed in to theoretically assess the perfor-
mance of anesthesia control system and verify the fulfilment of the clinical specification. For
the induction phase, the indexes are:
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Figure 1.8: Disturbance profile: (A) intubation; (B) surgical incision followed by no surgical
stimulation; (C) abrupt stimulus after a period of low stimulation; (D) onset of a continuous nor-
mal surgical stimulation; (E-G) stimulate short-lasting, larger stimuli; (H) withdrawal of stimuli.
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Figure 1.9: Realistic noise profile extracted from a BIS recording.

Propofol input BIS
Remifentanil input » RASS
Dopamine input » co

SNP input MAP
Atracurium input » NMB

Patient simulator

Figure 1.10: Schematic representation of the open source patient simulator. This figure has been

adapted from [{9).
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1.3 Closed-loop anesthesia

e TT: is the time-to-target, hence the time required for the BIS to reach the value of 55
for the first time;

e ST10: is the settling time at 10%, hence the time required for the BIS to enter and
remain between the range from 45 to 55;

e ST20: is the settling time at 20%, hence the time required for the BIS to enter and
remain between the range from 40 to 60;

e BIS-NADIR: is the lowest BIS value observed.

Regarding the maintenance phase, the indexes refers to the response obtained when the double
step disturbance profile is applied. In this case, only the TT" and the BIS-NADIR indexes
are meaningful:

e TT: is the observed time-to-target, which is the time taken by the controller to bring the
BIS back in the range from 45 to 55 after the disturbance occurred. This is calculated
separately for the positive and for the negative disturbance step, and it is referred to as
TTp and TTn, respectively.

e BIS-NADIRp: is the lowest BIS value caused by the controller as a consequence of the
disturbance rejection (undershoot).

e BIS-NADIRn: is the highest BIS value after the disturbance ends (overshoot).

To assess the overall control effort the total variation (TV) and the integrated absolute value
of the control action (IAU) is used. The first one is defined as:

(o)
TV = |up — up—l, (1.14)
k=0

where uy, is the control action value at time instant £ and u_; is that at time instant £ — 1.
The second one is defined as:

IAU:/\u(t)]dt. (1.15)

A set of indexes has been presented in [50] to assess the performance of control systems for
anesthesia employed in clinical trials. The performance indexes are defined as:

e PFE: is the performance error, calculated for each sample j according to the formula

PE; = w .100 j=1,..,N, (1.16)
BIS
where BIS is the reference BIS value and BIS is the measured one;
e MDPE: is the median performance error, which is a measure of bias and describes
whether the measured values are systematically distributed either above or below the
BIS reference. It is calculated as:

MDPE = Median{PE;, j=1,..,N}, (1.17)

where j is the measured sample and N is the number of PE values;
e M DAPE: is the median absolute performance error, which reflects the inaccuracy of
the control method; it is defined as

MDAPE = Median{|PE;|, j=1,...,N}, (1.18)

17
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WOBBLE, which is an index of time-related changes in the performance and measures
the intra-patient variability in performance errors as:

WOBBLE = Median|PE; — MDPE| j=1,...,N. (1.19)

Other performance indexes useful to evaluate the clinical performance of anesthesia control
systems are:

Induction time: is defined as the time interval between the beginning of infusions and the
time when the BIS enters the range from 40 to 60 and remains there for the subsequent
30 s.

e Lowest BIS: is the smallest BIS value observed within the 60 s after the induction time.
e Induction doses: are the anesthetic drug doses administered throughout the induction

time.

Maintenance duration: is the period of time from the end of induction to the time
instant at which the automatic control is turned off at the conclusion of surgery.

BIS 40-60: is the time percentage of BIS inside the range from 40 to 60. The percentage
is expressed with respect to the maintenance duration.

BIS<40: is the time percentage of BIS below 40. The percentage is expressed with
respect to the maintenance duration.

BIS>60: is the time percentage of BIS above 60. The percentages are expressed with
respect to the maintenance duration.

Average drugs infusion rates: indicate the average infusion rates of anesthetics provided
within the maintenance duration.

T awakening: is the time-to-extubation. It is defined as the time that elapses between
the end of automatic control and the removal of the endotracheal tube or the laryngeal
mask. It has been chosen as an indicator of anesthesia emergence since it is the time
that the patient takes to regain the ability to breathe autonomously and to understand
the verbal command to open the mouth.

18



Chapter 2

State of the art

In this chapter the state of the art regarding closed-loop control of anesthesia is described.
First, a brief history of the development of these systems is provided. Then, the contribution
given by the University of Brescia in the field of closed-loop anesthesia is reviewed. Finally,
the contribution that this thesis aims to provide is presented.

2.1 Literature review

Closed-loop control of general anesthesia is a research field that has been widely inves-
tigated in the past years [0, [7]. The first attempt dates back in 1950, when an EEG-based
automatic regulation of inhalation anesthesia was proposed [51]. Another relevant work based
on the automatic regulation of halotane end-tidal concentration was proposed in the middle
1980s [52]. The first work on automatic regulation of propofol infusion guided by the EEG
signal was proposed at the end of the 1980s [53] after this drug was approved for clinical use in
1986. Then, from the late 1990s onward the number of proposed closed-loop systems for TIVA
increased thanks to the introduction of BIS and WAV ¢nyg monitoring. At first, SISO control
solutions that use the BIS as feedback variable and propofol infusion as control variable were
proposed. Theoretical solutions and in-silico studies based on proportional-integral-derivative
(PID) control [43|[54], u-synthesis [44], fractional control [43], adaptive bayesian control [55],
model predictive control (MPC) [41] and reinforcement learning control [56] [57] were pro-
posed. Experimental results have shown the effectiveness of the SISO approach with different
control architectures such as PID control [58] [59] [60| [61] (62, [63], model-based control [64],
adaptive bayesian control [65], rule-based control [66], MPC [67, [68], reinforcement learning
control [69] and fuzzy control [70] [71]. To obtain an effective control of anesthesia, clinical
studies have also pointed out the importance of regulating the infusion of remifentanil [62]. A
possible step toward this goal consists in developing MIMO control structures that exploit as
feedback signals a measure of DoH to regulate propofol infusion and a measure of analgesia to
regulate remifentanil infusion. However, due to the lack of reliable analgesia indexes, closed-
loop control of remifentanil has not been widely investigated yet. Some attempts have been
made by using non-validated indicators of analgesia. In an in-silico study, an EMG-based
surrogate variable has been used in a MPC framework to regulate remifentanil together with
BIS that is used to regulate propofol [72]. Experimental results with fuzzy logic control [73]
and rule-based control [74] [75] have been performed. In these works the Analgoscore [76],
which is an index derived from heart rate (HR) and blood pressure (BP), have been exploited
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as feedback variable for remifentanil regulation, while BIS has been exploited for propofol
regulation. In [77] experimental results have been obtained by exploiting the PSi and the
Analgoscore to regulate propofol and remifentanil, respectively. Although significant results
have been obtained, their application is still limited. Indeed, the perceived unsuitability of
the currently available analgesia estimations has fostered the investigation of MISO control
structures that only exploit a measure of DoH as feedback signal. As pointed out in Sec-
tion these structures must deal with the opioid-hypnotic balance issue. The solutions
proposed in literature to constrain this additional degree of freedom are based on clinical
considerations that are, then, included in the control system design. Therefore, MISO solu-
tions are often preferred over MIMO ones by the clinical practitioners as they often prefer to
rely on well-known clinical considerations rather than relying on non-validated indicators of
analgesia. For example, simulation results have been presented in [78], where fixed weights
in the cost function of a MISO-MPC controller are used to balance the infusions of propofol
and remifentanil. In [79] a SISO-MPC has been proposed and a set of if-then rules is used
to balance the dose of remifentanil according to the dose of propofol. In [80] a mid-ranging
controller that exploits the different metabolization times of propofol and remifentanil has
been presented. In [81] [82] a positive control strategy has been proposed. Here, the desired
proportion between the administered amounts of propofol and remifentanil can be changed
during surgery according to clinical criteria without affecting controller performance. Note-
worthy clinical results have also been obtained. In [83] a PID-like rule-based controller for the
coadministration of propofol and remifentanil has been applied to a population of 83 patients
for both the anesthesia induction and maintenance phases. The controller determines the
target effect-site concentrations for both drugs that are then given as inputs to two TCI sys-
tems. In particular, during the induction phase, the anesthesiologist selects the initial target
concentration of propofol, and the controller regulates the target concentration of remifentanil
through a predefined set of rules. During the maintenance phase, for small control errors, only
the target concentration of remifentanil is updated, while for larger control errors, the values
the target concentrations of both drugs are updated. In addition, if the target concentration
of remifentanil is increased for more than three consecutive times, then also the propofol tar-
get concentration is increased. The system also considers the different metabolization times
of the two drugs, hence the minimum interval between two consecutive updates of the target
concentration is different for each drug, and it is set equal to the time-to-peak effect. As a
consequence, variations of the infusion of remifentanil are more frequent. In this approach,
the opioid-hypnotic balance is implicitly managed by the rule-based controller, and the sys-
tem does not allow the anesthesiologist to explicitly select it. Conversely, the opioid-hypnotic
balance is explicitly handled by the anesthesiologist in [84], where a control system based on
the habituating control framework for the coadministration of propofol and remifentanil has
been tested on a population of 80 patients for both the anesthesia induction and maintenance
phases. The infusion of propofol is regulated by a PID controller based on the measured
DoH. The infusion of remifentanil is regulated by a specifically designed controller in order
to reject disturbances that act on the DoH and to maintain the desired baseline effect-site
concentration of remifentanil in absence of stimulation. The anesthesiologist can control the
opioid-hypnotic balance by adjusting the baseline effect-site concentration of remifentanil.
The mid-raging controller has been tested in [85] on a population of 72 patients. The ob-
tained results show that the MISO control scheme can improve the performance of a SISO
control scheme in the same clinical setting, thus highlighting the importance of automatic
control of remifentanil.
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2.2 Thesis background

A great number of studies have demonstrated the feasibility and safety of closed-loop control
of anesthesia and randomized controlled trials comparing it to traditional manual control
have been performed in a variety of clinically relevant scenarios. They demonstrate the ben-
efits of automatic control in terms of keeping physical variables of interest within clinically
recommended ranges, lowering drug dosage, and speeding up recovery [8|,[9]. Despite these
promising results, automatic control systems are far from having a significant impact on clin-
ical practice and their use is mainly limited to the research community. This is partly due to
the lack of cooperation between engineers, clinicians and medical device manufacturers. This
hinders the development of simple and complete implementations of automatic controllers for
anesthesia that can be easily understood and used by the anesthesiologists. In this context,
one of the factors limiting their diffusion is that they are often designed by completely exclud-
ing the human intervention from the control loop. This makes their supervision difficult, since
the anesthesiologist cannot adapt the functioning of the system to different clinical situations.
This can be perceived as a safety issue thereby precluding the diffusion of such devices in the
clinical practice. A step to overcome these limitations consists of collaborative control sys-
tems that allow the human operator to intervene (anesthesiologist-in-the-loop) [6]. The first
theoretical studies on this kind of systems have been presented in [45] 48], where the effects of
both controller and anesthesiologist-in-the-loop for hypnosis regulation have been considered.
In these works it is highlighted that, at the current state, automatic systems process only a
limited amount of information while the anesthesiologist has a broader view of the overall
situation. So, it is important that the anesthesiologist can intervene, for example, with addi-
tional drug boluses. Thus, the control system must be adequately tested against such a kind
of interventions, in order to demonstrate that they do not lead to instability or, in any case,
to a significant performance degradation. Problems arising from the practical implementation
of the control device could also represent a limiting factor. For example, in [45] the effect
of limitations introduced by the dynamics of the infusion pumps is considered. It is shown
that this aspect can degrade the performance of the control system and that these limitations
should be taken into account during the design phase. The dynamic behavior of commercially
available infusion pumps is indeed affected by start-up and update delays which show signifi-
cant differences between various brands [46} [47]. Solving the aforementioned implementation
issues and increasing acceptance by the medical staff are of fundamental importance to spur
the diffusion of closed-loop systems in clinical anesthesia.

Another limitation consists in the fact that, usually, closed-loop controllers focus only on the
regulation of an indicator of DoH without taking into account the effect on other important
clinical variables. However, recently, the combined control of DoH and hemodynamic vari-
ables have been considered in in-silico simulations [49, (57, [86, [87] and in clinical experiments
[88. 189].

2.2 Thesis background

In this section is given a brief overview of the works that constitute the background of this
thesis. They are the results of the research on closed-loop control of anesthesia performed at
the University of Brescia in the past years. The research activity focused on the development
of SISO and MISO control structures for the automatic regulation of the BIS by controlling
propofol and remifentanil infusion rates. In this framework, novel optimization-based tech-
niques for control system design were proposed and event-based control was applied for the
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first time for the anesthesia control problem.

2.2.1 The optimization-based approach

The optimization-based design approach will be widely employed in this thesis to tune
the parameters of closed-loop control systems. It consists of three phases, as shown in Figure
The first phase consists in the control structure design. Hence, in the definition of the
overall control scheme configuration. The second phase consists in the optimization-based
tuning of the control system design parameters. It is performed by numerically solving a
min-max optimization problem, in which the optimization function is properly selected to
guarantee the fulfillment of the control specifications. In particular, robustness to variability
is taken into account by solving the optimization problem on a tuning dataset of thirteen
patients that is representative for a wide population. When only propofol is considered,
the dataset proposed in [41], and shown in Table is used. When also remifentanil is
considered, the tuning dataset is enriched by adding the parameters for the remifentanil
model that have been randomly generated by using the statistical distributions presented
in [30]. The extended tuning dataset is shown in Table It is worth noting that, for
both datasets, the thirteenth patients is an average patient whose parameters are obtained
by calculating the algebraic mean of the parameters of the other twelve patients. To solve
the optimization problem, evolutionary algorithms such as genetic algorithms (GA) [90] or
particle swarm optimization (PSO) [91] methods are employed. The cost function to be
minimized is selected as the worst-case integrated absolute error (IAE) as it has been proved
to be an effective performance index for process control. It is defined as:

ME:AMMMM (2.1)

where e(t) is the control error, defined as the difference between the controlled variable y(t)
and the reference signal r(¢). In the context of this thesis y(¢) is the patient’s BIS and r(¢)
is the target BIS value. The TAE is evaluated by performing a numerical simulation of the
response to drug infusion by exploiting the models presented in Section[1.2.2] For this reason
the TAE can not be calculated up to co as in the formal definition. Indeed, it is calculated up
to a simulation time that must be properly selected. By defining the vector of the controller
parameters as 6, the optimization problem can be formalized as:

min  max [AEy, (2.2)
0  ke{l,..,13}

where the index k represents each patient of the tuning dataset.
Finally, in the third phase, the robustness of the developed control systems, with the obtained
optimal parameters, is verified via a Monte Carlo method by randomly generating a large
number of PK/PD models that constitute a testing dataset. To evaluate the robustness with
respect to intra-patient variability, for each of the 13 patients of the tuning dataset, a set of
500 perturbed models (thus 6500 models overall) is created, as:

P, ~ N (P,Q), (2.3)

where P, = [171” %i, 1731., 6’/l1i, 6/l2i, 21731.]T is the i*" set of perturbed model parameters drawn
from the multivariate normal distribution A”. The vector P = [V1, V&, V3, Cly, Cla, Cl3]T con-
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Design of the Tuning with Control robustness
complete control # optimization method ‘ validated with
structure (GA/PSO) Monte Carlo method

Figure 2.1: Main phases of the optimization-based approach for control systems design.

Id | Age | Hem] | W [kg] | G | Ce,, ¥ Eo | Emax
1 40 163 54 F 6.33 2.24 | 98.8 94.10
2 36 163 50 F | 676 | 429 | 98.6 | 86.00
3 28 164 52 F 8.44 | 4.10 | 91.2 80.70
4 50 163 83 F | 644 | 2.18 | 95.9 | 102.00
5 28 164 60 M| 493 | 246 | 94.7 | 85.30
6 43 163 59 F | 12.00 | 2.42 | 90.2 | 147.00
7 37 187 75 M| 8.02 | 2.10 | 92.0 | 104.00
8 38 174 80 F | 656 | 4.12 | 95.5 | 76.40
9 41 170 70 F | 615 | 6.89 | 89.2 | 63.80
10 37 167 58 F | 13.70 | 1.65 | 83.1 | 151.00
11 42 179 78 M | 4.82 1.85 | 91.8 | 77.90
12 34 172 58 F 4.95 1.84 | 96.2 | 90.80
13 | 38 169 65 F | 742 | 3.00 | 93.1 | 96.58

Table 2.1: Demographic data of the patients constituting the tuning dataset for propofol admin-
istration (H: heigth, W: weigth, G: gender).

tains the typical values for each model parameter, that are calculated as shown in Table[1.1]for
propofol and in Table[1.2|for remifentanil. The covariance matrix Q = diag(n1, 12,13, 74, 75, 76)
contains the random variables that describe the parameters variability. Their values are taken
from [25] for propofol and from [27] for remifentanil. The performance is then evaluated in
simulation for each perturbed model. To evaluate the robustness with respect to inter-patient
variability, another Monte Carlo method is performed. Here, 500 patients are generated by
randomly selecting gender, by considering a uniform distribution of age between 20 years
and 70 years, of the body mass index (BMI) between 18.5 kg/m? and 29.9 kg/m?, and of the
height between 165 ¢cm and 190 cm for males and between 150 cm and 175 cm for females. For
each generated patient, the weight has been calculated according to the selected height and
BMI to consider only reasonable height and weight combinations. The parameters of the Hill
function are also generated by considering the statistical properties of the model considered.
In particular, as regards the Hill function parameters related to propofol only administra-
tion the perturbed set is obtained from distribution with P; = [Cesoiﬁqu“Emaxi]T,
P = [Cesy, 7, Fo, Brmaz]” that are shown in Table while the values of the covariance ma-
trix Q are taken from [28]. As regards the parameters related to propofol and remifentanil
coadministration, which are shown in Table the perturbed set is obtained by considering
a uniform distribution of C.,, , from 7.1 ug/l to 16.7 ug/1 and of 5 from 0.8 to 2.

2.2.2 Proposed control solutions

In this section an overview of the PID-based control schemes that have been developed at
University of Brescia in the past years is presented.
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Id | Age | Hem] | W kgl | G | Cegop | Cesor | 7Y B8 Eo | Emax
1 40 163 54 F 6.33 12.5 2.24 1 2.00 | 98.8 | 94.10
2 36 163 50 F 6.76 12.7 | 429 | 1.50 | 98.6 | 86.00
3 28 164 52 F 8.44 7.1 4.10 | 1.00 | 91.2 | 80.70
4 50 163 83 F 6.44 11.1 2.18 | 1.30 | 95.9 | 102.00
5 28 164 60 M 4.93 12.5 2.46 | 1.20 | 94.7 | 85.30
6 43 163 59 F 12.00 12.7 2.42 | 1.30 | 90.2 | 147.00
7 37 187 75 M 8.02 10.5 | 2.10 | 0.80 | 92.0 | 104.00
8 38 174 80 F 6.56 9.9 4.12 | 1.00 | 95.5 | 76.40
9 41 170 70 F 6.15 11.6 | 6.89 | 1.70 | 89.2 | 63.80
10 37 167 58 F 13.70 16.7 | 3.65 | 1.90 | 83.1 | 151.00
12 42 179 78 M 4.82 14.0 1.85 | 1.20 | 91.8 | 77.90
12 34 172 58 F 4.95 8.8 1.84 |1 0.90 | 96.2 | 90.80
13 38 169 65 F 7.42 10.5 | 3.00 | 1.00 | 93.1 | 96.58

Table 2.2: Demographic data of the patients constituting the tuning dataset for propofol and
remifentanil coadministration (H: height, W: weight, G: gender).

PID control for propofol administration

In [92] a SISO control system that uses the BIS as controlled variable and the propofol
infusion rate as control variable has been proposed. A schematic representation of the control
scheme is shown in Figure 2.2/ where y(t) is the measured BIS value and u(t) is the control
action that is the propofol infusion rate expressed in mg/s. This value is bounded between 0
mg/s and 6.67 mg/s. The BIS reference value is denoted as r(t) and e(t) is the control error
calculated as e(t) = y(t) — r(t). The controller is a standard PID implemented in ideal form:

PID(s) = ggg - K, (1 + ;T + sTd> , (2.4)

where PID(s) is the Laplace transform of the controller, E(s) is the Laplace transform of
the error signal, and U(s) is the Laplace transform of the control action. Then, K, is the
proportional gain, 7T; is the integral time constant, T} is the derivative time constant. To deal
with the measurement noise issue a second order filter on the PID output has been inserted:

1

T (2.5)

PID(s) = gg =K, (1 + ;T + sTd>

The filter time constant T represents an additional tuning parameter. The PID parameters
K,, T; and T; have been determined by solving the optimization problem by means of
GA with a population size of 40 elements and by stopping the optimization when the relative
change in the cost function value over the last 50 iterations is less than 0.001. To guarantee
good performance for both the induction and maintenance phases, a gain scheduling approach
has been adopted. Hence, two different optimization procedure has been carried out and two
sets of parameters has been found. The filter time constant T is selected with an iterative
procedure in such a way that, in simulation, the introduction of noise does not produce an
IAE degradation greater than 30 [%]. The tuning parameters for both the induction and
maintenance phases are shown in Table
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r(t)»- (1? e(t)> oI u(t) R 7|£ S patient y(t)_.

Figure 2.2: Schematic representation of the SISO control loop for propofol only administration
proposed in [92].

Induction phase | Maintenance phase
Ky [mg/s] 0.06 0.44
T; [s] 333 1250
Ta [s] 34 20
Te [s] 0.5 0.7

Table 2.3: Optimal tuning parameters of PID for propofol only administration obtained in [92].

It is worth noting that this configuration of the PID is subject to the derivative-kick phe-
nomenon when a step is applied to the reference signal r(¢). In the context of anesthesia
induction this phenomenon can be desirable since it provides an initial propofol bolus that
is common in the clinical practice. Anyway, this effect can be avoided by implementing the
PID in the following form:

1
(Tys+1)2’

E(s)
sT;

U(s) = K, <E(s) + + sTdY(3)> (2.6)

where Y'(s) is the Laplace transform of the controlled variable. Note that the derivative term
is applied to the feedback signal y(¢) and not to the error signal e(¢) so as to avoid sudden
increases in the control variable u(t).

Another option is to implement the PID controller in standard ideal form with filtered deriva-
tive term:

Uls 1 Tys
v 1—|—ﬁ8

To obtain a strong filtering effect without significantly affecting the dynamics of the controller
a good choice to tune the filter consists in choosing N = 5.

PID control for propofol and remifentanil coadministration

In [93] a MISO control system for propofol and remifentanil coadministration has been
proposed. The architecture of the control systems is shown in Figure The propofol
infusion rate, u,(t) is expressed in mg/s, and it is bounded between 0 and 6.67 mg/s. The
remifentanil infusion rate, u,(t) is expressed in pug/s, and it is bounded between 0 and 16.67
ug/s. The architecture is based on a standard PID controller in form A key element
of the control scheme is the ratio block that allows the anesthesiologist to explicitly select
the desired opioid-hypnotic balance. By expressing the remifentanil infusion rate in pg/s
and the propofol infusion rate in mg/s the control system has been designed in such a way
that the value of ratio can range from 0.5 to 15. Upper and lower limits have been selected
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based on clinical considerations described in [93]. In the clinical practice a good choice of
opioid-hypnotic balance is generally obtained with a ratio of 2. This value of the ratio is
obtained by applying the infusion pattern proposed in [94]. Its goal is to achieve a balance
between the propofol and remifentanil effect-site concentrations that ensures a 50% chance
of not responding to surgical stimuli and the quickest return to consciousness after the end
of infusions. In clinical practice, different drugs balance could be necessary for each phase of
anesthesia, or for each specific surgery procedure. By selecting a lower ratio, the BIS target is
obtained with a higher propofol concentration and a lower remifentanil concentration, hence
the hypnotic component of anesthesia is predominant. On the contrary, by selecting a higher
ratio, the BIS target is obtained with a lower propofol concentration and a higher remifentanil
concentration, hence the analgesic component is predominant. For example, the drugs balance
is modified depending on the phase of the surgery:

e during intubation it is advisable to select a balance that guarantees the desired DoH
associated to a strong analgesic effect, due to the pain induced by the procedure;

e during the preparation of the surgical field, because of the absence of external stimuli,
the balance can be changed to decrease the remifentanil administration while maintain-
ing the selected DoH level,

e during surgical incision, a different drug balance might be necessary to compensate for
the beginning of the painful stimulation;

e during surgery, the anesthesiologist regulates the balance based on the patient’s physi-
ological signs such as hemodynamic variables;

e in some particular cases, in the final phase of the surgery, the drug balance is regulated
to maintain the hypnotic level without opioid effect, which is substituted with post-
operative analgesic treatment.

General anesthesia can also be performed with the concurrent administration of local anes-
thetics to satisfy the analgesic requirement. In this case, the drug balance regulation must
provide the hypnotic effect with a reduced opioid administration. These examples show that
the drugs balance in TIVA is clinically relevant and that the anesthesiologist has to be able to
regulate such balance to guarantee a suitable anesthesia. In this context, the controller should
provide a satisfactory control performance independently from the selected opioid-hypnotic
ratio. The PID tuning parameters K, T; and T; have been determined by solving the opti-
mization problem[2.2| by means of PSO with a swarm size of 40 particles and by stopping the
optimization when the relative change in the cost function value over the last 50 iterations
is less than 0.001. The optimization problem has been solved separately for the induction
phase and for the maintenance phase, and for all the infusion ratios between 0.5 and 15, thus
providing an optimal tuning for each opioid-hypnotic balance. Two sets of tuning rules have
been obtained, each one expressing the values of the PID parameters as a function of the
ratio, as shown in Table

Model-based control for propofol administration

In [95] a model-based SISO control system for propofol administration has been presented.
The control scheme is shown in Figure it incorporates the PK/PD Schnider model to
provide an individualized infusion of propofol, tailoring it to the characteristics of each patient.
This strategy falls in the context of personalized medicine that, nowadays, is becoming more
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Figure 2.3: Control architecture for propofol-remifentanil coadministration proposed in [95].

Induction phase

Maintenance phase

K, [mg/s] | 0.053(ratio)™93% —0.013 | 0.019(ratio) ~%-3% — 0.0040
T [s] 207 164
Tq [s] 30 15
N ) )

Table 2.4: Tuning rules of PID parameters for propofol and remifentanil coadministration ob-
tained in [93].

and more popular. The linear PK/PD model is referred to as P in the control scheme. Its
parameters depend on the demographic data of the patient as shown in Table The Hill
function is referred to as H in the control scheme. It is computed with the Vanluchene model,
whose parameters are shown in Table If P and H exactly match the real dynamics of the
patient response the behavior of the proposed scheme becomes linear. Indeed, the feedback
signal would become the P model output ée(t) since the innovation signal, i(¢), is equal to
zero except in the case of external disturbances. However, the models would never be perfect
as long as the parameters of P are affected by uncertainties and H is a model calculated
on average parameters. Hence, i(t) will be different from zero even in absence of external
disturbances and it will be seen as an error that is fed back to the PID controller. To address
the presence of noise and to improve robustness, the use of two second order low-pass filters
is proposed. The filter F7, with time constant 7', pre-filters the BIS so that high noise peaks
are removed without affecting the dynamics of the control system. The filter Fb, with time
constant T, acts on i(t) and handles the trade-off between the contribution of the innovation
and the noise filtering action. The controller is a PID . The tuning parameters K, T;
and Ty have been determined by solving the optimization problem by means of PSO
with a swarm size of 40 particles and by stopping the optimization when the relative change
in the cost function value over the last 50 iterations is less than 0.001. In order to guarantee
good performance for both the induction and maintenance phases, a gain scheduling approach
has been used. Hence, two different optimization procedure has been carried out and two sets
of parameters has been found. The filter time constant T, is selected with an iterative
procedure in such a way that, in simulation, the introduction of noise does not produce an
IAE degradation greater than 30 [%]. Tf; has been determined in an empirical way, so that
the filter bandwidth is larger than the process bandwidth and it does not influence the closed-
loop dynamics. The tuning parameters for both the induction and maintenance phases are
shown in Table
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Figure 2.4: Model-based control architecture for propofol only administration proposed in [95].

Induction phase | Maintenance phase
K, [mg/s] 1 7
T; [s] 552 608
Tq [$] 27 20
Te [s 0.1 0.1
Te [s 11 10

Table 2.5: Optimal tuning parameters for model-based propofol administration obtained in [95].

Event-based control for propofol administration

The event-based control architecture for propofol administration is shown in Figure
and it has been proposed in [96]. The event-based approach, for anesthesia control, allows
the way of operating of the anesthesiologist to be replicated. In fact, in clinical practice the
drug infusion is changed by the anesthesiologist only when relevant events occur. Moreover,
it reduces the control effort required to the actuator. Event-based control schemes are based
on the presence of an event generator that triggers an event each time an integral function
of the BIS exceeds a given threshold. Using an integral function that is re-set at each event
results in a strong noise filtering action, without adding a significant phase lag [97]. More in
detail, the event generator triggers an event when the following condition occurs:

t
‘ BIS(t) — BISf(tlast)dt >A;, OR tjgeq—1> tmazs (2.8)

Liast

where BIS(tiqs¢) is the last output of the event generator that has been generated at the time
instant tjs, i.e., when the last event has been triggered. The tuning parameters of the event
generator are A; and t,,4,. The threshold A; handles the trade-off between the filtering effect
of the event generator and its ability to detect changes in the BIS due to an actual variations
of DoH. The timeout parameter t,,,, sets the maximum delay between the generation of two
consecutive events and, thus, represents a safety condition. The value BISf(t) is transmitted
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Figure 2.5: Event-based SISO control architecture for propofol administration proposed in [96).

Induction phase | Maintenance phase
K, [mg/s] 0.04 0.02
T; [s] 199 321
Ta [s] 26 8
Ay 31 25
tmax [5] 20 20
Ty [s] 0.1 0.1

Table 2.6: Optimal tuning parameters for the SISO event-based control scheme obtained in [96].

to the controller when an event is triggered, and it is computed as:

~ Ji  BIS(t)dt

BISf (f) t — tiast

(2.9)
The feedback regulator is a PIDPlus controller [98|, which is derived from the standard
PID controller in automatic reset configuration adapted to handle the non-periodic sampling
introduced by the event generator. The tuning parameters of the PIDPlus are the same of a
standard PID controller, namely, the proportional gain K, the integral time constant 7; and
the derivative time constant Ty. The PIDPlus tuning parameters K, T;, Ty and A; have been
determined by solving the optimization problem by means of PSO with a swarm size of
40 particles and by stopping the optimization when the relative change in the cost function
value over the last 50 iterations is less than 0.001. The optimization problem has been solved
separately for the induction phase and for the maintenance phase. The parameter t¢,,,, has
been fixed equal to 20 s in order to guarantee an adequate safety of the patient and T’ has
been tuned in an empirical way by taking into account the time constants of the system. The
tuning parameters for both the induction and maintenance phases are shown in Table

Event-based control for propofol and remifentanil coadministration

The event-based SISO control architecture has been extended to the MISO case of propofol
and remifentanil coadministration in and it is shown in Figure The same control
architecture of Sectionhas been considered while the same event generator and PIDPlus
controller of Section have been used. The PIDPlus tuning parameters K, T;, T;; and
A; have been determined by solving the optimization problem by means of PSO with a
swarm size of 40 particles and by stopping the optimization when the relative change in the
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Figure 2.6: Fuvent-based MISO control architecture for propofol and remifentanil coadministration

proposed in [99].

Induction phase Maintenance phase
K, [mg/s] | 0.0139(ratio) "% —0.0015 | 0.0136(ratio) "** —0.0018
T4 [s] 29 6
A; 9 21
tmax [5] 20 20

Table 2.7: Tuning rules for the MISO event-based control scheme obtained in [99).

cost function value over the last 50 iterations is less than 0.001. The optimization problem has
been solved separately for the induction phase and for the maintenance phase. The parameter
tmaz has been fixed equal to 20 s and T} has been tuned in an empirical way by taking into
account the time constants of the system. The tuning parameters for both the induction and
maintenance phases are shown in Table It is worth noting that, as in Section the
optimal K, varies with the propofol/remifentanil ratio that can be freely selected in the range
0.5-15.

2.2.3 Experimental setup

Thanks to the collaboration with the Anesthesia and Intensive Care Unit 2 of Spedali
Civili di Brescia Hospital, and after obtaining approval by the Ethics Committee of Brescia
(number of the study: NP12861), a clinical experimentation campaign has started. The aim
is to test the control solutions developed on real patients in the operating room. To this
end, a control system has been developed and implemented. Its schematic representation is
shown in Figure The control algorithm is implemented as a part of a full control software
that runs on a standard personal computer (PC). The control software also manages the
communication with data acquisition and actuation devices. The first consists in a Drager
Infinity Delta monitor (Drigerwerk, Liibeck, DE) while the latter consists of two Graseby 3500
syringe pumps. These devices are connected to the PC through three USB-RS232 converter
cables. These particular models and brands of medical devices have been chosen because they
are already present in the operating room selected to perform the clinical experimentation.
that is the plastic surgery operating room at Spedali Civili di Brescia Hospital. A suitable
graphical user interface (GUI) has also been developed. It allows the anesthesiologist to easily
use and supervise the system. A screenshot of the GUI is shown in Figure On the left
side of the GUI there is a box dedicated to system initialization where it is required to insert
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the patient’s demographic data and the COM ports where the medical devices are connected.
Then there is a box to select the BIS target value, a box to insert notes and a box where
the status of the connected medical devices is shown by means of red and green indicators.
In the central part of the GUI there is a box where it is possible to interact with the control
system algorithm. In particular, on the top part there are the buttons to start and stop
the control algorithm and to temporarily suspend it. The blue button “Switch Mode” can
be used to switch the control system mode between induction and maintenance. The mode
selected is indicated with a green light. The two “Change” buttons can be used to safely
replace an empty drug syringe from the syringe pumps. The orange “Bolus” buttons can
be used by the anesthesiologist to manually perform boluses. The bolus dose can be freely
chosen by the anesthesiologist by holding the button pressed for the desired amount of time.
The dose that is currently administered is shown in real time in the displays placed to the
right of the “Bolus” buttons. To guarantee a precise drug dosing and thus ensuring safety,
boluses administration is immediately discontinued when the buttons are released. The yellow
button in the “Manual Control” box can be used by the anesthesiologist to switch the system
from automatic control to manual control and vice-versa. When manual control is activated
a blinking yellow light indicates this situation to the user. The propofol and remifentanil
infusion rates are decided by the anesthesiologist by means of the two text boxes placed in
the “Manual Control” box. Manual control is also automatically activated when the control
system enters in safety mode. The latter is activated when the BIS signal is not available or
it is not reliable. In these situations, the control system is in open loop. It can happen, for
example, when there is an excessive amount of electromagnetic noise due to the use of the
electrocautery device or when the BIS sensor is accidentally detached. When the BIS signal is
missing or its signal quality index (SQI) is below 40 for more than 5 consecutive seconds, the
control system automatically activates the safety mode that is signaled to the anesthesiologist
through a specific alarm displayed on the GUI. When the BIS returns available and the SQI
is above 40 for 5 consecutive seconds, the system automatically ends the safety mode and
closed-loop control is resumed. On the right side of the GUI there are plots and indicators that
allow the anesthesiologist to easily supervise the system during its functioning. The control
software also records on a file patient’s demographic data, controller logs, pumps infusion
rates and the patient’s physiological data read from the monitor. These data are then used
to evaluate the performance of the control system.

2.3 Thesis contribution

The aim of this thesis is to contribute in the development of closed-loop systems for anes-
thesia that can go beyond the scope of research and be used in routine clinical practice.
To pursue this objective, solutions to overcome the obstacles that hinders their diffusion, dis-
cussed in Section[2.1] have been proposed. Particular attention has been given to applicability
in the real clinical scenario. To this end, it is of paramount importance to ensure that the con-
trollers have a behavior that is intuitive and consistent with that of manual control. Indeed,
these systems must be operated by anesthesiologists that acts as supervisors and need to fully
understand the behavior of the controllers in order to trust them. In this context, to pro-
vide control solutions that mimic the anesthesiologist behavior event-based control strategies
have been applied for the first time in this field. As regards the anesthesiologist-in-the-loop
issue, the implementation of collaborative control strategies that combines the actions of the
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Figure 2.7: Schematic representation of the control system used in the operating room.
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Figure 2.8: Screenshot of the control system GUI during run-time operation.
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controller with manual interventions performed by the anesthesiologist has been considered.
This allows the behavior of the control system to be better tailored to specific clinical needs
by exploiting anesthesiologist’s knowledge and expertise. Problems arising from the practical
implementation of the control device have also been tackled. Steps towards the development
of MIMO control schemes have been made thanks to the recent introduction of open-source
multi-variable simulation tools [49]. Contributions to the implementation of personalized con-
trol strategies have been made to account for the need of personalized medicine strategies.
Particular attention has also been given to diversify the control strategies available to the
anesthesiologist as some of them may be more suitable for some patients or types of surgery
than others. Therefore, an automatic system for the control of anesthesia that can be effec-
tively used in clinical practice should have several operating modes to choose from.

In detail, the clinical performance of the PID-based MISO control scheme described in
Section has been experimentally assessed [100} 101]. Then, a modified version of the
control scheme has been proposed. It has been obtained by considering specific requirements
related to the clinical practice that are relevant for the anesthesiologist [102]. An experiment
has also been performed to evaluate the performance of the modified control system in terms
of its ability to deal with issues that may arise during its practical use in a clinical setting
and to the anesthesiologist in the control loop issue [103].

The clinical performance of the event-based MISO control scheme described in Section [2.2.2]
has been experimentally assessed [104]. This is the first time that an event-based control
scheme has been applied to closed-loop anesthesia.

A novel MPC methodology for anesthesia control have also been proposed. It integrates a
model of the patient in the control architecture, thus obtaining an individualized controller.
Moreover, the developed control structure is characterized by low complexity and low compu-
tational effort, so that it can be easily deployed to standard hardware and software platforms.
First, the case for propofol only administration have been considered [105], the effect of mea~
surement noise on control performance has been analyzed [106] and its clinical performance
has been experimentally assessed [107]. The control system has also been extended to the
case of propofol and remifentanil coadministration [108]. The control system for propofol only
administration has then been extended with an event-based algorithm with sensor deadband
to reduce the residual noise in the control action [109].

The open-source simulator proposed in [49] has been used to validate the performance of the
PID-based and event-based MISO control schemes described in Sections and when
the opioid-hypnotic balance is dynamically changed during anesthesia [110].

The theoretical development of new personalized control solutions based on the physical char-
acteristics of each patient has also been performed. In this context, a novel tuning methodol-
ogy that optimizes the PID tuning parameters according to patient’s demographic data has
been developed. The methodology focuses on the maintenance phase of anesthesia. It has
been tested in simulation for the case of propofol only administration [111] and for propofol
and remifentanil coadministration [112]. Also in this context, an optimized feedforward con-
trol strategy for anesthesia induction has been developed [113]. It consists in providing an
optimized induction bolus of propofol. It aims to minimize the induction time while avoid-
ing BIS undershoots. The optimization is performed for each patient by taking into account
demographic data, so that the resulting bolus is personalized. A feedback PID controller
is also included in the control scheme. It corrects the bolus based on the measured BIS to
compensate for the unavoidable uncertainty in the response of each patient to drug admin-
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istration. To increase the robustness of the proposed solution a reference (command) input
design strategy has been devised [114]. It explicitly considers the dynamics of the feedback
PID controller in the calculation of the feedforward propofol bolus. Moreover, an optimized
feedforward /feedback control strategy has been proposed [115]. It considers uncertainty in
the computation of the feedforward propofol bolus. The first phase of anesthesia induction
is performed in open loop. The feedback loop is then closed when the peak effect of the
feedforward bolus is reached.
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Chapter 3

PID-based MISO control:
experimental results

In this chapter the experimental results obtained with the PID-based MISO control scheme
described in Section are presented. The control scheme is implemented in the control
software and its effectiveness is assessed on 10 patients. The results obtained are also com-
pared to those of manually controlled anesthesia to verify the applicability of the proposed
control solution in the clinical practice [100} [101]. Then, a modified version of the original
control scheme is proposed to take into account specific requirements related to the clinical
practice. The effectiveness of this modified version is assessed on other 10 patients and the
results are compared with those of the original version [102]. Given the satisfactory results
obtained, the modified version is then tested on a larger population of 42 patients in order to
assess its clinical performance. Here, clinically relevant performance indexes are considered
and also the quality of the post-operative phase is assessed. Finally, the applicability of the
modified control scheme in the clinical practice is further assessed on 9 patients. In particular,
the anesthesiologist-in-the-loop issue is considered by allowing the anesthesiologist to perform
manual drug boluses. Moreover, the robustness of the control system with respect to the use
of different actuators is considered [103].

3.1 PID-based MISO control scheme

In this section the experimental results obtained by applying the control solution proposed
in Section[2.2.2]to a population of 10 patients undergoing general anesthesia for plastic surgery
are presented. The aim is to demonstrate the practical effectiveness of the proposed MISO
control structure for the coadministration of propofol and remifentanil, and to demonstrate
the viability of the optimization-based tuning approach based on classical PK/PD models
available in the literature that has been presented in Section The results are also com-
pared with those obtained with manually controlled drug administration. This comparison
should not be understood as a way to prove that closed-loop is, in any sense, better than
manually controlled administration, but it provides a valid reference to better understand
and evaluate the performance of the proposed automatic solution.
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3.1.1 Material and methods

The experimental setup considered is that described in Section [2.2.3] The PID-based
MISO control structure considered is that described in Section[2.2.2l To implement the control
strategy on the control algorithm employed in the experimental setup the PID controller has
been discretized with a sampling period of 1 s, according to the maximum update frequency
provided by the Dréager Infinity Delta monitor. The control signal has been down-sampled
by sending a new infusion rate to the syringe pumps every 5 s since the Graseby 3500 syringe
pumps are not able to track infusion rates that are updated at higher frequencies. This is
due to the internal controller of the pump, that has to elaborate the received command to
actuate the syringe plunger motor to achieve the desired infusion rate. It has been decided to
down-sample only the control signal and not the whole PID control algorithm to exploit the
maximum update frequency provided by the BIS monitor and thus allowing the calculation
of the integral and derivative action in a more precise way. It is worth noting that both 1
s and 5 s are sampling periods fully compatible with the patient dynamics, which has time
constants in the order of minutes. An anti-windup strategy has been implemented by using the
conditional integration technique and the derivative action has been applied to the feedback
signal only, and not on the control error in order to avoid the derivative-kick phenomenon.
In addition to the use of a low-pass filter on the derivative action, the measurement noise has
been further filtered by implementing a moving average filter in order to smooth high noise
peaks that can be amplified by the proportional and by the derivative actions. Furthermore,
the filter removes the step transitions in the measured variable due to the quantization of the
BIS, which is provided in the form of integer numbers. The moving average filter is in the

form:
Ng—1

BIS;(k) = Ni > BIS(k—1), (3.1)
5 =0

where BISy is the filtered BIS signal and Ny is the number of samples used in the moving
average. The latter has been set equal to 8 since it has been decided not to tolerate that a
single step variation on the BIS signal due to measurement noise affects the control action
for more than 12.5% of its amplitude, thus avoiding the risk of unjustified sudden increases
of the infusion rates. The effect of the filter on the BIS signal is shown in Figure The
control architecture obtained with the addition of the filter is shown in Figure

The optimization-based tuning procedure described in Section has been repeated for
this new configuration of the control scheme to consider the sampling period of 5 s on the
control actions and the presence of the moving average filter. In this way, the resulting tuning
takes automatically into account the phase lag that the filter introduces. The tuning rules
obtained are shown in Table[3.1] A value of the remifentanil-propofol ratio equal to 2 has been
considered for this experimentation. Thus, the PID parameters are calculated for this value
of ratio and they are shown in Table They will be used for all the patients enrolled. This
specific value for the ratio has been chosen in accordance to the infusion scheme proposed
in [94]. It aims to obtain a balanced effect-site concentration of propofol and remifentanil
to guarantee the 50% probability of no response to surgical stimuli and the fastest return to
consciousness after termination of the infusions. In particular, the aforementioned infusion
scheme proposes a ratio of 1.86 for the first 40 min followed by a ratio of 1.92 until 150
min and a ratio of 2.3 thereafter. In order to accommodate for different durations of the
infusion, the mean of these three values is considered, which is equal to 2. This choice has
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been further supported by the fact that, in the clinical practice, advisable drug infusions are
6 mg/kg/h for propofol and 0.2 ug/kg/min for remifentanil, which leads to a ratio equal to 2
when these infusion are scaled by the weight of the patient and converted in mg/s and ug/s,
respectively. Since two different sets of parameters are obtained, a gain scheduling approach is
implemented. Initially, the PID controller regulates the induction with the set of parameters
optimized for this task. Then, when the BIS settles steadily under 60, the anesthesiologist
assesses the patient through observation of the clinical signs, and if the level of anesthesia
is deemed as adequate, switches the controller to maintenance mode and the set of parame-
ters optimized to compensate for disturbances is used until the end of the clinical procedure.
In order to properly handle the transition between the two sets of parameters a bumpless
switching mechanism has been implemented. In particular, when the switching happens, the
value of the integral term is recalculated in such a way that the overall control action with
the new set of parameters is equal to the overall control action obtained with the previous
set of parameters at the switching time. The switching between the two sets of parameters is
triggered by the anesthesiologist by pressing a specific button placed on the control system
GUI shown in Figure If the system enters in safety mode (see Section the integral
action of the PID controller is reset to zero.

In the experimentation, 10 adult patients (>18 years) without a history of neurological dis-
eases or use of psychoactive medications scheduled for elective plastic surgery have been in-
cluded. All patients gave their written informed consent for participation in the study. When
the patient arrives in the preanesthetic care unit the anesthesiologist administers to anxious
patient 0.5 ug/kg of fentanyl and 1-2 mg of midazolam as premedication to improve patient
comfort. A cannula is also inserted into a vein on the dorsum of the hand, and the sensors to
monitor the patient during surgery are applied. Anesthesia is induced automatically by the
closed-loop control system. When the patient loses consciousness the anesthesiologist inserts
the laryngeal mask or the endotracheal tube and the patient is connected to the controlled
mechanical ventilation machine. Bolus of curare are administered in this phase to facilitate
intubation at discretion of the anesthesiologist, usually 0.8 mg/kg of rocuronium. At the
end of induction, when the patient achieves a stable level of BIS in the required range from
40 to 60 the anesthesiologist checks for clinical signs of adequate anesthesia to switch the
system into maintenance mode by using the specific button on the control system GUI. Then,
the anesthesiologist acts as a supervisor throughout the surgical procedure to ensure patient
safety by monitoring the infusions rates, the presence of patient movements, the hemodynamic
of the patient, the BIS level, blood loss and other clinical indicators. The anesthesiologist
can decide to stop the closed-loop infusions and switch to manual control at any time in case
of emergency or inadequate anesthesia level of the patient. Moreover, additional boluses of
propofol and remifentanil can be administered in case of necessity. In addition to the BIS, the
values of SQI, heart rate, burst suppression ratio (BSR), peripheral oxygen saturation (SpO3),
systolic, diastolic and mean blood pressures (BPs, BP4, BP,,) are recorded during the whole
procedure. Muscle relaxant, vasopressor drugs, antihypertensive therapy, antiemetic drugs
and fluids are administered at discretion of the anesthesiologist throughout the surgery. The
patients are kept normothermic using forced-air blanket warmer. The automatic controller is
stopped at completion of surgical procedures, i.e., after the surgeon finishes the skin sutures.
Patients remain in the operating room until they regain consciousness, the ventilation device
is removed and they can correctly state their date of birth. The patients are then taken to a
recovery room for a few minutes where they are monitored and then they are visited on the
first and on the second post-operative day.

37



PID-BASED MISO CONTROL: EXPERIMENTAL RESULTS

60

DoH [BIS]

35

Figure 3.1: BIS signal provided by the monitor (black dash-dot line) and BIS signal provided as

150
Time [s]

50 100

output of the moving average filter (green solid line).

e(t) q

r(t) »O

A=~

u,(t)

E

PID

Y/

u,(t)

7

BIS(t)

300

BIS®)

Patient

Filter |«

Figure 3.2: Control architecture for propofol-remifentanil coadministration with the additional
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Maintenance phase

Induction phase
K, [mg/s] | 0.015(ratio)= %% — 0.0019 | 0.045(ratio) 2% —0.011
T; [s] 280 171
Ty {S] 33 19
N 5 5

Table 3.1: Tuning rules of PID parameters for propofol and remifentanil coadministration with

the discretized PID controller and the additional moving-average filter.
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Induction phase | Maintenance phase
Ky [mg/s] 0.0093 0.025
T; [s] 280 171
Tq [s] 33 19
N 5 5

Table 3.2: PID parameters for the induction and maintenance phases with the opioid-hypnotic
ratio of 2.

3.1.2 Experimental results

In this section the results obtained in closed-loop are presented and they are compared
with those obtained with manual regulation of anesthesia. It is worth stressing that this com-
parison has been made to better understand the performance of the closed-loop controller
proposed and, in particular, to investigate its clinical soundness with respect to the manual
administration. It is not within the objectives of this experiment to draw a conclusive eval-
uation about the improvement of performance achievable by automatic control with respect
to manual control.

The demographic data of the 10 patients enrolled with closed-loop anesthesia regulation are
shown in Table They are 5 males and 5 females, and they cover a large range of heights,
from 160 cm to 190 cm, weights, from 58 kg to 100 kg, and ages, from 39 years to 88 years.
Furthermore, they were undergoing diverse surgical procedures as shown in Table where
it is possible to notice that the procedures differ considerably in duration, involved region of
the body and level of painful stimulation. The parameter records are shown for each patient
from Figure to Figure The automatic control of anesthesia provides satisfactory
performance for all the enrolled patients in both the induction and maintenance phases of
anesthesia. In all cases the closed-loop system was able to induce and maintain anesthesia
autonomously without the need for any intervention by the anesthesiologist. During the in-
duction phase the BIS level attains the set-point reference without excessive undershoot and
with an acceptable settling time during the induction phase. The system also provides ade-
quate analgesic coverage as the BIS remained stable for all patients during the insertion of
the mechanical ventilation device with the exception of patient 9 where the anesthesiologist
experienced a difficult insertion of the laryngeal mask with consequent raising of the BIS level
during this operation. During the maintenance phase, the system successfully keeps the BIS
in the optimal range from 40 to 60 for most of the time. Moreover, the system provides accept-
able disturbance rejection, guaranteeing bounded undershoot and overshoot. For example, in
Figure at around minute 55, the response of the system to a sudden increase of the BIS
value is clearly visible. The adequacy of DoH is also confirmed by the reduced onset of the
BS phenomenon in almost all patients. Indeed, the BSR assumes values significantly different
from 0 for some time intervals only in patients 2, 3 and 10. In patient 2 the phenomenon may
be due to the patient’s advanced age while in patients 3 and 10 it can be associated to the BIS
undershooting during the induction phase. However, even in these patients the phenomenon
is of limited entity and for short periods of time. The duration of the emergence phase is
also in accordance with the clinical practice, where awaking time is approximately 10 min.
Hemodynamic parameters are stable throughout the anesthesia for all the patients, indeed
HR is always stable and in the range between 40 and 90 bpm, SpO, is always greater than
95% and BP values are in an acceptable range and remain stable during the whole surgical
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procedure. For patient 4 the acquisition of BP was prevented by a technical issue, however
the anesthesiologist did not report the onset of hypotensive or hypertensive phenomena. The
drugs infusion rates are also satisfactory from a clinical point of view. They do not achieve
excessively high or low values, which may involve the risk of overdosing or underdosing the
patient. As expected from experimental data, infusion rates are affected by a residual noise,
but such noise does not significantly influence the performance of the system. It is worth not-
ing that the anesthesiologist did not administer additional boluses of propofol or remifentanil
in any of the 10 cases. In order to quantify the performance of the closed-loop system, the
performance indexes presented in Section have been calculated for the induction phase
and for the maintenance phase. To this end, performance indices for the induction phase are
calculated using the first 10 min of acquisition for each patient. The rationale behind this
choice is that the surgical procedures started at least 10 min after the beginning of the drugs
infusion. Hence, the initial minutes where there is no surgical stimulation are not included
in the maintenance phase. Moreover, by considering the duration of action of propofol, the
clinical effects that are observed in the first 10 min can be attributed to the drug infused
during the induction phase. The performance indexes for the induction phase are shown in
Table and the performance indexes for the maintenance phase are shown in Table
From the values of the performance indexes for induction it can be observed that the system
is able to induce anesthesia in a reasonable time, on average in 3.8 min. In patients 3, 4,
7 and 10 the induction time is slightly longer than that indicated in the specification, but
it remains in any case less than 6 min, thus remaining acceptable for the clinical practice.
From the BIS-NADIR, it appears that the BIS never reaches excessively low values during
induction. For the maintenance phase, the average performance indices show that the system
is able to keep an adequate level of hypnosis, with the BIS remaining in the optimal range
for the 77.81% of the time. The system is also able to effectively reject surgical disturbances
without inducing excessive undershoot: the BIS rises over 60 only during the 3.08% of the
maintenance time, and falls under 40 for the 19.11% of the maintenance time. The average
awakening time of 7.88 min is fully compatible with the clinical practice. The long awakening
time of patient 9 is due to the rejection of the surgical disturbance due to skin suturing that
occurred during the last minutes of the maintenance phase. That causes the administration
of a large amount of drugs just before the beginning of the emergence phase, see Figure
The lowest percentages of BIS in the ideal range over the 10 patients where recorded in pa-
tients 6, 7 and 9. This is due to the fact that these individuals show an oscillatory behavior
of the BIS during the maintenance phase, see Figures [3.4b] [3.4c| and [3.5al However, none
of these patients show clinical signs of inadequate anesthesia or hemodynamic instability.
Note that oscillations have also been noticed in other experiments of closed-loop anesthesia
[59, [60} [64]. There are several possible explanations for these oscillations. One reason could
be an inadequate BIS target [60]. In fact, in some patients and for certain surgical procedures,
the set-point of the closed-loop system might require to be fixed at lower values in order to
provide deeper anesthesia, thus reducing reactions of the BIS level to the surgical procedures.
Another reason could be an inadequate analgesic state that causes oscillation as a result of
external stimuli [59]. The latter hypothesis seems to be particularly appropriate for what is
observed in this study since patients 7 and 9 underwent breast plastic surgery which involves a
high level of painful stimulation. However this last observation must be confirmed by further
studies with this closed-loop system. In this study an opioid-hypnotic ratio of 2 was kept for
all the patients irrespectively of the surgical procedure. Future clinical experiments might
involve addressing the oscillation problem by increasing the ratio in the most painful surgical

40



3.2 PID-based MISO control scheme

Patient | Age | Height [cm]| | Weight [kg] | Gender
1 41 165 58 F
2 88 174 84 F
3 60 174 78 M
4 39 170 85 M
) 52 178 94 M
6 75 174 78 M
7 54 165 60 F
8 52 190 100 M
9 93 160 79 F
10 51 167 88 F

Table 3.3: Demographic data of the patients enrolled with the PID-based MISO controller.

procedures.

The performance of the closed-loop control of anesthesia is compared with those of manually
controlled administration with the aim to verify the feasibility of the proposed closed-loop
system for the coadministration of propofol and remifentanil from a clinical perspective. To
this end, the data of 33 patients who received manually controlled anesthesia are considered.
The data collection have been approved by the Ethics Committee of Brescia (number of the
study: NP1843). In this group, anesthesia is induced by administering a bolus of propofol
(2-3 mg/kg) and a bolus of fentanyl (1-2 ug/kg) both injected in about 1 min. During the
maintenance phase, continuous infusions of propofol and remifentanil are then administered.
The anesthesiologist manually regulates the infusion rates to maintain the BIS in the range
between 40 and 60. Additional drug boluses can be administered in this phase in case of
necessity, and they consists of about 20 mg of propofol and 50 ug of remifentanil. Population
demographic data are shown in Table where it is possible to see that there are no signif-
icant differences in terms of age, gender, height and weight between the two groups. Both
studies where performed by the same anesthesiologist, in the same operating room and on pa-
tients undergoing general anesthesia for plastic surgery. The performance indexes presented
in Section[1.3.3] have been calculated for both groups. For the induction phase the results are
shown in Table The induction performed with the manual administration is faster due
to the use of boluses, but this comes at the cost of a lower value of BIS-NADIR. However,
these differences in the performance do not imply significant differences from a clinical point
of view. For the maintenance phase the results are shown in Table The durations of
the two groups are comparable. The BIS is maintained inside the optimal range from 40 to
60, on average, for the 43% of the time in the manual group and for the 78% of the time for
the closed-loop group. During the remaining time the BIS level tends to remain, on average,
under 40 rather than over 60 in both group preventing the risk of awareness. The BIS-NADIR
value is again lower in the manual group, and the time of awakening is, on average, slightly
shorter for the closed-loop group. From the MDPE it is possible to appreciate that both
groups show a slight negative bias and that such bias is significantly lower in the closed-loop
group. This result is confirmed by the MDAPE analysis. In fact, the closed-loop group shows
an average MDAPE index that is the half of the average MDAPE calculated for the manual
group. This means that the automatic system provides a tighter control by keeping the BIS
closer to the set-point value. Finally, the WOBBLE analysis shows that the influence on
performance of the intra-patient variability is lower in the closed-loop group.
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Patient | Type of surgery

1 Left leg melanoma surgery excision and sentinel
lymph node biopsy

2 Retroauricular melanoma surgery excision and
hypodermic escharotomy

3 Right thigh lipoma surgery excision

4 Right leg escharotomy and microsurgical flap

5 Dorsal region melanoma surgery excision and
sentinel lymph node biopsy

6 Thoracic region melanoma surgery excision and
sentinel lymph node biopsy

7 Breast implant replacement and contralateral
mastopexy

8 Interscapular region melanoma surgery excision
and sentinel lymph node biopsy

9 Tissue expander removal, breast implant
insertion and contralateral mastopexy

10 Left thigh lipoma surgery excision

Table 3.4: Types of surgery undergone by the patients enrolled with the PID-based MISO con-
troller.

Patient | TT [min] | BIS-NADIR
1 2.57 38
2 3.50 35
3 5.43 28
4 5.05 34
5 2.80 36
6 3.68 29
7 4.35 29
8 3.18 39
9 3.23 31
10 4.60 31

Average 3.84 33

Table 3.5: Performance indezes for the induction phase obtained with the PID-based MISO
controller.
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Figure 3.3: Recorded clinical data of the patients enrolled with the PID-based MISO controller.
First plot from the top: BIS level of the patient (black solid line), SQI (red solid line) and the
BIS set-point (black dashed line). Second plot from the top: propofol infusion rate expressed in
mg/kg/min (black solid line) and remifentanil infusion rate expressed in ug/kg/min (red solid
line). Third plot from the top: BSR. Fourth plot from the top: HR. Fifth plot from the top: SpQOs.
Sizth plot from the top: BPs (red solid line), BPy (black solid line) and BP,, (blue solid line).
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Figure 3.4: Recorded clinical data of the patients enrolled with the PID-based MISO controller.
First plot from the top: BIS level of the patient (black solid line), SQI (red solid line) and the
BIS sel-point (black dashed line). Second plot from the top: propofol infusion rate expressed in
mg/kg/min (black solid line) and remifentanil infusion rate expressed in ug/kg/min (red solid
line). Third plot from the top: BSR. Fourth plot from the top: HR. Fifth plot from the top: SpOs.
Sixth plot from the top: BPs (red solid line), BPy (black solid line) and BPy, (blue solid line).
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Figure 3.5: Recorded clinical data of the patients enrolled with the PID-based MISO controller.
First plot from the top: BIS level of the patient (black solid line), SQI (red solid line) and the
BIS set-point (black dashed line). Second plot from the top: propofol infusion rate expressed in
mg/kg/min (black solid line) and remifentanil infusion rate expressed in jg/kg/min (red solid
line). Third plot from the top: BSR. Fourth plot from the top: HR. Fifth plot from the top: SpOs.
Sizth plot from the top: BPs (red solid line), BP; (black solid line) and BP,, (blue solid line).

. Duration | BIS [40-60 BIS>60 BIS<40 T awakenin

Patient [min] [rin| [ [%}] [rmin] (%] [rin| [70)] BIS-NADIR [min] &

1 37.93 36.52 | 96.27 0.12 0.31 1.30 3.43 36 5.10

2 63.82 53.32 | 83.55 1.60 2.51 8.90 13.95 27 8.88

3 31.50 22.78 | 72.33 | 0.00 0.00 8.72 | 27.67 27 6.10

4 369.87 321.22 | 86.85 | 8.87 2.40 | 39.78 | 10.76 25 2.48

5 30.75 29.20 | 94.96 | 0.03 0.11 1.52 4.93 35 8.35

6 52.50 35.30 | 67.24 1.62 3.08 15.58 | 29.68 29 6.40

7 102.07 51.03 | 50.00 | 10.93 | 10.71 | 40.10 | 39.29 22 10.88

8 69.53 56.85 | 81.76 5.20 7.48 7.48 10.76 25 5.02

9 140.90 89.97 | 63.85 | 5.67 4.02 | 45.27 | 32.13 23 19.07

10 31.02 25.20 | 81.25 0.07 0.21 5.75 18.54 30 6.52
Average - - 77.81 - 3.08 - 19.11 28 7.88

Table 3.6: Performance indexes for the maintenance phase obtained with the PID-based MISO
controller.
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Manual Closed-loop

(n=33) (n=10)
Age 53 (43-00) 57 (39-88)
Gender (M/F) 12/21 5/5

Height [cm] | 164 (148-175) | 172 (160-190)
Weight [kg] 67 (40-115) | 80 (58-100)

Table 3.7: Demographic data of the patients enrolled with manually controlled anesthesia and
with the PID-based MISO controller. Data are presented as mean (range).

Manual Closed-loop

(n=33) (n=10)
TT [min] | 2.9 (0.85.4) | 3.8 (2.6-5.4)

BIS-NADIR | 27 (15-45) 33 (28-39)

Table 3.8: Induction phase performance comparison between manually controlled anesthesia and
closed-loop anesthesia performed with the PID-based MISO controller. Data are presented as mean

(range).

Manual Closed-loop
(n=33) (n=10)
Duration [min] 77 (20-130) 62 (30-370)
BIS [40-60] [%] 13 (181) 78 (50-06)
BIS>60 (%] 5 (0-35) 3 (0-11)
BIS<40 [%)] 52 (0-99) 19 (3-40)
BIS-NADIR 92 (13-30) 28 (22-36)
MDPE [%] 195 (52-18) | 7.8 (-18 - -2)
MDAPE [%] 275 (14-52) 14 (3-22)
WOBBLE [%)] 19.2 (16-104) | 25.0 (14-42)
T awakening [min] 10 (2-27) 8 (2-19)

Table 3.9: Maintenance phase performance comparison between manually controlled anesthesia
and closed-loop anesthesia performed with the PID-based MISO controller. Data are presented as
mean (range).
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3.2 Modified PID-based MISO control scheme

3.2.1 Introduction

In this section, a modified version of the control scheme proposed in Section is pre-
sented. It has been designed to take into account specific requirements related to the clinical
practice that have been suggested by the anesthesiologist who performed the clinical exper-
iment described in Section However, it is worth noting that clinical requirements might
be slightly different depending on the anesthesiologist.

In particular, in addition to the PID based continuous regulation of the infusions, the control
system automatically administers propofol and remifentanil boluses at the beginning of the
induction phase. This addition to the original control system has been implemented to bridge
the gap between the automatic regulation and the clinical practice by delivering a faster loss
of consciousness. In this way, the risk for patients to experience discomfort and anxiety due to
pain on propofol injection is reduced and better conditions for manually assisted ventilation
are created. Indeed, even if in Section [3.1]the PID controller alone was sufficient to adequately
induce anesthesia and no problems were experienced during the insertion of laryngeal mask or
endotracheal tube, the anesthesiologist might prefer the use of a bolus to fully ensure a rapid
induction phase. This phase is critical, indeed anesthesia must be induced in a short time in
order to rapidly secure the patient’s airway. Concurrently, overdosing must be avoided as it
can provoke side-effects such as severe arterial hypotension. Taking these issues into account,
control solutions specifically designed for the induction phase have been proposed in the lit-
erature. To formally guarantee overdosing prevention, an explicit reference governor control
scheme has been proposed in [116]. In [62] a fixed volume of propofol is administered as bolus
at the beginning of anesthesia to reduce the induction time. In [67] an induction sequence of
an initial bolus of propofol followed by a continuous infusion is employed. The propofol dosage
is calculated based on the patient’s weight. Being a feedforward approach, it guarantees that
the desired amount of drug is administered but it has the disadvantage of not taking into
account the actual value of DoH. In [63] the derivative action of a PID controller is exploited
to produce a bolus of propofol at the beginning of anesthesia induction. This is a feedback
approach that takes into account the actual value of DoH but, in case of loss of the feedback
signal, it does not guarantee that the desired amount of drug is administered to the patient.
In this section, both boluses of propofol and remifentanil are automatically administered by
the control system while control solutions proposed so far consider only propofol. Moreover,
here, a combined feedforward /feedback approach is proposed. The first phase of induction
is performed by administering the drug boluses in feedforward. However, the dose of drugs
administered with the boluses is not sufficient to reach the target level of DoH. Hence, the
induction phase is completed in feedback by the PID controller. This allows the advantages
of both feedforward and feedback approaches to be combined.

Another improvement of the original algorithm is the administration of a nonzero baseline
infusion during the maintenance phase when the predicted effect-site concentration drops
below a safety threshold. These baseline infusions are inherited form the clinical practice
where drug infusions are never set to zero during the maintenance phase. Conversely, this
might occur when a PID controller is used and the BIS value is below the set-point value.
The baseline infusions also help to avoid the oscillations in the feedback variable observed
in three patients of Section This situation occurs because, during phases of low surgical
stimulation, the BIS remains below the target value for long time intervals. Consequently,
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the infusions are zero and the drugs are metabolized. This should be avoided as, when the
surgical stimulation is resumed, the drug dosage is not sufficient to compensate for it. This
causes a quick surge of the BIS that is compensated by the controller resulting in a subsequent
reduction of the BIS and to the possible repetition of the phenomenon. Although no negative
clinical consequences were observed, it appeared that the performance could have been im-
proved. By introducing the baseline infusions, the system always guarantees that a minimum
amount of drug is administered to the patient, thus preventing an excessive increase of the
BIS. To account for the different metabolization times, the baseline infusions for propofol
and remifentanil are handled separately. The introduction of baseline infusions and of safety
constraints on the effect-site concentrations have been already proposed and discussed in the
literature. In [117, [118] safety constraints on the minimum and maximum values of propofol
effect-site concentration have been considered by imposing a saturation of the control ac-
tion when the bounds are reached. In [83] safety bounds on the effect-site concentrations of
both propofol and remifentanil are considered. In [119] a baseline infusion of remifentanil is
administered in order to guarantee a desired effect-site concentration. These methodologies
impose fixed bounds on the estimated effect-site concentrations of the drugs. However, due
to model uncertainties and to the high variability of the response to drug administration, the
imposed bounds could be inappropriate for some patients. In this case, the anesthesiologist
must intervene manually to adjust those bounds. Thus, the advantage of closed-loop systems
in reducing the anesthesiologist workload is partially lost. In the approach proposed in this
work, the baseline infusions are activated only when the BIS is above the safety threshold
of 40. By doing so, the baseline infusions are administered on the basis of the effect-site
concentration estimated by the model and by the actual level of DoH of the patient. Thus,
the risk of overdosing is reduced and the manual intervention of the anesthesiologist is not
required. The effectiveness of the changes described above has been experimentally assessed
on a population of 10 patients undergoing general anesthesia for elective plastic surgery and
the obtained experimental results are presented in this section.

3.2.2 Material and methods

The experimental setup and the PID-based MISO control structure considered is that
described in Section However, here two major modifications to the original control
system are made to better match the clinical needs.

A schematic representation of the modified control system is shown in Figure The PID
controller structure and its tuning have not been changed with respect to Section The
two changes affect the induction phase and the maintenance phase, respectively. As regards
the induction phase, the automatic induction sequence has been redesigned to administer
a 1 mg/kg bolus of propofol bolusy(t) and a 1 ug/kg bolus of remifentanil bolus,(t). The
boluses are given as feedforward control actions in open loop (that is, the PID controller
is disconnected). The patient’s weight is provided to the system and the bolus volumes of
propofol and remifentanil are calculated accordingly. When the control system is started,
the bolus of propofol is administered by setting the propofol infusion pump at its maximum
infusion rate for the time required to administer the target volume. After a pause of 5 s the
bolus of remifentanil is administered by following the same procedure with the remifentanil
infusion pump. Immediately after the end of the remifentanil bolus the loop is closed and
the PID controller is applied with the integral action that is reset to zero. The dosage of
the bolus of propofol has been chosen according to Roberts manual infusion scheme [120],
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Figure 3.6: Block diagram of the modified PID-based MISO control architecture.

while for remifentanil it has been chosen according to the dosing guidelines reported on the
remifentanil data sheet. Boluses are administered sequentially and not simultaneously as
this last modality would result in a high flow rate that could damage the vein as the two
drugs share the same venous access. Moreover, the propofol bolus is given before the bolus
of remifentanil to ensure that propofol-induced loss of consciousness occurs before the onset
of the respiratory depressive side effect of remifentanil, as this could cause discomfort to the
patient.

As regards the maintenance phase, the baseline infusion of propofol wu,(t) is administered
when the predicted effect-site concentration C. ,(t) falls below a safety threshold and the low-
pass filtered BIS value BIS;(t) is above 40. The same applies for remifentanil with u, , () and
Cer(t). The predicted effect-site concentrations of propofol and remifentanil are calculated
by using the nominal PK/PD model of Schnider and Minto [27], respectively, which
have been implemented in the Patient Model block shown in Figure In this study up,(t)
and up,,(t) have been set equal to 6 mg/kg/h and 0.15 pg/kg/min, respectively, while C, ()
and C, ,(t) have been set equal to 3 ug/ml and 4 ng/ml, respectively. These values has been
chosen by considering standard dosages that are usually recommended in the clinical practice
of TIVA. In particular, up,(t) and C. ,(t) have been chosen according to Roberts manual
infusion scheme [120], while u, -(t) and C. () has been chosen according to the guidelines
reported in [121].

3.2.3 Experimental results

In this trial 10 patients scheduled for elective plastic surgery have been enrolled. Their
demographic data are shown in Table while the types of surgery and the number of
patients is shown in Table The duration of surgery, the region of the body involved, and
the amount of painful stimulation vary significantly. The same clinical protocol described in
Sectionhas been used. The recorded BIS, HR, BP,,, drugs infusion rates are shown, for
each patient, in Figures From the individual values of time courses it is possible to
observe that the variables remain within clinically acceptable limits through the entire pro-
cedure and for all patients. Propofol and remifentanil infusion rates always assumed sensible
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3 PID-BASED MISO CONTROL: EXPERIMENTAL RESULTS

values, common for the clinical practice. The closed-loop system autonomously induced and
maintained anesthesia for all the patients enrolled, without the need for the anesthesiologist
to intervene.

The results achieved during the induction phase are shown in Table A fast induction
was achieved in all patients. In particular, anesthesia was induced, on average, in 2.12 min.
The longest induction time of 4.68 min was observed in patient 9 and was caused by the
temporary loss of the BIS signal during the induction phase. This was in turn caused by the
artifacts introduced by anesthesiologist’s movements during intubation. These results meet
the target induction time, which, in this clinical context, i.e., elective plastic surgery, was of
3 min with the possibility to tolerate an induction time up to 5 min and no problems were re-
ported by the anesthesiologist. For all the patients enrolled, the insertion of the endotracheal
tube or the laryngeal mask was performed without difficulties or clinically relevant reactions,
thus indicating an appropriate anesthetic coverage. The fast induction was achieved without
causing an excessive BIS undershoot as it is possible to notice by observing the lowest BIS. In
particular, the lowest average value of BIS after induction is 44. Two patients out of ten show
an undershoot of the BIS below the recommended value of 40, namely patient 5 and patient
10. They have a lowest BIS of 37 and 36 respectively. However, as it is shown in Figure
and Figure[3.9d] the undershoot is short-lasting and there are no signs of hypotension or
bradycardia. Moreover, none of the patients shows the onset of BS which is a phenomenon
that is correlated with an excessive level of DoH. The propofol and remifentanil induction
dosages are compatible with the clinical practice. In particular, on average, anesthesia is
induced with 1.65 mg/kg of propofol and 2.09 ug/kg of remifentanil.

The results achieved during the maintenance phase are shown in Table It appears that
the BIS was maintained inside the recommended range for most of the maintenance time. In
particular, on average, the BIS was kept inside the recommended range for the 83.17% of the
maintenance time, with a minimum of 73.25% for patient 1. The system was also able to ef-
fectively reject surgical disturbances without causing excessive undershoot of the BIS. Indeed,
the BIS has fallen under the recommended range, on average, for the 12.97% of maintenance
time, and it has risen over 60, on average, for the 3.86% of maintenance time. These indexes
show that, when the BIS is not in the recommended range, it is, for the most part, below 40
and not over 60. This is a sensible behavior because it prevents the risk of intra-operative
awareness. The minimum value of BIS 40 — 60 in this study is 73.25% and it has been ob-
tained for patient 1, who also has the highest BIS < 40 value of 25.21%. Hence, this patient
can be considered as the one with the higher risk of overdosing. However, by checking the
propofol and remifentanil maintenance dosages, it is possible to note that they are below the
average of the considered population and they are also below the recommended values used in
the clinical practice of 6 mg/kg/h of propofol and 0.15 pug/kg/min of remifentanil. Moreover,
the patient does not show the onset of BS. In addition, the patient does not exhibit clinical
signs of hypotension or bradycardia, see Figure The sharp rise in the value of HR and
BP recorded around minute 30 is due to the administration of an ephedrine bolus that was
requested to the anesthesiologist by the surgeons in order to facilitate the hemostasis proce-
dure. On the other hand, the patient with the highest risk of underdosing is patient 9, who
has the highest BI.S > 60 value of 7.04%. However, this patient has also the highest values
of propofol and remifentanil maintenance dosages, which are above the recommended values.
Moreover, hemodynamics remains stable throughout the whole surgical procedure, with no
episodes of hypertension and tachycardia and no patient’s movements have been reported
by the anesthesiologist. The average propofol and remifentanil infusion rates are compatible
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with the clinical practice. In particular, on average, anesthesia was maintained with 6.90
mg/kh/h of propofol and 0.19 pg/kg/min of remifentanil. Finally, the average T awakening
of 8.11 min is fully compatible with the clinical practice.

To better evaluate the effectiveness of the additional functionalities implemented in the modi-
fied control system, a performance comparison with the previous version of the control system
proposed in Section is performed. For the sake of clarity, in the rest of this section the
control system proposed in Section will be indicated as (a) and the new control sys-
tem proposed in this section will be indicated as (b). Continuous data are analysed using
a Mann-Whitney U test and categorical data are analyzed using a Fisher’s Exact test [122].
Significance level is set at 5%. Data are presented with median and interquartile range (IQR).
In both groups ten patients have been enrolled. Patients demographic data for both groups
are compared in Table There are no statistically significant differences between the two
groups. To highlight the effect of propofol and remifentanil induction boluses, the induction
performance indexes of the two control systems are compared in Table Note that (b)
provides a statistically significant (P < 0.05) reduction of the induction time and of the
remifentanil induction dose, while there are no statistically significant differences (P > 0.05)
between (a) and (b) regarding the lowest BIS and the propofol induction dose. The boxplots
of the induction performance indexes are shown in Figure where the differences between
the two groups in the induction time and in the remifentanil induction dose are clearly visible.
The outlier is due to patient 9. Regarding the propofol induction dose, the boxplots show
that the results of the two groups are very similar. As regards the lowest BIS, although there
are no statistically significant differences, (b) shows a reduced BIS undershoot with a smaller
dispersion of values. The performance indexes of the two control systems in the maintenance
phase are compared in Table and the corresponding boxplots are shown in Figure
There are no statistically significant differences between the two groups (P > 0.05) for any
of the considered performance indexes. However, interesting information can be obtained by
observing the boxplots of Figure The values of BIS 40-60 and BIS<40 in (b) show a
lower dispersion with respect to those in (a). On the contrary, the values of average propofol
and remifentanil infusion rates show a higher dispersion in (b) than in (a). All the other
performance indexes do not show relevant differences between the two groups.

Despite the low number of patients enrolled with both control systems, interesting informa-
tion can be obtained by the performance comparison in order to assess the effects of the
changes made to the original control scheme. The introduction of a bolus in the induction
phase has provided a reduction of the induction time. This reduces the risk for patients to
experience discomfort and anxiety due to pain for the propofol injection and provides bet-
ter conditions for manually assisted ventilation. The shorter induction time obtained with
(b) has been obtained without increasing the propofol dose and reducing the administered
remifentanil dose. This reduces the risk of opioid-induced side effects such as bradycardia and
hypotension. Although not statistically significant, a reduced BIS undershoot with a lower
variability is observed in (b). This can suggest a more reliable induction of anesthesia with a
reduced risk of undershoot with respect to (a). In the maintenance phase there are no statis-
tically significant differences between the two groups for the performance indexes considered.
However, in (b), with respect to (a), there is an increase in the median value of BIS 40-60
and a reduction in the median value of BIS<40. There is also a reduction in the variability
for both indexes as indicated by the IQR. This denotes a more reliable control performance.
In (b) it is also possible to observe a greater variability of propofol and remifentanil average
infusion rates. This is due to the presence of baseline infusions that are calculated based on
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3 PID-BASED MISO CONTROL: EXPERIMENTAL RESULTS

Patient | Age | Height [cm]| | Weight [kg] | Gender
1 80 170 75 M
2 43 174 114 F
3 69 162 75 F
4 58 167 63 F
) 28 160 50 F
6 60 188 120 M
7 44 170 90 M
8 37 163 55 F
9 54 164 59 F
10 68 156 70 F

Table 3.10: Demographic data of the patients enrolled with the modified PID-based MISO con-
troller.

Type of surgery Patients involved | Patients Id
Skin cancer exeresis 4 1,4. 7,8
Mastoplasty 4 3,5,9,10
Mastectomy 1 2
Escharotomy and microsurgical flap 1 6

Table 3.11: Types of surgery undergone by the patients enrolled with the modified PID-based
MISO controller, number of patients involved and patients identifiers.

patient’s demographic data so that the modified controller provides a patient-individualized
drug administration. Both controllers (a) and (b) provided results that are fully compatible
with the clinical practice for all the patients enrolled. It is worth nothing that, despite the
experimentation has been carried out in the context of plastic surgery, the types of surgical
procedures differs significantly in duration and level of surgical stimulation, as shown in Ta-
ble Indeed, surgical interventions such as melanoma excision and sentinel lymph node
biopsy have a short duration and a relatively low level of painful stimulation. Escharotomy
has a short duration but a high level of painful stimulation. Finally, mastectomy and masto-
plasty are surgical interventions that last for several hours and alternate phases of strong and
moderate surgical stimulation. The fact that the controller has provided a performance that
is fully compatible with the clinical practice for all the types of intervention gives reason to
believe that it can be also applied to different types of surgery. However, a definitive answer
can only be obtained through experimentation in other operating scenarios.

3.3 Clinical evaluation

Following the good clinical results obtained in the experiment described in Section[3.2] the
modified PID-based control scheme for propofol and remifentanil coadministration has been
tested on a wider population. In particular, 42 patients undergoing general anesthesia for
elective plastic surgery have been enrolled. The evaluation of DoH, hemodynamic stability,
drug consumption, response to painful stimulation and quality of post-operative phase have
been performed.

The same controller described in Section has been used and the same clinical protocol
described in Section has been considered. Here, also hemodynamic variables and the
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Figure 3.7: Recorded clinical data of the patients enrolled with the modified PID-based MISO
controller. From top to bottom: BIS (solid line) and BIS set-point (dashed line); propofol (black)
and remifentanil (red) infusion rates in ml/h; HR; BPg (red), BPy (black) and BP,, (blue). In
patient 1, after the induction phase, the BIS remains steadily around the value of 40 while the
controller is infusing almost only the baseline drugs infusions with the exception of a rise around
minute 20 that is rapidly compensated by the controller. In patient 2, after the induction phase the
BIS shows limited oscillations inside the interval from 40 to 60 with the exception of three rises
around minutes 75, 20 and 125 that are rapidly compensated by the controller. The sharp rise in
the value of HR and BP around minute 30 is due to the administration of ephedrine. In patient 3,
after the induction phase the BIS remains steadily around the value of 40 while the controller is
nfusing almost only the baseline drugs infusions with the exception of three rises around minutes
90, 120 and 130 that are rapidly compensated by the controller. In patient 4, after the induction
phase the BIS remains steadily inside the recommended range from 40 to 60. Missing data were
due to temporary issues with sensors reading. The lack of update of the BP for Patient 3 during
the first 60 min is due to a data recording issue.
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Figure 3.8: Recorded clinical data of the patients enrolled with the modified PID-based MISO
controller. From top to bottom: BIS (solid line) and BIS set-point (dashed line); propofol (black)
and remifentanil (red) infusion rates in ml/h; HR; BPs (red), BPy (black) and BP,, (blue) blood
pressure. In patient 5, the BIS shows limited oscillations inside the interval from 40 to 60 with the
exception of two rises around minutes 40 and 120 that are rapidly compensated by the controller.
The sharp rise in the value of HR and BP around minute 20 is due to the administration of
ephedrine. In patient 6, it is possible to notice a phase of low surgical stimulation followed by a
phase of strong surgical stimulation which begins around minute 40. During the first phase the BIS
remains steadily around the value of 40 while the controller is infusing almost only the baseline
drugs infusions. During the second phase the infusions are increased by the controller. The effect
of surgical stimulation is also visible on the hemodynamic variable that increase around minute
40. However, the values remains within clinical acceptable limits and the patient does not show
tachycardia or hypertension. Missing data were due to temporary issues with sensors reading

Patient | Induction time [min| | Lowest BIS | Propofol dose [mg/kg] | Remifentanil dose [ug/kg]
1 2.73 40 1.59 221
2 1.65 49 1.09 1.38
3 1.18 45 1.23 1.25
4 1.7 47 1.55 1.68
5 1.87 37 2.07 2.83
6 1.55 43 1.25 1.57
7 2.05 42 1.31 1.71
8 2.7 51 2.17 2.48
9 4.68 51 2.77 4.45
10 1.07 36 1.50 1.36

Average 2.12 44 1.65 2.09

Table 3.12: Performance indezes for the induction phase obtained with the modified PID-based
MISO controller.

o4




3.3

DoH [BIS]

Infusion rates
Infusicn rates

0 10 20 30 40 50 60 70
60 T T 100 T T T T T
3 M e pepptn” Pt
50! & o} My r
o @
I I 4+ -
0 10 20 30 40 50 0 10 20 30 40 50 60 70
150 T T 150 T T T T T

2
3

BP [mmHg]
g
ﬁ%

BP [mmHg]
g

L 0 L I L L L
30 20 30 40 50 60 70

Time [min] Time [min]

(a) Patient 7 (b) Patient 8

)
2t
o
S
-
=]
o
3
=)
=

DoH [BIS]
& 3 B
|-
I |
DoH [BIS]

20 L L L L L L 20 I L L L L L L L
0 20 40 60 B0 100 120 140 160 180 0 20 40 80 80 100 120 140 160 180

Infusion rates

Infusion rates

] 20 40 60 80 100 120 140 160 180

HR [bpm]

22
HR [bpm]
5 8 8

0 20 40 80 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

BP [mmHg]
g 8
T
| h
BP [mmHg]
2
3

0 20 40 80 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

Time fmin] Time [min]
(c) Patient 9 (d) Patient 10

Figure 3.9: Recorded clinical data of the patients enrolled with the modified PID-based MISO
controller. From top to bottom: BIS (solid line) and BIS set-point (dashed line); propofol (black)
and remifentanil (red) infusion rates in ml/h; HR; BPg (red), BPy (black) and BP,, (blue). In
patient 7, after the induction phase the BIS remains steadily around the wvalue of 40 while the
controller is infusing almost only the baseline drugs infusions. In patients 8,9 and 10, after the
induction phase the BIS shows limited oscillations inside the interval from 40 to 60. In all the
patients the hemodynamic variables remain stable throughout the surgical procedure. Missing data
are due to temporary issues with sensors reading.
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Patient Duration | BIS 40 — 60 | BIS < 40 | BIS > 60 | Propofol | Remifentanil | T awakening
[min 0] [70] 7] (mg/kg/h] | |pg/ke/min] [min]
1 64.18 73.25 25.21 1.54 4.55 0.12 7.57
2 243.17 73.97 20.40 5.63 5.38 0.12 10.13
3 204.67 75.15 22.00 2.85 4.78 0.12 8.4
4 49.40 93.83 1.55 4.62 8.16 0.23 7.12
5 181.77 86.59 8.00 5.41 9.82 0.30 8.48
6 89.03 84.14 11.77 4.09 5.48 0.16 11.25
7 40.70 87.06 11.43 1.51 5.28 0.14 12.30
8 62.50 89.73 7.15 3.12 9.29 0.26 6.73
9 178.15 81.77 11.19 7.04 9.17 0.27 5.08
10 176.93 86.25 10.97 2.78 7.04 0.17 4.00
Average 129.05 83.17 12.97 3.86 6.90 0.19 8.11

Table 3.13: Performance indexes for the maintenance phase obtained with the modified PID-
based MISO controller.

(a) (b) P value
Age [years] 52.5 (9) | 56.0 (25) 1.00
Height [cm] | 172.0 (9) | 1655 (8) | 0.7
Weight [kg] | 815 (10) | 72.5 (31) | 0.34
Gender [M/F| 5/5 3/7 0.65

Table 3.14: Demographic data comparison between the patients enrolled with the standard (a)

and with the modified (b) PID-based MISO controller.

Data are presented as median (IQR),

gender is expressed as male/female ratio. There are no statistically significant difference between
the two groups (P > 0.05).

(a) (b) P value

Induction time [min] 3.80 (1.28) | 1.78 (0.96) | 0.0028*
Lowest BIS 12 (9) 14 (3) 0.3066
Propofol dose [mg/kg] 1.64 (0.81) | 1.53 (0.69) | 0.7337
Remifentanil dose [ug/kg] | 3.14 (1.63) | 1.69 (0.98) | 0.0140*

Table 3.15: Comparison of the performance indexes for the induction phase obtained with the
standard (a) and with the modified (b) PID-based MISO controller. Data are presented as median
(IQR). Statistically significant differences between groups are marked with an asterisk (P < 0.05).

(a) (b) P value
BIS 40-60 79.79 (22.54) | 85.20 (10.13) 0.3075
BIS<40 17.47 (23.15) | 11.31 (9.50) 0.3447
BIS>60 2.97 (3.29) | 3.60 (2.42) | 0.5708
Propofol [mg/kg/h] 5.85 (1.14) 6.26 (3.61) 0.4274
Remifentanil [ug/ke/min] | 0.20 (0.04) 0.17 (0.13) 0.7337
MDPE [%] (6.5) 7 (10) 0.6180
MDAPE [%)] 1(6.5) 10 (5) 0.7198
WOBBLE [%) 2 (3.5) 7.2 (4.5) 0.5403
T awakening [min] 6. 46 (4.10) 7.51 (2.92) 0.8501

Table 3.16: Comparison of the performance indexes for the maintenance phase obtained with
the standard (a) and with the modified (b) PID-based MISO controller. Data are presented as
median (IQR). There are no statistically significant difference between the two groups (P > 0.05).
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SS | Description

Awake

Asleep, awakened with verbal stimulus
Asleep, awakened with tactile stimulus
Asleep, awakened with tactile stimulus
Asleep, difficult to awake

W W N =D

Table 3.17: Sedetion score used to assess post-operative sedation.

PONYV | Description
0 No nausea
1 Nausea
2 Unproductive retching
3 Vomiting

Table 3.18: Scale used to assess PONYV.

quality of the post-operative phase have been assessed. The latter is assessed by the anes-
thesiologist during routine post-operative follow up. In particular, hemodynamic stability,
post-operative sedation, PONV and post-operative pain are assessed at recovery room arrival
and discharge, 8 hours post-surgery and 24 hours post-surgery. Hemodynamic stability has
been assessed by measuring HR and BP,,. Post-operative sedation has been assessed with
the sedation score (SS) shown in Table PONYV has been assessed with the scale from
0 to 3 shown in Table Post-operative pain has been assessed with numeric rating scale
(NRS) from 0 (no pain) to 10 (unbearable pain).

The enrolled patients cover a wide range of physical characteristics as shown in Table
They were all patients scheduled for elective plastic surgery, in particular the types of surgery
and the number of patients who undergone them is shown in Table These types of
surgery differ considerably in duration, involved region of the body and level of painful stim-
ulation.

The time courses of BIS, HR, BP,,, propofol infusion rates are shown in Figure In
particular, as it is typically done in the literature, in these figures the time course of each
variable for each patient of the population is shown along with median values, 10th and 90th
percentiles. The time course of remifentanil infusion rate is not shown since it is simply a
scaled version of that for propofol infusion rate. In particular, in Figure the time course
of BIS is shown. From the individual values it is possible to observe that the BIS always re-
mains within clinically acceptable limits for all patients. There was only a more pronounced
undershoot event for one patient around minute 200. It is also possible to observe that the
median BIS values remain within the recommended range from 40 to 60, slightly below the
target value of 50. The 10th and 90th percentiles are slightly below the values of 40 and
60 respectively. The time courses of the hemodynamic variables HR and BP,, are shown in
Figures[3.12b|and [3.12¢| respectively, where it is possible to observe that they always remains
within clinically acceptable limits for all patients. Propofol infusion rates are shown in Figure
where it is possible to observe that they always assume values that are sensible for the
clinical practice.
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Figure 3.12: Time courses of clinical variables from induction to end of surgery of the 42
patients envolled with the modified PID-based MISO controller. The top plot shows the values
for all patients. The middle plot shows the median values (blue solid line), 10th percentile (red
solid line) and 90th percentile (yellow solid line). For propofol infusion rate data are averaged for
graphical representation with a moving average filter of 5 min duration. The bottom plot shows
the number of patients still undergoing surgery at each time instant.

89



3 PID-BASED MISO CONTROL: EXPERIMENTAL RESULTS

Age [years] 58 (28-90)

Height [cm] | 167 (154-188)

Weight [kg] 74 (50-120)
Gender (M/F) 15/27

Table 3.19: Demographic data of the patients enrolled with the modified PID-based MISO con-
troller in the study on a wide population. Age, height and weight are expressed as mean (range).
Gender is expressed as number of male patients/number of female patients.

Type of surgery Number of patients
Melanoma excision and sentinel

. 17
lymph node biopsy
Mastoplasty
Mastectomy
Electrochemotherapy
Escharotomy and microsurgical flap
Scalp tumor excision
Blepharoplasty

—
o

== N Ww| oo

Table 3.20: Types of surgery and number of patients who undergone them in the study on a wide
population performed with the modified PID-based MISO controller.

3.3.1 Induction phase

For the induction phase the results obtained are shown in Table The lowest HR and
BP,,, are the minimum values of these hemodynamic variables observed in the 180 s following
the induction time. Patients requiring ephedrine bolus is the number of patients for whom
the anesthesiologist has deemed it appropriate to administer vasopressors following induction.
Patients with BS episode is the number of patients who have experienced an episode of BS in
the 180 s following induction. A BS episode occurs when BSR>10% for at least 60 s [123]. BS
is a condition that should be avoided as it is an indicator of excessively deep anesthesia and it
has been associated with the onset of post-operative delirium [124]. By observing the values
shown in Table it is possible to notice that the control system delivered satisfactory
results. Anesthesia has been rapidly induced in all patients. No problems were reported by
the anesthesiologists during the insertion of the invasive ventilation device, thus indicating
an appropriate anesthetic coverage. The rapid induction has been achieved without causing
excessively deep hypnotic states or drug induced side effects, such as hemodynamic instability,
as suggested by the limited onset of BS episodes and the limited administration of ephedrine
boluses. In particular, BS occurred in a 90 years old male patient and in a 69 years old female
patient undergoing electrochemotherapy. The onset of BS in the first patient could be due to
the presence of both the main risk factors for BS, i.e. advanced age and male gender [123],
while for the second patient it could be due to age and medical history.

3.3.2 Maintenance phase

For the maintenance phase, the results obtained are shown in Table Mean HR and
BP,, are calculated on the maintenance duration. Patients requiring ephedrine bolus is the
number of patients who required treatment for hypotension during the maintenance phase.
Patients with BS episode is the number of patients who experienced at least one BS episode
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Induction time [s] 137 (64-322)
Propofol dose [mg/kg] 1.8 (1.1-3.0)
Remifentanil dose [ug/kg] 2.3 (1.2-5.0)
Lowest BIS 43 (28-56)
Lowest HR [bpm)] 54 (35-89)
Lowest BP,,, [mmHg] 72 (46-144)
Patients requiring ephedrine bolus 8
Patients with BS episode 2

Table 3.21: Performance indexes for the induction phase obtained with the modified PID-based
controller on a wide population. Data are presented as mean (range) with the exception of patients
requiring ephedrine bolus and patients with BS episode which are expressed as numbers.

during the maintenance phase. BS max and max duration are the maximum BSR value and
the duration of the longest BS episode recorded during the maintenance phase. From Table
[3.22] it is possible to notice that the control system delivered satisfactory results even during
the maintenance phase. In particular, anesthesia was adequately maintained and manual in-
terventions were never required. The BIS was maintained inside the recommended range for
most of the maintenance time and a good hemodynamic stability was maintained as shown
by the mean values of HR and BP,, and by the reduced number of patients who required
pharmacological treatment for hypotension. The mean propofol and remifentanil infusions
are compatible with the doses commonly used in the clinical practice. As for the induction
phase, the number of patients experiencing BS episodes is limited and, with the exception of
one patient, it only occurred in elderly patients. The performance obtained by the system
in maintaining the BIS inside the recommended range is highlighted in Figure where
the histogram of all the BIS samples collected on the study population during the mainte-
nance phase is shown. It has the BIS on the horizontal axis. On the vertical axis it has the
normalized number of samples, which is obtained by dividing the number of samples in each
bin of the histogram by the total number of samples collected. Omitting the unusual peak in
the distribution at the value of 41, which could be due to the BIS calculation algorithm as
pointed out in [125], the average BIS for each patient assume a normal distribution with its
mean at 45. It is worth noting that, as observed in Figure the BIS values are slightly
below the target value of 50. Moreover, in Figure the histogram of the percentage of
BIS inside the recommended range from 40 to 60 during the maintenance phase is shown. On
the vertical axis it has the normalized number of patients, which is obtained by dividing the
number of elements in each bin of the histogram by the total number of patients enrolled.
The system kept the BIS inside the recommended range for more than 70% of maintenance
time in more than 70% of the patients enrolled. The results related to MDPE, MDAPE and
WOBBLE are shown in Figures[3.14] The histograms have on the horizontal axis the values of
MDPE, MDAPE and WOBBLE respectively. On the vertical axis they have the normalized
number of patients which is obtained by dividing the number of elements in each bin of the
histogram by the total number of patients enrolled. The negative MDPE values confirm that
the system tends to keep the BIS below the target value of 50. In particular the mean value
of -10 indicates that the system tends to keep the BIS around 45. From Figure it is
possible to observe that in the 95% of patients the bias remains bounded between -20% and
5% of the target. The mean MDAPE value indicates that the system achieves, on average, an
inaccuracy of 12% with respect to the BIS target. From Figure it is possible to observe
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that, like for MDPE, in the 95% of patients the inaccuracy remains bounded between 5% and
20% of the target. The mean WOBBLE indicates that the impact of intra-patient variability
on the performance error is, on average, of about 11% of the target value. From Figure
it is possible to observe that in the 85% of patients WOBBLE remains bounded between 6%
and 14% of the target value. The good performance with respect to hemodynamic stability
is also highlighted in Figures[3.13b|and [3.13c| where it is possible to observe that the values
of HR and BP,,, are distributed over clinical acceptable values during the maintenance phase
of anesthesia. The histograms have on the horizontal axis HR and BP,, respectively. On the
vertical axis they have the normalized number of samples which is obtained by dividing the
number of samples in each bin of the histograms by the total number of samples collected.
In order to evaluate the analgesic coverage, the response to incision has been evaluated. In
particular, after anesthesia induction the sterile surgical field is prepared. Then, approxi-
mately 15 min elapse between anesthesia induction and incision. During this time interval
patients do not receive any surgical stimulation. Hence, when the surgeon begins the incision
it can be seen as the beginning of the nociceptive stimulation and the patient’s response can
be used to assess the anesthetic coverage. In order to do so, the beginning of incision is noted
by the anesthesiologist using the GUI shown in Figure Then BIS, HR and BP,, are
assessed 2 min before incision, at the time of incision and 2, 5 and 10 min after incision. The
results for all the patients of the study are shown in Figure[3.15] The hemodynamic variables
remained stable even in presence of surgical stimulation, thus indicating an adequate analgesic
coverage. The BIS shows a slight increase in the 2 min after incision that could be due to
the arousal caused by the beginning of the surgical stimulation. However, it is worth noting
that the BIS remains bounded inside the recommended range and then at 5 and 10 min after
incision the BIS returns at the pre-incision values thanks to the control system regulation.
Moreover, no somatic events were reported by the anesthesiologist during incision. These
results suggest the effectiveness of the opioid-hypnotic balance methodology employed in this
study.

In order to further characterize the performance of the control system the best and worst cases
are analyzed. The full time course of the BIS for the patients that obtained the best and the
worst performance are shown in Figure These two patients obtained the best and worst
performance respectively in terms of percentage of BIS inside the recommended range (22%
and 94% respectively), MDPE (0% and -32% respectively), MDAPE (8% and 32% respec-
tively) and WOBBLE (6% and 20% respectively). The worst performance has been obtained
in a 70 years old female patient undergoing mastectomy, while the best performance has been
obtained in a 58 years old female patient undergoing mastoplasty. By observing the BIS time
course of the best patient it is possible to observe that, after anesthesia induction, the BIS
enters inside the recommended range and stably remains inside it until the emergence phase.
On the contrary, for the worst patient, the BIS settles below the recommended range for most
of the duration of the surgery. The BIS shows two rises that could be due to arousal resulting
from surgical stimulation. In particular the first one corresponds to tumor resection and the
second one to breast implant insertion. It is worth noting that the controller has been able to
rapidly compensate for both surgical disturbances without any intervention by the anesthesi-
ologist. The first disturbance has been compensated without causing an excessive undershoot
of the BIS, while for the second one an undershoot occurred. However, this situation was not
harmful for patient’s health as hemodynamics remained stable and the emergence phase was
fast (extubation after 469 s) and of good quality (SS=1 was reported in the recovery room
without any other side effect). The fact that BIS remained below the target range in the
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Maintenance duration [s] 6348 (1890-17755)
40<BIS<60 [%] 76 (22-04)
BIS<40 [%] 19 (2-73)
MDPE [%)] 10 (-32- 2)
MDAPE [%] 12 (3 - 32)
WOBBLE [%)] 11 (6 - 20)
Mean HR [bpm] 63 (46-88)
Mean BP,, [mmHg] 73 (55-104)
Propofol mean infusion [mg/kg/h] 6.64 (3.87-9.82)
Remifentanil mean infusion [ug/kg/min] | 0.19 (0.02-0.32)
Patients requiring ephedrine bolus 14
Patients with BS episode 9
BS max [%] 27 (10-71)
BS max duration s 354 (64-842)

Table 3.22: Performance indexes for the maintenance phase obtained with the modified PID-
based controller on a wide population. Data are presented as mean (range) with the exception of
patients requiring ephedrine bolus and patients with BS episode which are expressed as numbers.

worst patient could be caused by the baseline infusions of propofol and remifentanil. Indeed,
this offset is present even in other patients as highlighted by the mean value of MDPE, and
by observing Figures [3.12al and [3.13al For most patients this offset remains within the rec-
ommended BIS range, while for some patients (such as the worst one) this offset causes the
BIS to drop below the recommended range. This effect may be due to the fact that, in this
study, the baseline flow rates were decided in advance and left unchanged for each patient.
So for some patients who have a lower need for drugs this may have led to the introduction of
a more pronounced offset of the BIS. For example, Figure shows the time course of BIS
and of the infusion rates of a 59 years old male patient undergoing melanoma excision and
sentinel lymph node biopsy. The BIS remained mostly around the value of 40 manly using
only baseline infusions. On the other side, the introduction of these baseline infusions appear
to have been effective in reducing the onset of oscillations. Indeed, in the experimentation
presented in Section 3 out of 10 patients showed oscillations in the BIS while in this
study none of the patients showed low frequency, periodic oscillations. Rises in the BIS value
are still present in this study, but they are compensated by the controller without triggering
oscillations.

In order to assess the performance in the emergence phase the time to extubation has been
assessed. It ranges from 198 s to 839 s with a mean value of 511 s. These values are compa-
rable with the one usually obtained in the clinical practice of TIVA. The number of patients
of that are still intubated at each time instant during the emergence phase is shown in Figure
3.18

3.3.3 Post-operative phases

As regards the post-operative phase, the main results are summarized in Table The
number of patients decreases when the time window increases since some have been discharged
from the hospital prior to data collection. Hemodynamics remained stable in all patients as
shown by the values of HR and BP,,,. Only a reduced number of patients showed a SS greater
than 0 and for none of them SS was greater than 1. PONV has only been observed in a
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Figure 3.15: Boz plot of BIS, HR and BP,, collected during incision on the 42 patients enrolled

with the modified PID-based MISO controller.

On each box the central red line represents the

median, bottom and top blue edges represent the 25th and 75th percentiles, respectively. The black
whiskers represent the range. Quitliers are marked individually with red crosses. The horizontal
azxis represents the time difference with respect to incision time. The statistics are calculated on
the 60 s preceding the instant of time reported on the horizontal axis.

100

80

60

DoH [BIS]

40

20

300

250

200

150

Infusion rates [ml/h]

o

30

100 _
50 [ i
o L il ﬂmEﬂﬂmF“@mmHHM HxﬁLEFH =
0 10 20 30 4

0 50
Time [min]
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Figure 3.17: Time course of the BIS for the patients that obtained the worst (top plot) and the
best (bottom plot) performance among the 42 patients enrolled with the modified PID-based MISO
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study on a wide population. The horizontal axis shows the elapsed time from the end of automatic
control and the vertical axis the number of patients that is still intubated.
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Ra Rd 8h 24h
Total number of patients 42 42 41 31
HR 75 (52-118) | 75 (50-110) | 75 (56-110) | 75 (60-100)
BP,, 81 (62-113) | 84 (64-113) | 90 (71-112) | 83 (73-113)
Patients with SS>0 9 6 1 0
Patients with NRS>0 12 14 17 10
Patients with PONV >0 1 3 2 1

Table 3.23: Post-operative evaluation summary of the 42 patients enrolled with the modified PID-
based MISO controller. Ra, Rd, 8h and 24h stand for recovery admission, recovery discharge, 8
hours post-surgery and 24 hours post-surgery respectively. HR and BP,, are expressed as mean
(range), while all the other values are expressed as numbers.

reduced number of patients. In particular only one patient was assessed with a PONV=1 at
recovery room admission. The same patient kept PONV=1 during the stay in the recovery
room, while other 2 patients showed PONV=2 and PONV=3. These patients were treated
with the antiemetic drug metoclopramide. Two patients experienced PONV=1 at 8 hours
post-surgery. The NRS assessment of post-operative pain is shown in Figure Post-
operative pain was treated with morphine. Overall, the post-operative evaluation shows that
the results obtained with the control system are comparable with the one usually obtained in
the clinical practice of TIVA.

3.4 Practical use of the modified PID-based MISO control
scheme

In this section, the PID-based control scheme discussed in Sections and is consid-
ered. Here, its performance is further assessed when additional boluses are manually admin-
istered by the anesthesiologist and different brands of infusion pumps are used. In particular,
two different models of infusion pumps have been tested, namely the Graseby 3500 and the
Alaris GH.

Manual boluses of propofol and remifentanil can be triggered by pressing the two orange but-
tons in the lower left part of the GUI shown in Figure The top button triggers a bolus
of propofol, while the bottom button triggers a bolus of remifentanil. For safety reasons,
boluses are administered as long as the anesthesiologist keeps the buttons pressed and they
are automatically stopped when the buttons are released. The bolus dosage can be freely
chosen by the anesthesiologist by keeping pressed the button for the desired amount of time.
The dosage that is currently administered is shown in real time in the displays placed to the
right of the bolus buttons. This feature reduces the risk of intra-operative awareness. The
anesthesiologist can perform boluses to quickly restore an adequate anesthetic state when the
patient shows clinical signs of light anesthesia. Moreover, boluses can be used as a preven-
tive measure to anticipate phases of strong surgical stimulation. Boluses are administered by
driving the infusion pumps at their maximum speed. When a bolus is triggered, the integral
action of the PID controller is set to zero in order to obtain a more precise drug dosing and
thus making the maneuver safe.

The performance of the proposed control system has been experimentally assessed on a group
of nine patients. In order to evaluate the behavior of the system in presence of different
actuator dynamics and of manual boluses the patients have been assigned to three different
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Figure 3.19: Assessment of post-operative pain on the 42 patients enrolled with the modified
PID-based MISO controller according to the NRS proposed from 1 to 10.

groups that, for the sake of clarity, in the rest of the section will be referred to as (a), (b)
and (c). Group (a) represents the nominal conditions for which the control system has been
designed. In this group the Graseby 3500 pumps have been used as actuators for propofol
and remifentanil and no manual boluses are performed by the anesthesiologist. In group (b)
the same actuators of group (a) have been used but the anesthesiologist performed manual
boluses. In group (c) the Alaris GH pumps have been used and no manual boluses have
been performed by the anesthesiologist. The nine patients enrolled in this study were all
scheduled for elective plastic surgery. Their demographic data and the group to which they
were assigned are shown in Table The same clinical protocol described in Section
has been applied for all patients with the exception for those enrolled in group (b) where the
anesthesiologist performed manual boluses when it was deemed as necessary. The BIS and
drugs infusion rates obtained for each patient are shown in Figure [3.20[ Table [3.25] shows the
results achieved during the induction phase. Table shows the results achieved during the
maintenance phase.

The results obtained for patient 1, patient 2 and patient 3 of group (a), show that the con-
trol system provides a satisfactory performance during both the induction and maintenance
phases. Indeed, hypnosis has been rapidly induced in all patients without causing BIS under-
shoot. During the maintenance phase the BIS has been kept inside the recommended range
for more than 80% of maintenance duration. As it is possible to observe in Figures and
the BIS has been almost always kept inside the recommended range, with the excep-
tions of some rises slightly above the threshold value of 60 due to the presence of surgical
stimulation. However, the controller has properly rejected these disturbances without caus-
ing excessive undershoots. The disturbance rejection can be clearly observed, for example,
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around minute 200 for patient 1 and around minute 20 and 30 in patient 2. For patient 3 the
rises of the BIS due to surgical stimulation have been more significant, as shown in Figure
Indeed, the BIS has risen up to the value of 80, for example around minute 20 and
minute 40, due to a particularly painful surgical procedure. Nevertheless, the control system
has always properly rejected the disturbances without causing undershoot.

For patient 4, patient 5 and patient 6 of group (b) the anesthesiologist could perform boluses
of drugs if deemed as appropriate. In patient 4 three boluses of propofol and one bolus of
remifentanil have been administered around minute 100 as shown in Figure The bo-
luses have been administered during a phase of strong surgical stimulation corresponding to
the disarticulation of a toe. A bolus of 1 ml of propofol followed 5 min later by a bolus of 1.3
ml of propofol and 1 ml of remifentanil has been administered. After 3 min, another bolus of
1.3 ml of propofol has been given. In patient 5 two boluses of propofol of 1 ml each have been
administered around minute 70 as shown in Figure[3.20¢, The boluses have been administered
during a delicate phase of the surgical procedure corresponding to cranial scalloping. The
anesthesiologist performed the boluses to obtain a deep level of hypnosis during this phase,
thus ensuring optimal conditions for the surgeons. In patient 6 seven boluses of propofol
have been administered. In particular, four boluses of 1 ml each have been administered
during anesthesia induction (in addition to that of the induction sequence) since difficulties
have been encountered during intubation and the anesthesiologist wanted to ensure the full
unconsciousness of the patient. The difficult intubation also determined the longest induction
time recorded in the group of patients. Indeed, patient 6 has been the only patient with an
induction time that exceeded 3 min. Another 1.3 ml bolus of propofol has been administered
around minute 60 during mastectomy since the surgeons were causing a painful stimulation
on the pectoralis nerve. A 2 ml bolus of propofol has been administered around minute 160
during breast prosthesis insertion and one last 1.3 ml bolus of propofol has been administered
around minute 180 during skin suturing.

For patient 7, patient 8 and patient 9 of group (c) the Alaris GH syringe pump has been used
as actuator for propofol and remifentanil administration and no boluses were performed by
the anesthesiologist. As for the patients of group (a), a satisfactory performance during both
the induction and maintenance phases of anesthesia have been obtained. The induction phase
has been rapid in all patients without causing BIS undershoot and during the maintenance
phase the BIS has been kept inside the recommended range on average for about 80% of
maintenance duration. As shown in Figure and Figure for patient 7 and patient
8 the BIS has been almost always kept inside the recommended range. In Figure it is
possible to notice the presence of a disturbance around minute 60 that has been properly
rejected by the controller.

To better compare performance between groups, the median and the IQR of the performance
indexes for the induction and maintenance phases are shown in Table The experimental
results obtained show that the closed-loop system is capable to meet all the clinical require-
ments for all the patients enrolled.

During the induction phase, as shown in Table anesthesia is rapidly induced in all
patients. In particular, the induction time is shorter than 3 min for all patients with the
exception of patient 6 for which anesthesia has been induced in 3.27 min. However, this last
value is fully acceptable for the clinical practice. The short induction time is obtained without
causing undershoots, as it is possible to notice by observing the lowest BIS value. In particu-
lar, the BIS always remains above the recommended threshold of 40 for all patients with the
exception of patient 9 where a harmless undershoot to a BIS value of 37 is observed. The
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Patient | Age | Height [cm] | Weight [kg| | Gender | Group Type of surgery
1 46 168 51 F a Breast mastectomy and mastoplasty
2 54 167 74 F a Right breast mastoplasty
3 72 170 86 M a Burned tissues escharotomy and microsurgical flap
4 67 169 83 F b Melanoma excision and left foot toe disarticulation
5 72 165 74 F b Scalp tumor excision and cranial scalloping
6 58 165 88 F b Breast mastectomy and mastoplasty
7 62 160 75 F [¢ Breast mastectomy and mastoplasty
8 71 170 67 F c Breast mastectomy and mastoplasty
9 59 160 57 F [ Breast mastectomy and mastoplasty

Table 3.24: Demographic data, group and surgical procedure of the patients enrolled with the
modified PID-based MISO controller to assess the performance when additional boluses are man-
ually administered by the anesthesiologist and different brands of infusion pumps are used.

propofol and remifentanil induction dosages are fully compatible with the dosages used in the
clinical practice. These results confirm the effectiveness of the proposed induction sequence.
As shown in Table the maintenance phase is also satisfactory. The BIS is always main-
tained within the recommended range for more than 70 % of the maintenance phase duration.
Propofol and remifentanil infusion rates and the time-to-extubation are fully compatible with
the clinical practice.

A similar performance is actually obtained for the different groups of patients. As shown in
Table the performance indexes are similar between all groups. The longer median induc-
tion time obtained in the group (b) is due to patient 6 who had difficulties during intubation.
By comparing the results obtained by group (a) and group (b), it appears that the control
system can safely handle the presence of manual boluses performed by the anesthesiologist
without performance deterioration. The possibility for the anesthesiologist to safely adminis-
ter additional drug boluses is a critical feature because it gives the possibility to better manage
the anesthetic state of the patient. Indeed, the anesthesiologist can decide to administer an
additional amount of drug when it is deemed necessary for specific clinical requirements.
For example, in patient 4 the anesthesiologist performed additional boluses to improve the
anesthetic coverage during a particularly painful part of the surgical procedure. In patient
5 the boluses have been performed to guarantee optimal conditions for the surgeons in a
delicate phase of surgery. In patient 6 additional boluses have been administered to manage
a difficult intubation and to improve the anesthetic coverage during the most painful parts of
surgery. It is worth stressing that these boluses should be intended as a feedforward action
performed by the anesthesiologist that is based on clinical information that are not available
to the controller. In all patents of group (b) the boluses have been administered to improve
the actions of the control system and not to compensate for its shortcomings. Indeed, the
controller has demonstrated its effectiveness in rejecting disturbances as shown, for example,
in Figure Also for patient 4 the sharpest rises of the BIS that occurred around minute
120 has been managed autonomously by the controller.

By comparing the results obtained by group (a) and group (c), it appears that the control
system is able to compensate for the dynamics of the different actuators. Many brands and
models of infusion pumps are commercially available and are commonly used in the clinical
practice. Hence, for a closed-loop control system to be routinely used in the clinical practice, it
is fundamental to be compatible with different actuators without any significant performance
deterioration.
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3.5 Practical use of the modified PID-based MISO control scheme
Patient | Induction time [min| | Lowest BIS | Propofol dose [mg/kg| | Remifentanil dose [ug/kg]
1 1.17 40 2.02 2.59
2 1.27 41 1.72 2.19
3 2.25 40 1.18 1.74
4 1.45 41 1.44 1.35
5 2.40 45 1.54 2.15
6 3.27 45 1.94 2.62
7 1.20 41 1.73 1.66
8 1.03 41 1.97 1.72
9 0.95 37 1.71 1.65

Table 3.25: Performance indexes for the induction phase obtained with the modified PID-based
MISO controller to assess the performance when additional boluses are manually administered by
the anesthesiologist and different brands of infusion pumps are used.

Patient Duration | BIS 40 — 60 | BIS < 40 | BIS > 60 | Propofol | Remifentanil | T awakening

] %] 7 %] | Tm/ke/b] | [ue/ke/min] ]
1 215.00 87 9 4 6.68 0.19 7.75
2 59.70 83 11 6 7.53 0.21 7.25
3 64.93 86 2 12 5.00 0.14 8.83
4 147.13 73 24 3 5.50 0.14 6.58
5 114.97 84 10 6 7.75 0.19 9.28
6 195.17 76 14 10 9.58 0.26 6.77
7 275.23 73 25 2 4.55 0.09 11.27
8 220.23 86 12 2 5.77 0.12 6.65
9 137.83 82 16 2 6.35 0.15 7.43

Table 3.26: Performance indexes for the maintenance phase obtained with the modified PID-
based MISO controller to assess the performance when additional boluses are manually adminis-
tered by the anesthesiologist and different brands of infusion pumps are used.

(a) (b) (c)
Induction time |min] 1.27 (0.54) | 2.40 (0.91) | 1.03 (0.13)
Lowest BIS 10 (0.5) 15 (2) A1 (2)
Propofol dose [mg/kg] 1.72 (0.42) | 1.54 (0.25) | 1.73 (0.13)
Remifentanil dose [ug/kg] | 2.19 (0.43) | 2.15 (0.64) | 1.66 (0.04)
BIS 40-60 86 (2) 76 (5.5) | 82 (6.5)
BIS<40 9 (4.5) 14 (7) 16 (6.5)
BIS>60 6 (4) 6 (3.5) 2 (0)
Propofol [mg/kg/h] 6.68 (1.27) | 7.75 (2.04) | 5.77 (0.90)
Remifentanil [pug/kg/min] | 0.19 (0.04) | 0.19 (0.06) | 0.12 (0.03)
MDPE [%] 8 (6) 8 (5) 12 (2)
MDAPE [%)] 12 (1) 12 (3) 14 (2)
WOBBLE [%)] 8(2) 8 (D) (D)
T awakening [min] 7.75 (0.79) | 6.77 (1.35) | 7.43 (2.31)

Table 3.27: Comparison of performance indexes obtained with the modified PID-based MISO
controller in the nominal conditions (a), when additional boluses are manually administered by
the anesthesiologist (b) and when a different brand of infusion pumps is used (b). Data are
presented as median (IQR).
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Figure 3.20: BIS and infusion rates of propofol (black) and remifentanil (red) obtained with
the modified PID-based MISO controller to assess the performance when additional boluses are
manually administered by the anesthesiologist and different brands of infusion pumps are used.
The vertical dash-dotted lines are the boluses of propofol (black) and remifentanil (red). The
missing data are due to temporary issues with BIS sensor reading.
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3.5 Conclusions

In this chapter the PID-based MISO control scheme described in Section have been
tested in an in-vivo study on patients undergoing general anesthesia for elective plastic surgery.
In a first study involving 10 patients the closed-loop system demonstrated its ability to sat-
isfactorily handle both the induction and maintenance phases of anesthesia fulfilling all clin-
ical specifications. Anesthesia has been automatically performed by the closed-loop system
throughout the whole surgical procedure, without the need of any manual intervention by
the anesthesiologists, neither in the induction nor in the maintenance phase. The obtained
results are very promising as they show that the control system is able to induce and maintain
a suitable DoH while providing a good hemodynamic stability. Furthermore, the comparison
of the performance of the closed-loop system with that of manual control shows that the
behavior of the automatic solution is sensible and consistent with the clinical practice. These
findings suggest that the approach presented in [93] can be safely used in the operating room.
In particular, the conclusion drawn on the robustness of the system through a Monte Carlo
simulation have been confirmed by experimentally testing it on 10 individuals with signifi-
cantly different physical characteristics. This demonstrates that the optimal PID parameter
obtained through the optimization-based tuning approach performed on a representative data
set of 13 patients can be employed in a general population.

Then a modified version of the PID-based MISO control scheme has been presented The
changes to the original control scheme have been made to satisfy specific clinical require-
ments that are relevant for the anesthesiologists. The effectiveness of the modified control
has been experimentally assessed on a population of 10 patients. The control system was able
to induce and maintain adequate anesthesia without the need for manual intervention from
the anesthesiologist for all patients enrolled, thus confirming the effectiveness of the overall
design approach. The obtained results suggest that the proposed changes are a significant
step toward the integration of the system into the clinical practice and provide measurable
clinical advantages for the patients.

Encouraged by the positive results obtained, a higher number of patients (specifically, 42
patients) have been enrolled with the modified version of the controller. The patients en-
rolled had a wide range of physical characteristics and were scheduled for procedures that
greatly varied in length, body location, and level of painful stimulation. Even on this wider
population, the control system showed good clinical performance during both the induc-
tion and maintenance phases for all the patients enrolled, thus demonstrating its robustness.
Moreover, the control system has demonstrated good clinical performance concerning DoH,
hemodynamic stability, analgesic coverage, drug consumption, emergence and quality of post-
operative recovery.

Finally, an experiment has been performed on 9 patients to evaluate the performance of the
modified control system in terms of its ability to deal with issues that may arise during its
practical use in a clinical setting. In particular, the aim was to assess the performance of the
control system when manual drug boluses are performed by the anesthesiologist, and when
different brands of syringe pumps are used. Results demonstrate that the control system is
capable to handle these practical issues and it is therefore suitable to be used in the clinical
practice. Moreover, the possibility for the anesthesiologist to intervene with manual boluses,
if deemed as appropriate, represents a step toward the anesthesiologist-in-the-loop paradigm.
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Chapter 4

Event-based PID MISO control:
experimental results

The presence of noise in the controlled variable usually results in a noisy control action
that, in many cases, implies a non-optimal use of control resources. This problem can be
partially addressed by placing a noise filter in the feedback-loop. However, the filtering action
needs to be a compromise between noise attenuation and process dynamics modification.
Taking into account this problem, an event-based control system can be used as a flexible
alternative to classic time-based schemes as it can reduce the noise impact on the control
action variability providing efficient use of control resources. The application of an event-
based paradigm enables the possibility to trigger the controller task on the basis of the
controlled variable dynamics rather than a time progress, which is the main difference when
compared to the classical time-based control system. The event-based control approach is
an effective and efficient control technique that was already proposed for bio-processes and
energy systems, where the optimal usage of control resources is critical. These properties are
also interesting from the anaesthesia process control perspective since the BIS is affected by
a significant amount of noise. Indeed, the experimental results presented in Chapter [3] with a
standard PID controller show that the control action is affected by residual noise. Although
this does not significantly affect the performance of the system, it causes an unnecessary stress
on the actuators, as a change in the control action is driven by noise and not by an actual
variation of DoH. Moreover, this behavior differs significantly from what the anesthesiologist
is used to and this can limit the acceptance of such systems in clinical practice.

The event-based approach for DoH control with propofol by using PID-based controllers was
proposed in [96, 97], and briefly summarized in Section It was shown in simulation
that the devised event-based controller delivers a noise-free control action, with a consequent
reduction of the mechanical stress on the actuator and an infusion profile that only changes
a finite number of times, thereby mimicking the behavior of the anesthesiologist. In the light
of the good results obtained, the proposed approach was extended to the case of propofol
and remifentanil coadministration [99] as briefly summarized in Section Simulation
results have shown that, also in this case, this control strategy provides a strong filtering
effect without introducing a significant decrement in performance.

In this chapter the experimental results obtained with the event-based PID MISO control
scheme proposed in [99] are presented. The control scheme is implemented in the control
software and its effectiveness is assessed on 14 patients. The results are compared with those
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obtained with the PID-based control scheme, which have been discussed in Section to
evaluate the improvements that the event-based control can provide over time-based control.
The obtained results are also compared with those of manually controlled anesthesia to assess
the consistency of the proposed control solution with the clinical practice [104].

4.1 Event-based PID MISO control scheme

The event-based MISO control scheme for propofol and remifentanil coadministration
proposed in Section is considered. Despite the satisfactory performance obtained in
simulation [99], the control system is further modified to include the improvements proposed
in Section to ameliorate patient safety, which is, of course, always of primary concern
[126], [127]. The resulting controller is validated via in-vivo clinical experimentation on 14
patients. The experiments have been conducted under conditions that are well representative
of the routine clinical practice. In particular, different brands of actuators and different drug
dilutions are used. Moreover, manual interventions are also performed by the anesthesiologist.

4.1.1 Material and methods

The experimental setup and the event-based MISO control structure considered are those
described in Section and in Section respectively. To implement the control strat-
egy on the control algorithm employed in the experimental setup the event generator has
been discretized with a sampling period of 1 s, according to the maximum update frequency
provided by the Drager Infinity Delta monitor. An example of the strong filtering effect on
the BIS signal provided by the event generator is shown in Figure[4.1] The PIDplus controller
has a variable sampling period that depends on the frequency of the events generated by the
event generator. The tuning parameters considered are those shown in Table A bumpless
switching mechanism has been implemented to ensure a smooth transition between the sets
of parameters for the induction phase and for the maintenance phase. The switching from
the induction phase to the maintenance phase is automatically triggered by the system when
the BIS drops below 60 and remains there steadily for 30 consecutive seconds. The additional
features proposed in Section namely the induction boluses and the baseline infusions,
have been integrated in the original event-based control scheme because they can provide
tangible clinical benefits, as demonstrated in Section The block diagram of the overall
control system is shown in Figure The BIS set-point 7(¢) has been fixed to 50 and the
ratio that determines the opioid-hypnotic balance has been set to 2. The tuning parameters
employed are shown in Table
The same clinical protocol employed for the time-based PID controller, described in Section
has been used. The only difference is that, here, the switch from induction tuning
parameters to maintenance tuning parameters is automatically performed by the control sys-
tem and it is not triggered by the anesthesiologist. This change in the clinical protocol has
been done to standardize the condition that triggers the switching between the two tuning
sets. The control system has been tested under conditions that are well representative of the
clinical practice, different brands of syringe pumps and additional boluses performed by the
anesthesiologist have been considered as explained in Section Moreover, here, different
propofol dilutions are also considered. In particular, 10 mg/ml and 20 mg/ml are employed.
Conversely, a fixed dilution of remifentanil, equal to 50 pug/ml, has been considered. To take
into account the different drugs dilutions, the G/, and G, gains convert the controller outputs,
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which are expressed in mg/s for propofol and pug/s for remifentanil, to the driving signals for
the syringe pumps, which are expressed in ml/h. They are defined as

3600
=

3600

G, o

G,

(4.1)

where the value 3600 converts seconds in hours, and C}, and C;. are the dilutions of propofol
and remifentanil expressed in mg/ml and pg/ml, respectively. The resulting algebraic models
of the syringe pumps comprises the series of the gains G, and G, and the saturation block.
The dynamic behavior of the actuators is not considered since it does not affect the perfor-
mance of the control system as experimentally evaluated in Section

Note that, as done for the time-based PID controller proposed in Chapter [3] if the system en-
ters in safety mode (see Section or if manual boluses are triggered by the anesthesiologist,
the integral action of the PIDPlus controller is reset to zero.
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Parameter | Induction | Maintenance
K, [mg/s] 0.0087 0.0083
T; [s] 197.47 287.62
Ty [s] 29.18 6.25
A; 9.45 20.57
tmaz |S] 20 20

Table 4.1: Tuning parameters of the event-based PID MISO controller for the induction and
maintenance phases with the opioid-hypnotic ratio of 2.

4.1.2 Experimental results

The performance of the proposed event-based control system has been experimentally
assessed on fourteen patients that needed to undergo general anesthesia for elective plastic
surgery. Patients data are shown in Table The details of the surgical procedures are
shown in Table The individual records of the clinical variables of interest are shown in
Figures and[4.5. The event-based controller successfully induced and maintained anes-
thesia for each enrolled patient. The variables always remained within clinically acceptable
ranges throughout the surgical procedures. The drug infusion rates were always consistent
with clinical practice. The relationship between the feedback variable (BIS) and the control
variables (infusion rates) shows the strong filtering capability provided by the event-based
controller. Indeed, the amount of residual noise in the control variables is limited. This
aspect is particularly evident in Figure relative to patient 2, where the BIS signal was
affected by a significant amount of noise and artifacts. Indeed, the patient was subjected to
eyelid reconstructive surgery, then the surgeons worked near the forehead of the patient were
the BIS sensor was placed, thus introducing a considerable amount of artifacts.

The results related to the induction phase are summarized in Table The induction time
was of 2.39 min on average. This result is consistent with the target value for elective plastic
surgery in a clinical context, which ranges from 3 to 5 min. This specification was satisfied
for all the patients with the exception of patient 12, for which an induction time of 5.97 min
was obtained. As shown in Figure the BIS dropped quickly but then settled around
the value of 60. This fact did not cause any problems from a clinical point of view. The
evaluation of analgesia has been performed by observing the stability of the hemodynamic
variables. Indeed, insufficient analgesia would result in a sudden rise of BP and HR in re-
sponse to noxious stimuli. Conversely, a remifentanil overdose would result in hypotension
and bradycardia. For all the enrolled patients, the hemodynamic variables remained within
clinically recommended ranges. No problems were reported by the anesthesiologist during
the positioning of the laryngeal mask or the endotracheal tube and no clinically relevant re-
actions were recorded, thus suggesting an appropriate analgesic coverage. As regards the BIS
undershoot, the average lowest BIS value was 43, which is above the recommended value of
40. Patients 1, 2, 3, 7 and 10 showed a lowest BIS below this threshold. However, as it is
shown in Figures[4.3a] [4.3b] [4.3c], [4.3f] and [4.5b] the undershoot did not last for a long time
and it did not cause hypotension or bradycardia. Moreover, BS did not appear in any of
the patients. Both propofol and remifentanil induction doses were in accordance with clinical
guidelines. In particular, anesthesia was induced, on average, with 2.02 mg/kg of propofol
and 2.54 pg/kg of remifentanil.

The results achieved during the maintenance phase are shown in Table The BIS was kept
inside the range from 40 to 60, on average for the 80.32% of the maintenance duration, with a
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minimum of 61.99% for patient 2 and a maximum of 92.89% for patient 10. It was below the
value of 40 and above the value of 60 for 18.13% and 1.55% of maintenance time, respectively.
This result suggests a reduced risk of intra-operative awareness. The average drugs infusion
rates were in accordance with clinical guidelines. In particular, 5.30 mg/kg/h of propofol and
0.14 pg/kg/min of remifentanil were administered. The average time-to-extubation of 8.83
min was coherent with that usually obtained in TIVA. The hemodynamic variables remained
within clinically recommended ranges for all the patients thus indicating adequate analgesia.
A sudden rise in the values of the hemodynamics variables was recorded in patient 11, as
shown in Figure However, this was due to the injection of an etilefrine bolus and not to
inadequate analgesia. The claim of a sufficient analgesic coverage is further confirmed by the
administered remifentanil infusions, which were in line with those expected in the standard
clinical practice.

The results obtained using the event-based controller are compared with those of Section
which were obtained using a standard time-based PID controller. The Mann-Whitney U test
is used to analyze continuous data while the Fisher’s Exact test is used to analyze categorical
data [122]. The threshold for significance is 5%. In the tables, the data are shown with
median and IQR. Patients demographic data comparison between the two groups is shown in
Table and no statistically relevant differences are present. Both groups comprises plas-
tic surgery patients which were enrolled in the same operating room with the same clinical
setting. The comparison of performance regarding induction is shown in Table The
event-based controller shows a statistically relevant (P < 0.05) slight increase in the propofol
induction dose. There are no statistically relevant differences (P > 0.05) between the two
groups regarding the induction time, the lowest BIS and the remifentanil induction dose. The
comparison of performance regarding maintenance is shown in Table The event-based
controller provides a statistically relevant (P < 0.05) reduction in the values of TV and of
BIS > 60. There are no other statistically relevant differences (P > 0.05) between the two
groups in any of the other performance index.

The experimental results show that the proposed event-based control system performs well
when applied in the routine clinical practice of TIVA in the context of elective plastic surgery.
During the induction phase, the controller met the specification on the target induction time
for all patients except one, namely patient 12. However, the longer induction time in this sin-
gle case did not cause clinically relevant issues. Indeed, the controller quickly drove the BIS to
the value of 60, causing loss of consciousness and providing an adequate anesthetic coverage.
This is confirmed by the fact that the anesthesiologist performed the insertion of the laryn-
geal mask without difficulties and without causing a physiological response in the patient.
Moreover, the anesthesiologist did not performed additional drug boluses in this phase even if
they were acceptable in the clinical protocol. Induction was also performed without causing
excessively deep hypnotic states. Indeed, the BIS remained above the recommended threshold
of 40 in nine patients out of fourteen. In the remaining patients, the BIS undershoot was
short-lasting, as visible in the time course of the clinical variables, and it did not cause side
effects such as the onset of BS, bradycardia or hypotension, see Figures [4.3a, [4.3b] [4.3c| [4.3f]
Drugs induction doses were fully compatible with those used in the clinical practice.
For all patients, during the maintenance phase the BIS was mainly maintained inside the
range from 40 to 60. Indeed, the minimum value achieved was of 61.99%, while the maximum
value was of 92.89%. In the remaining percentage of time, the BIS was kept mainly below
the value of 40. Consequently, the BIS rose above the value of 60 only for a marginal amount
of time. This behavior is desirable, as long as overdosing is avoided, because it reduces the
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probability of intra-operative awareness. In the population enrolled, no clinical signs of drug
overdosing were observed. Hemodynamic variables remained within recommended clinical
ranges and there were no episodes of bradycardia or hypotension. Average drugs infusion
rates were fully comparable with those clinically recommended [121]. It is worth discussing
the results obtained with patient 9, who has the highest average propofol and remifentanil
infusion rates, well above the average infusion rates of the rest of the population. Despite
this patient requiring a higher dosage, the BIS was maintained inside the range from 40 to 60
for the 90.23% of maintenance time, thus indicating a remarkable regulation of DoH, hardly
obtainable with a manual control relying on recommended dosages. This shows the ability
of the closed-loop system to administer the drugs according to the real needs of the patient.
The system also showed its robustness with respect to the use of two different dilutions of
propofol and, most of all, to two different brands of infusion pumps, which is not obvious,
since infusion pumps might have different mechanical characteristics [46] [47]. Further, the
system can seamlessly manage additional boluses performed by the anesthesiologist as per-
formance was not affected by these perturbations (see the results of patients 4, 10 and 11).
In fact, the system allows the anesthesiologist to act as a supervisor, and boluses were used
as preventive measure when particularly painful phases of surgery were expected. From a
control engineering perspective, these boluses should be interpreted as a feedforward action
(performed by the anesthesiologist) that is based on future clinical information that is not
yet available to the controller. They were administered to improve the actions of the control
system and not to compensate for its shortcomings. Indeed, the controller has demonstrated
its effectiveness in rejecting disturbances as shown, for example, in Figure[4.3d]and [4.3f Note
that, in terms of percentage of BIS in the recommended range, the patient that achieved the
better performance was patient 10, who also received an additional bolus of propofol around
minute 25, see Figure [4.5bl The performance comparison between the proposed event-based
controller and the time-based PID controller shows that there are no statistically significant
differences for most of the performance indexes. Indeed, both the techniques obtained re-
markable performance in terms of induction time, lowest BIS, BIS 40-60, MDPE, MDAPE
and WOBBLE. The only exception in the induction phase is propofol dosing. Although the
event-based controller provided a slightly higher propofol induction dose, the dosages pro-
vided by both controllers are both fully compatible with those commonly used in the clinical
practice. For maintenance phase, the event-based controller provided a statistically signifi-
cant reduction in the values of BI.S > 60, TV Propofol and TV Remifentanil, thus improving
the performance both in terms of patient experience and control action. The statistically
significant reduction in the values of TV obtained with the event-based controller shows the
effectiveness of the event-based strategy in reducing the control effort thereby delivering a
control action that is updated far less frequently than that of the time-based controller. This
is the consequence of a strong filtering effect that implies a smoother control action, which
is more similar to that employed by the anesthesiologist in the standard clinical practice. To
further highlight this aspect, the results obtained with the event-based controller and with
the time-based controller are graphically compared in Figure This provides two main
advantages. The first one is that the behavior of the control system is more intuitive for
the anesthesiologist that is supervising the control system because the infusion rate does not
change at each sampling time due to the noise. The second advantage is that the reduced
number and frequency of update commands sent to the pumps can help to overcome problems
related with variable start-up and update delays observed in commercially available infusion
pumps [46] [47]. This explains the differences in the propofol induction dosage and in the
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Patient Id | Age | Height [cm] | Weight [kg] | Gender
1 26 160 56 F
2 71 178 78 M
3 53 173 57 F
4 37 165 61 F
) (0] 166 77 M
6 73 180 90 M
7 46 164 58 F
8 63 185 98 M
9 (0] 175 63 M
10 74 172 100 M
11 62 160 54 F
12 50 178 98 M
13 60 160 72 F
14 34 165 73 F

Table 4.2: Physical characteristics of the patient enrolled with the event-based PID MISO control
scheme.

Type of surgery Patients involved Patients Id
Skin cancer exeresis 7 1,5,6,8,9, 10, 12
Mastectomy 4 3,4,7, 14
Mastoplasty 2 11, 13
Eyelid reconstructive surgery 1 2

Table 4.3: Types of surgery undergone by the patients enrolled with the event-based PID MISO
controller, number of patients involved and patients identifiers.

BIS > 60. Indeed, the event-based controller provides a more consistent infusion of drugs
with a consequent reduced risk of under-dosing, as suggested also by the increased average
values of BIS < 40 and MDPE compared to the time-based controller. Importantly, this
effect is obtained without increasing the average infusion rates of propofol and remifentanil.

4.2 Comparison with manual control

To further validate the applicability to the clinical practice of the event-based MISO con-
trol solution proposed, the results obtained on the 14 patients enrolled in Section have
been compared with those of manually controlled anesthesia. It is important to underline
that this comparative study is not intended to prove the superiority of automatic control
over manual control. On the contrary, it is aimed at evaluating the consistency of the results
obtained with the event-based controller with those commonly obtained in routine clinical
practice. To this end, 14 patients have been enrolled with the clinical protocol for manual
control described in Section Patients data are shown in Table [4.90 The details of the
surgical procedures are shown in Table For the sake of clarity, in the rest of this section
the closed-loop control group will be indicated as (¢) and the manual control group will be
indicated as (m). Both groups comprises elective plastic surgery patients which were enrolled
in the same operating room with the same clinical setting. The Mann-Whitney U test is used
to analyze continuous data while the Fisher’s Exact test is used to analyze categorical data.
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Patient Id | Induction time [min| | Lowest BIS | Propofol dose [mg/kg] | Remifentanil dose [ug/kg]
1 1.17 28 2.20 2.16
2 1.28 26 1.84 1.60
3 0.93 33 1.65 1.79
4 1.38 48 1.89 2.52
5 1.68 45 1.53 1.89
6 3.98 44 1.72 2.50
7 2.51 31 2.10 1.90
8 1.10 47 1.37 2.55
9 3.08 50 2.92 4.18
10 5.05 38 2.17 2.60
11 1.10 40 2.42 4.14
12 5.97 45 2.44 3.43
13 2.58 45 2.04 2.40
14 2.58 42 1.92 1.95
Average 2.39 43 2.02 2.54

Table 4.4: Induction performance indexes obtained for each patient enrolled with the event-based
PID MISO controller.

Patient 1d Duration | BIS 40 — 60 | BIS < 40 | BIS > 60 | Propofol | Remifentanil | T awakening

[min] [%] (%] (%] [mg/kg/h] | [pg/kg/min] [min]

1 51.55 74.89 25.11 0.00 4.64 0.12 5.33

2 138.02 61.99 37.18 0.83 3.53 0.09 12.00

3 198.93 78.26 21.30 0.44 5.12 0.13 7.52

4 181.63 82.01 16.91 1.08 5.02 0.13 6.80

5 145.45 63.46 32.42 4.12 4.34 0.11 8.12

6 65.73 87.30 11.98 0.72 5.22 0.12 12.12

7 208.48 83.10 16.65 0.25 5.00 0.13 7.38

8 72.95 74.90 23.48 1.62 4.30 0.11 9.93

9 38.67 90.23 3.90 5.87 8.67 0.26 12.48

10 90.35 92.89 6.81 0.37 5.48 0.13 8.63

11 114.07 79.79 20.11 0.10 5.10 0.13 6.13

12 94.52 84.31 14.43 1.26 5.59 0.16 6.00

13 87.25 82.99 12.77 4.24 6.39 0.17 12.63

14 207.32 88.46 10.79 0.75 5.81 0.16 8.50
Average 121.07 80.32 18.13 1.55 5.30 0.14 8.83

Table 4.5: Maintenance performance indexes obtained for each patient enrolled with the event-
based PID MISO controller.

Event-based | Time-based | P value
Age [years] 61.0 (27) 56.0 (25) 0.58
Height [cm] 169.0 (14) 165.5 (8) 0.39
Weight [kg] 72.5 (32) 72.5 (31) 0.98
Gender [M/F| 7/7 3/7 0.42

Table 4.6: Demographic data comparison between the patients enrolled with the time-based and
with the event-based PID MISO controller. Age, height and weight are expressed as median (IQR),
gender is expressed as male/female. There are no statistically relevant differences between the two
groups (P > 0.05).
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Figure 4.3: Recorded clinical data of the patients enrolled with the event-based PID MISO con-
troller. From top to bottom: BIS (solid line) and BIS set-point (dashed line); propofol (black) and
remifentanil (red) infusion rates in ml/h; HR; BPs (red), BPy (black) and BP,, (blue). Missing
data were due to temporary issues with sensors reading. Infusion pumps: Alaris GH. Propofol
dilution: 20 mg/ml for patients 1, 2 and 10 mg/ml for patients 3, 5, 6, 7.
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(c) Patient 12

(d) Patient 13

Figure 4.4: Recorded clinical data of the patients enrolled with the event-based PID MISO con-
troller. From top to bottom: BIS (solid line) and BIS set-point (dashed line); propofol (black) and
remifentanil (red) infusion rates in ml/h; HR; BP, (red), BP,; (black) and BP,, (blue). Missing
data were due to temporary issues with sensors reading. Infusion pumps: Graseby 3500. Propofol
dilution: 20 mg/ml. BP were not recorded properly for Patient 13 due to an issue with data

recording.

Event-based | Time-based | P value
Induction time [min| 1.65 (1.92) 1.78 (0.96) 0.08
Lowest BIS 13 (12) 11 (8) 0.28
Propofol dose [mg/kg] 1.98 (0.44) 1.53 (0.69) 0.04*
Remifentanil dose [ug/kg] 2.45 (0.68) 1.69 (0.98) 0.08

Table 4.7: Comparison of the performance indexes for the induction phase obtained with the
time-based and with the event-based PID MISO coniroller. Data are presented as median (IQR).
Statistically significant differences between groups are marked with an asterisk (P < 0.05).
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Figure 4.5: Recorded clinical data of the patients enrolled with the event-based PID MISO con-
troller. From top to bottom: BIS (solid line) and BIS set-point (dashed line); propofol (black)
and remifentanil (red) infusion rates in ml/h; HR; BP, (red), BPy (black) and BPy, (blue). The
vertical black dash-dotted lines are the boluses of propofol. Missing data were due to temporary
issues with sensors reading. Infusion pumps: Alaris GH for patient 4 and Graseby 3500 for pa-
tients 10, 11, 14. Propofol dilution: 10 mg/ml for patient 4 and 20 mg/ml for patients 10, 11, 14.
In patient 4, around minute 110, the anesthesiologist performed a preventive 0.2 mg/kg bolus of
propofol. In patient 10, around minute 25, the anesthesiologist performed a preventive 0.4 myg/kg
bolus of propofol. In both patients the bolus was performed to increase the hypnotic dosage before
the beginning of a phase of strong surgical stimulation. In patient 11, the sudden rise in the values
of the hemodynamics variables around minute 30 was caused by a bolus of etilefrine. In patient 14,
the HR shows a large noise due to the electromagnetic interference produced by the electrocautery
device.
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Event-based Time-based | P value

BIS 40-60 82.50 (12.40) | 85.20 (10.13) | 0.6186
BIS<40 16.78 (11.50) | 1131 (9.50) | 0.1684
BIS>60 0 79 (1.25) 3.60 (2.42) | 0.0054%

Propofol [mg/kg/h] 11 (0.95) 6.26 (3.61) 0.0609

Remifentanil [pg/kg/min] U 13 (0.04) 0.17 (0.13) 0.0809

TV Propofol [mg/s?] 0.0052 (0.0036) | 0.018 (0 0046) <0.0001*

TV Remifentanil [pg/s?] | 0.012 (0.0071) | 0.035 (0.013) | 0.0002%

MDPE [%] -13 (10) 7 (10) 03149
MDAPE [%] 14 (6) 10 (5) 0.3840
WOBBLE [%] 6 (2) 7.2 (4.5) 0.6274
T awakening [min] 7.36 (5.63) 7.51 (2.92) 0.5387

Table 4.8: Comparison of the performance indexes for the maintenance phase obtained with the
time-based and with the event-based PID MISO controller. Data are presented as median (IQR).
Statistically significant differences between groups are marked with an asterisk (P < 0.05).
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Figure 4.6: Graphical comparison between the results obtained with the time-based (green -

Patient 6 of Section and with the event-based PID MISO controller (black - Patient 12).

Propofol and remifentanil infusion rates are expressed in ml/h.




4.2 Comparison with manual control

The threshold for significance is 5%. In the tables the data are shown with median and IQR.
Patients demographic data comparison between the two groups is shown in Table and
there are no statistically significant differences between groups.

The comparison of performance regarding induction is shown in Table The boxplots of
the Induction time, the Lowest BIS and the Intubation time are shown in Figure The
boxplot for the Median HR and the Median BP,, are shown in Figure These latter are
the median values of the two hemodynamic variables calculated in the 5 min that follow the
induction time. As it is possible to observe, there are no statistically significant differences
in the performance indexes for the induction phase with the exception of the Median HR.
In particular, a lower median value of HR is observed in (c) with respect to (m). Although
it is not statistically significant, in (c) also a lower value of Median BP,, is observed, as
shown in Figure These results can be explained by considering the differences in the
clinical protocol used for the two groups. In particular, in (m) anesthesia is induced with
a bolus of propofol and a bolus of fentanyl. In (c) anesthesia is automatically induced by
the event-based MISO controller by using propofol and remifentanil. As it is known in the
literature [128], patients treated with remifentanil show lower values of BP,, and HR with
respect to patients treated with fentanyl. However, these differences are not relevant from a
clinical point of view as, for both groups, the values of BP,, and HR are fully compatible with
those recommended by clinical guidelines. This aspect is further confirmed by the fact that
there are no statistically significant differences in the number of vasopressors administered
in both groups. The absence of statistically significant differences in the Induction time and
Intubation time indicates that the event-based controller is able to well replicate the anes-
thesia induction performed by manual administration of drugs without introducing delays in
the loss of consciousness or in the timing of intubation. Although there are no statistically
significant differences, the boxplot related to the Lowest BIS in Figure shows that (c)
provides a reduced range of values with respect to (m). This can suggest that the event-based
MISO controller can reduce the variability of the effect achieved on the BIS, thus reducing
the risk of inducing excessively deep anesthesia. However, the number of enrolled patients is
too limited to draw definitive conclusions.

The comparison of performance regarding the maintenance phase is shown in Table and
in Figure In this context the median HR and median BP,, are the median values of these
two hemodynamic variables calculated throughout the maintenance phase. There are statisti-
cally significant differences in the BIS 40-60, BIS<40, MDAPE and the number of ephedrine
boluses. The event-based controller achieves higher values of BIS 40-60 (with a consequent
reduction of BIS<40) and a lower value of MDAPE with respect to manual control. This
suggest that the closed-loop system provides values of BIS that are inside the recommended
range for most of the maintenance phase. It is worth noting that this result is achieved with
the same average propofol and remifentanil infusion rates. This suggest that the closed-loop
controller can regulate the drugs infusion rates according to the actual need of the patient.
This is obtained without affecting the hemodynamic stability as suggested by the fact that
there are no differences in the values of Median HR and Median BP,, between the two groups.
With closed-loop control less patients required vasopressors administration, however, this is
not particularly relevant since, often, these drugs are requested by the surgeons to facilitate
hemostasis. Hence, they are not administered by the anesthesiologist to compensate for in-
adequate hemodynamics. It is worth noting that, conversely to what happens for MDAPE,
there are no statistically significant differences for MDPE between the two groups. With both
control strategies negative values of MDPE are obtained. This indicates that the event-based
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Patient Id | Age | Height [cm] | Weight [kg] | Gender
1 66 154 79 F
2 81 165 65 M
3 48 174 74 M
4 46 164 62 F
) 66 153 50 F
6 62 160 56 F
7 63 175 86 M
8 67 165 57 F
9 50 165 83 F
10 40 156 62 F
11 55 178 82 M
12 55 164 64 F
13 68 160 60 F
14 71 170 57 F

Table 4.9: Demographic data of the patient enrolled with manually controlled anesthesia.

Surgery Patients involved Patients Id
Skin cancer exeresis 7 3,4,6,7, 12,13, 14
Mastectomy 5 1,2,5,9, 10
Mastoplasty 1 8
Elettrochemotherapy 1 11

Table 4.10: Types of surgery undergone by the patients enrolled with manually controlled anes-
thesia, number of patients involved and patients identifiers.

controller tends to keep the BIS in the lower part of the recommended range (hence, below
50). This behavior is consistent with the clinical practice and mimics the anesthesiologist way
of manage the BIS, but with a reduced bias and variability. This aspect has been already
pointed out for the time-based PID controller in Section

As regards the awakening time and the extubation time, there are no statistically significant
differences between the two groups. However, the boxplots for these two indicators shown in
Figure indicate that closed-loop control provides a reduced range of values. This suggests
that the time required for the patient to regain consciousness might be more predictable when
closed-loop control is employed. This aspect can be beneficial for the anesthesiologist in the
clinical practice. However, the number of enrolled patients is too limited to draw definitive
conclusions.

(c) (m) P value
Age [years] 61.0 (27) | 64.5 (18) 0.63
Height [cm] | 169.0 (14) | 165.0 (14) | 0.70
Weight [kg] | 725 (32) | 645 (20) | 0.24

Gender [M/F] 7/7 4/10 0.44

Table 4.11: Demographic data comparison between the patients enrolled with the event-based
PID MISO controller (¢) and with manually controlled anesthesia (m). Data are presented as
median (IQR), gender is expressed as male/female ratio. There are no statistically significant
difference between the two groups (P > 0.05).

88



4.3

Comparison with manual control

Table 4.12: Comparison of the performance indexes for the induction phase obtained with the
event-based PID MISQ controller (¢) and with manually controlled anesthesia (m). Data are
presented as median (IQR). There are no statistically significant differences between the two groups

(P > 0.05).

(c) (m) P value
Induction time [min] | 1.65 (1.92) | 1.89 (1.75) 0.85
Lowest BIS 43 (12) 37 (14) 0.17
Intubation time [min] | 4.82 (1.15) | 3.83 (1.93) 0.19
Median HR [bpm] 605 (9) | 705 (14) | 0.008*
Median BP,, [mmHg] 67.0 (20) 76.0 (20) 0.09
Ephedrine bolus [Y/N] 4/10 2/12 0.64
BS episode [Y/N] 0/14 4/10 0.09

Induction time

Intubation time
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Figure 4.7: Bozplots of induction performance indexes obtained with the event-based PID MISO
controller (¢) and with manually controlled anesthesia (m). The red horizontal line indicates the
median. The bottom and the top edges of the blue boxr indicate the 25th and the 75th percentiles,
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4.3 Conclusions
(c) (m) P value
BIS 40-60 82.50 (12.40) | 47.36 (21.83) | 0.0001*
BIS<40 16.78 (11.50) | 45.25 (34.73) | 0.0010%
BIS>60 0.79 (1.25) 3.07 (16.29) 0.0536
Propofol [mg/kg/h] 5.11 (0.95) 5.72 (1.37) 0.2063
Remifentanil [ug/kg/min] | 0.13 (0.04) 0.13 (0.04) 0.5302
MDPE [%] 13 (10) 19 (14) 0.0616
MDAPE [%] 14 (6) 23 (3) 0.0003*
WOBBLE [%) 6(2) 8(2) 0.0797
Median HR [bpm] 56.5 (8) 585 (14) | 0.2789
Median BP,, [mmHg] 71.0 (8) 71.0 (11) 0.3100
Ephedrine bolus [Y/N] 1/13 8/6 0.0128*
BS episode [Y/N] 1/13 5/9 0.1647
T awakening [min] 7.36 (5.63) 6.20 (10.93) 0.6033
Extubation time [min] 8.31 (5.20) 6.98 (9.79) 0.6448

Table 4.13: Comparison of the performance indexes for the induction phase obtained with the
event-based PID MISO controller (¢) and with manually controlled anesthesia (m). Data are
presented as median (IQR). Statistically significant differences between groups are marked with an
asterisk (P < 0.05).

4.3 Conclusions

In this chapter the experimental results obtained with the event-based PID MISO control
system proposed in [99] have been presented. The proposed solution has been developed with
the aim to obtain a drug infusion profile that mimics the behavior of the anesthesiologist and
that is not affected by the noise of the BIS signal. This is the first time that an event-based
control strategy is tested in a clinical experimentation. The experiments were conducted on a
group of 14 patients scheduled for elective plastic surgery. The experimental conditions were
representative of the typical ones that can be found in the routine clinical practice. Indeed,
clinical perturbations due to different brands of infusion pumps, different propofol dilutions
and manual interventions by the anesthesiologist were present. The results obtained show
that the performance of the event-based control system is always consistent with the clinical
practice. In particular, an adequate DoH was induced and maintained while providing a good
hemodynamics stability. The results also show that the design objective of providing noise-
free infusion profiles that mimic those used by the anesthesiologist is achieved. The behavior
of the resulting control system is more intuitive, thus making it easier for the anesthesiologist
to supervise. Moreover, the event-based control action reduces the control effort on the infu-
sion pumps. These aspects represent a step forward for the use of closed-loop control systems
in routine practice.

To better verify and validate this aspect, the results obtained with the event-based PID MISO
control system are compared with those obtained with manually controlled anesthesia. Com-
parison with the manual practice suggests that the system can be well integrated into clinical
practice. In particular, in the induction phase there were no clinically relevant differences be-
tween the two control strategies. This implies that the automatic control can be safely used
instead of the manual infusion of boluses without problems for patient’s safety and without
impacting what is the normal clinical practice. By evaluating some indicators of the main-
tenance phase, it would even seem that the system could improve the clinical performance
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with respect to manual control. However, these observations need to be further verified with
better structured clinical trials on a larger number of patients and also in surgical fields other
than plastic surgery.
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Chapter 5

Model predictive control of
anesthesia

The use of MPC techniques to perform closed-loop anesthesia has been widely investigated,
as described in Section [2.1] This interest is mainly motivated by the possibility to exploit the
PK/PD models in the control system to predict the clinical response to drugs administration.
They also allow for the anesthesia process constraints to be directly embedded into the cost
function that is used to determine the control action. From the clinical point of view, they
are also interesting since they fall in the framework of personalized medicine. Indeed, they
exploit a parameterized patient model based on individual physical characteristics like gender,
weight, height and age to improve the prediction capability.

Most of the approaches proposed in the literature use a state estimator, such as Kalman
filter [129, [130]. However, this might yield to a long settling time. In [131}[132] a piece-wise
linearization of the Hill function is proposed to eliminate the nonlinear component from the
control loop. The control scheme, then, uses a hybrid multi-parametric-MPC (mp-MPC)
approach. The computation of the control signal requires the use of computationally costly
solvers, like multi-parametric Mixed Integer Quadratic Programming (mp-MIQP) or multi-
parametric Quadratic Programming (mp-QP) for a simplified control approach. Another
approach based on a mp-MPC has been proposed in [133][134], where the controller is coupled
with an external estimator exploiting two methods, a Kalman filter and an online/offline
moving horizon, used to address the inter- and intra-patient variability. Additionally, the
inverse of the static nonlinearity is used to linearize the system. This compensation of the
PK/PD model nonlinear element and the application of a linear MPC is also proposed in
[41]. In particular, the Extended Prediction Self-Adaptive Control (EPSAC) algorithm is
used. The proposed controller exploits the clipping technique by limiting the control horizon
up to one sampling instant, with the result of a sub-optimal tuning that yields a sub-optimal
performance. Moreover, due to the clipping technique, the predictive controller does not take
into account constraints when computing the optimal control signal for the process. They
are applied a posterior: when the computed signal violates the saturation limits. The control
system proposed in [67] also uses the inverse of the nonlinear part of the PD model to linearize
the process. Different approaches for propofol dynamics, taking into account a time delay,
are considered. The main issue analyzed concerns the mismatch in time delays between the
model used and the patient. The results obtained from clinical trials show that an MPC-based
system can be effective in DoH control in general anaesthesia. Anyway, it appears that there
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is still the need to provide simple and efficient MPC strategies that can be easily applied in
practice and whose robustness is clearly demonstrated.

In this chapter, a novel control architecture is proposed. The PID-based approach described
in Section is extended substituting the PID controller with a Generalized Predictive
Control (GPC) algorithm to handle all the constraints. The GPC controller is widely used
in many industrial process control applications due to its efficacy and adaptability [135, [136],
but, with respect to the previously mentioned MPC techniques, here the PK/PD model is
applied straightforwardly and it is integrated within the control scheme. In this way, the
complex design of the state estimators is avoided. Consequently, an easily implementable
and efficient solution that achieves a suitable trade-off between the model complexity and
the accuracy of the real patient response approximation is provided. Moreover, the control
system design is based on patient demographic data, that are used to define the model. Indeed,
the linear PK/PD model is obtained separately for each patient, while the Hill function is
compensated by inverting the average model, since it cannot be estimated for each individual.
The linear model is used as a predictor, while a low-pass filter is employed for the attenuation
of the differences between the model and the real patient responses. This filter provides an
extra degree of freedom in the control system and it is designed for performance adjustment.
Additionally, a reference filter leads to the achievement of the desired performance in the
induction phase. Thus, a two-degree-of-freedom controller is obtained [137, 138]. Due to this
configuration, the controller and the filter need a simultaneous co-design, which is performed
using the optimization-based methodology. Then, the robustness of the system is verified
through an extensive inter- and intra-patient variability analysis with the Monte Carlo method
described in Section [2.2.1]

The design of the SISO control scheme for propofol administration is first described and
the results obtained in simulation are presented [105]. Its behavior with respect to BIS
noise is then investigated [106] and the experimental results obtained in an in-vivo study are
presented [107]. The proposed architecture is then extended for the MISO case of propofol
and remifentanil coadministration and simulation results are presented [108]. Finally, the
SISO control scheme is extended by implementing an event-based technique and simulation
results are presented [109].

5.1 Linear SISO MPC for anesthesia process with external
predictor

In this section, a new SISO MPC control system for anesthesia regulation is presented.
The BIS is used as feedback variable and it is controlled through propofol administration.
The proposed control scheme is based on an external predictor that, by exploiting the PK/PD
model of propofol, compensates for the process nonlinearity and increases the system robust-
ness by means of an additional filter. The performance of the developed control scheme is
evaluated through an extensive simulation study, which considers inter-patient and intra-
patient variability by applying a Monte Carlo technique. The obtained results show that the
proposed methodology is effective in both the induction and maintenance phases.
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5.1 Linear SISO MPC for anesthesia process with external predictor

5.1.1 Control system architecture

The proposed control structure is shown in Figure It embeds the PK/PD model and
compensates for the effect of its nonlinear part by inverting the Hill function. The computation
of GPC internal matrices is performed by taking into account the nominal linear part of the
Schnider model, that depends on patient physical characteristics. In this way the demographic
data of the patient, which are easily measurable, are embedded into the used model. In Figure
[5.1] the true patient model is represented with its linear part P and with its nonlinear part
H. However, in practice, exact values for these two components are unknown and need to
be calculated with an inaccurate PK/PD model. For this reason, in the control structure
these elements are referred to as P and H for the linear and the nonlinear part, respectively,
in order to distinguish them clearly from the real ones. As already mentioned, P can be
obtained for each patient based on their demographic data. Conversely, since H can not be
obtained for each patient, its value is computed by taking into account the average values
of Vanluchene shown in Table The Ey parameter can be measured before the induction
phase and the actual value can be used for each patient. The P block input signal wu(t)
represents the propofol infusion rate and its output is the estimated effect site concentration
C.(t) of the patient. To compensate for the nonlinear behavior, the inverse of average Hill
function H~? is introduced and defined as:

- E—E,
H'=cC., ¢ =
c0 \/EO —F - E"maat7

where E is the current BIS signal value. In the nominal case, when there are no modelling
errors and uncertainties between the model and the patient, (namely, P=Pand H=H ), the
architecture can be converted to a linear control system of the linear component of PK/PD
model. In the resulting control scheme, w(t) is the filtered value of 7(t), which is the reference
value of the effect site concentration that reflects the desired BIS reference r(t). The #(¢) value
is computed using H~' that relates the BIS and the estimated effect site concentration Cl(t)
of the patient. Therefore, in the nominal case, C,(t) = C.(t) and the resulting feedback signal
is equal to C~’e(t). This only changes when the controlled process output is affected by the
disturbances d(t). In practice, model uncertainties are unavoidable, in particular those related
to the static nonlinearity in the Wiener model. This is because it is virtually impossible to
know the exact values of the parameters a priori. Additionally, the linear component of
the PK/PD model has uncertainties owing to model inaccuracy and parameters variability.
For this reason, the 6(t) signal will be used to compensate differences related to modelling
uncertainties and for the disturbances induced by surgical stimuli. The contribution of (t)
depends on the error between the estimated effect site concentration Ce(t) and the effect site
concentration C, (t) calculated with the BIS signal via the average Hill function inversion. In
this way, the w(t) signal is used as the reference for the GPC controller, while the controlled
variable is (), containing information about patient model mismatch and disturbances (the
feedback signal). The resulting contribution of the 6(t) signal is attenuated by the Fy filter,
placed in the feedback loop, which reduces the effect of uncertainties and disturbances on
the GPC controller and simultaneously guarantees a zero steady-state tracking error. The Fy
filter will affect directly the response of the control signal to the disturbances and to the model
uncertainties. Moreover, it will provide additional robustness since filtered disturbances are
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introduced into the control loop. It has been selected F}; as a first-order low-pass filter:

1

Fa(s) = ma

(5.1)
Additionally, in order to build a two-degree-of-freedom scheme, the F.. filter is used to achieve
the desired set-point response, where the controller focuses on the disturbance rejection task.

The F, transfer function is:
1

BO) =75
T

The resulting control system needs to be tuned with the typical two-degree-of-freedom method-
ology, where the controller and the Fj filter are first tuned by focusing on the disturbance
rejection performance (maintenance phase). Then, F, is adjusted to obtain the desired per-
formance for the reference tracking task (induction phase). An additional aspect to be con-
sidered concerns the minimum and maximum admissible infusion rates. The minimum value
is 0 mg/s. The upper limit of the infusion rate has been set at 6.67 mg/s for the induction
phase and at 4.00 mg/s for the maintenance phase. This latter value represents the maxi-
mum infusion rate typically used during a bolus in the maintenance phase when anesthesia
is manually administered. The choice of using two different upper limits for the two phases
of anesthesia is therefore in accordance to the clinical practice.

As it is well known [135], GPC consists of applying a control sequence that minimizes a
multistage cost function of the form:

(5.2)

N Ny
T =Y [t 441t —wt+ )2+ > MAu(t+j — 1), (5.3)
Jj=N1 J=1

where g(k + j|t) is an optimal system output prediction sequence performed with known data
up to discrete time ¢, Au(t + j — 1) is a future control increment sequence obtained from
cost function minimization with A = (1 — 27!), N; and N are, respectively, the minimum
and maximum prediction horizons, IV, is the control horizon and A weights the future control
efforts (with respect to the tracking errors) along the horizon. The horizons and weighting
factor are design parameters used as tuning variables. The reference trajectory along the
prediction horizon is represented by w(k + 7) [135]. In the j-step ahead prediction of
system output with data up to time ¢, g(k + j|t), is computed using the following model
representation [135]:
A(z"HYg(t) = B(z"Hu(t — 1) + e(At), (5.4)
where A and B are adequate polynomials in the backward shift operator z~! and e(t) is a
zero mean white noise that is set equal to zero. The prediction equation in vectorial form can
be expressed as:
y = Gu+f, (5.5)

where y are the future process outputs, G is the dynamics matrix, u are the control signal
values (decision variable) and f are the values of the free response of the process.

The predictive controller can handle the constraints in the optimization procedure. It is an
important feature from a practical point of view since all limitations are considered in the
computed control signal. This can be beneficial for the achievable performance. The limita-
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tions of the control signal are included into the optimization procedure. For this purpose, the
saturation limits, tmin < u(t) < Umae can be expressed as a function of inequalities on the
control signal increments:

lumin < TAu+u(t — 1) < lupmaz.

where T is N x N lower triangular matrix of ones, 1 is a 1 x N vector of ones. The slew-rate
constraints are imposed directly on the control signal increments vector Awu. In this case, the
constraints can be expressed through the inequality Aupin < u(t) —u(t —1) < Atpgq. Asin
the previous case, this can be rewritten in vectorial form as:

IAUpin < Au < IAUmam;

The slew-rate constraints are also adjusted depending on the anaesthesia phase. In particular,
—1 < Au < 1 mg/s is considered for the induction phase, and —0.4 < Au < 0.4 mg/s is
considered for the maintenance phase. In order to obtain the desired behavior of the manip-
ulated variable, it is also necessary to introduce additional constraints for the maintenance
phase. In particular, if the sum of Aw in the last 5 samples is greater than 0.5 mg/s, then
the maximum allowed decrement of the manipulated variable (for the next calculation) is set
t0 Atmin = —0.1 mg/s. This compensates for positive disturbances preventing the controller
output to decrease too fast. Additionally, if the BIS value is lower than the reference, then
the maximum allowed increment of the manipulated variable is set to Aupq, = +0.1 mg/s.
In this way, when there is a negative disturbance, the manipulated variable is forced to stay at
low levels until the BIS reaches the reference. These constraints can be expressed, in general,
as RAu < ¢ where:

Inxn 1A U in
_ —Inxn P —1AUaz
R = T €= Wmae — lu(t — 1)
-T —lumin + lu(t — 1)

where Inyxy is the identity N x N matrix. Finally, the QP optimization problem can be
stated as:

1
J(u) = iuTHu +bTu+ £y,

subject to:
RAu < c,

where H = 2(GTG + \I), b? = 2(f — w)TG, fy = (f — w)T(f — w) and w is the vector of
reference signals [135].

In order to obtain the performance that satisfies the clinical requirements, all the tuning
parameters need to be adjusted to handle the set-point following and disturbances rejection
tasks. Usually, the effective disturbance rejection in GPC algorithm requires an aggressive
tuning of the controller [139], that might result in an undesired undershoot in the reference
tracking performance. This requires to handle the set-point following and disturbance rejec-
tion tasks separately. Therefore, tuning is divided into two phases. First, the GPC controller
is tuned by considering also the Fy filter and introducing the disturbance modelled as a two
steps (one positive and the other negative) signal [138]. At this stage, the following param-
eters are obtained: N, N,, A, and Ty, which are, respectively, the prediction horizon, the
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Figure 5.1: Schematic representation of the SISO MPC control system with the external predic-
tor.

control horizon, the control signal weighing factor and the Fj filter time constant. Following
the optimization-based approach presented in Section|2.2.1} the optimization problem is
solved by means of GA with a population size of 40 elements and by stopping the optimization
when the relative change in the cost function value over the last 50 iterations is less than 0.001.
The IAE is obtained by simulating the response to the double-step disturbance profile shown
in Figure Then, the F,. filter time constant T, is determined by considering the already
tuned GPC, but focusing only on the set-point response. Also in this case, the value of T, is
determined in order to minimize the worst-case IAE value in the set-point step response that
is simulated by applying a set-point change from the initial BIS value to the desired hypnosis

level of BIS = 50. The controller parameters obtained from the optimization procedure are:
N=27 N, =7, A=16,T; =22.7sand T, =224 s.

5.1.2 Simulation results

The controller performance is analyzed in simulation both for the induction and mainte-
nance phases. As regards the induction phase, a set-point change from the initial BIS value to
the desired hypnosis level of BIS = 50 is performed. As regards the maintenance phase, the
double-step disturbance profile shown in Figure is applied. The controller performance
is first analyzed on the tuning dataset shown in Table As a first illustrative example,
patient 13 is considered. Note that, since the Hill function parameters are not known and
its average values are employed, there is a mismatch in the nonlinear element of the model
that is used in the external predictor and the one that represents the virtual patient. Results
are shown in Figure It is noticeable that the performance achieved meets all the clinical
requirements. In fact, the BIS level attains the set-point reference without undershoot and
within the desired settling time. The numerical performance evaluation for the average pa-
tient is shown in Table In this case, the T'T is equal to the ST10 index, which means that
the BIS signal does not exceed the 45 and 55 thresholds and BIS-NADIR indicates that there
is no undershoot. Considering the disturbance rejection task, during the maintenance phase,
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it is possible to see that the control action increases to compensate the first (positive) step in
order to decrease the DoH of the patient and vice versa with the second (negative) step. The
controller response for this task is much more aggressive compared to the set-point tracking
one (see Figure , because a fast rejection of the disturbances is required. The indexes for
each disturbance step are summarized in Table The settling times TTn and TTp meet
the clinical practice requirements, since the controller action yields a fast disturbance rejec-
tion without excessive undershoot and overshoot in the BIS level, as proved by BIS-NADIRp
and BIS-NADIRn. The TTn value is higher than TTp because of the lower saturation limit
of the pump. In fact, when a negative step disturbance occurs, the controller has to decrease
the infusion in order to increase the DOH of the patient, but the lower infusion limit is zero.
Therefore, the BIS level increases naturally, which implies a higher settling time.
Robustness is a critical issue for MPC approaches because model uncertainties can result in a
significant performance deterioration or event instability. In order to validate the robustness
to inter-patient variability, the same tests performed on the average patient 13 have been
repeated for all the patients of the tuning dataset. Note that, also in these tests, the hypoth-
esis of perfect knowledge of the linear part of the process model is applied (]5 = P) but the
average Hill function is used in the controller instead of the actual patient’s one (H # H).
The process outputs and the control actions for the induction phase are shown in Figure
It can be observed that the BIS signals are very similar: all the patients enter the BIS
range from 40 to 60 in the required time interval and all settle at the established reference in
comparable times. The transient responses are very similar.

The performance indexes for the analyzed cases are shown in Table and they are referred
to as “A”. They are compared with the results obtained with the model-based PID control
scheme presented in Section which is referred to in Table as scheme “B”. From
the comparison, it appears that the MPC system outperforms the PID-based control system,
obtaining lower values of T'T, TS10 and TS20, which implies a faster response. For exam-
ple, the MPC-based scheme improves the average value of TT of about 21% with respect to
the PID-based scheme. In addition, the average BIS-NADIR value is 48.22 with standard
deviation of 3.38, which is comparable with the PID-based controller. Then, the proposed
approach has been compared with previously developed MPC systems. In particular, the
methods presented in [41] and [132] has been considered, since both use the same tuning
dataset for performance evaluation. In [41] the reported results for the MPC control strategy
(in this case the EPSAC algorithm is used) show an average TT of 1.8 min, which is 28%
larger than the average T'T obtained by the approach proposed in this paper. In addition,
the ST10 index reported in [41] has a value of 2.05 min, in contrast to 1.66 min obtained
by the control scheme proposed here, with an average BIS-NADIR index of 48.06. Finally,
the average ST10 reported in [132] is around 4 min, which is higher than the one obtained
with the proposed method. The control system robustness to inter-patient variability is also
verified for the disturbance rejection test. In Figure the response to the disturbances
is shown for each patient, while the corresponding performance indexes are shown in Table
The obtained results meet all the clinical requirements. Comparing the obtained results
with those reported in Section [2.2.2] it can be seen that both control systems have a similar
performance for the positive disturbance step. However, the situation changes when the neg-
ative disturbance step occurs. In this case the proposed control scheme is significantly faster
(about 25%) than the PID-based scheme, yet it obtains similar overshoot values.

To further validate the controller robustness to inter-patient variability the method described
in Section has been applied. The parameters of the Hill function have been generated
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by considering the statistical properties given in [28]. As in the previous case, P is fixed
equal to P and H is chosen as the average Hill function. The results of the induction phase
are shown in Figure while those of the maintenance phase are shown in Figure
The corresponding indexes are shown in Tables and Note that two patients have an
undershoot that exceeds the lower limit of 40. The problem is not relevant, as the excessive
undershoot is minimal, reaching a BIS of 38 and 39 respectively. The simulated results show
that the control system is robust with respect to the inter-patient variability and the clinical
specifications are always met.

In the previous tests a perfect knowledge of the linear part of the patient model has been
assumed, because the objective was to test the robustness of the controller over a wide popula-
tion. The robustness of the controller against the mismatches of the linear part of the model,
that is, against intra-patient variability has also been tested. To simulate this variability, the
method described in Section has been applied with the statistical properties of the PK
model given in [25], and for each of the perturbed models the response to disturbance has
been simulated. In particular, for each patient of the tuning dataset, P is calculated on the
basis of the average parameters values and P is generated by using their statistical distribu-
tions. The responses of the average patient 13 for the induction phase are shown in Figure
and the corresponding performance indexes are summarized in Table Despite the
intra-patient variability, the set-point response is always satisfactory and the clinical speci-
fications are always met. The results of this study, considering all the other patients, can
be seen in Figure The results of the maintenance phase of the average patient 13 are
shown in Figure and the performance indexes are shown in Table while the results of
all the patients are shown in Figure It appears that the specifications are also met in the
presence of intra-patient variability.

The proposed method has also been evaluated with two different disturbance profiles, denoted
as [ and II, which have been previously used, respectively, in [43] [44] and [132] [134] [140].
They are shown in Figures[1.7] and Analyzing the results obtained with the disturbance
profile I, which are shown in Figure[5.8a) it is possible to observe that the controller provides
a fast disturbance rejection as the BIS remains for a most of time at the desired level. Indeed,
the BIS begins to reach the reference immediately after the step disturbance (A). The same
happens for the last part (C) of the disturbance profile, resulting in a very small undershoot.
The results with the disturbance profile I are shown in Figure [5.8bl In this case too the
proposed control scheme obtains satisfactory results, handling properly all surgical stimuli.
Note that the stage C in this disturbance profile provides a very challenging situation for the
controller, since the absolute change in the disturbance is equal to 40. However, the proposed
control system reacts very quickly and does not allow the BIS signal to exceed the set-point
plus disturbance value. With these test scenarios it is confirmed that the proposed control
system provides a reliable and robust solution for the DoH control in the anaesthesia process.
All simulations have been performed in Matlab 2017a on a 64-bit PC platform (Intel i7 2.4
GHZ, 8 GB RAM) running Microsoft Windows 10. The formulated optimization problem
has been solved online using classical QP from Matlab Optimization Toolbox. The average
computational time required for the control signal calculation is 19 milliseconds.
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Figure 5.2: Response obtained for the thirteenth patient of the tuning dataset using the SISO
MPC control system.

TT [min] | BIS-NADIR | ST20 [min] | ST10 [min]
1.37 50.00 1.18 1.37

Table 5.1: Induction phase performance indezes obtained with the SISO MPC control system on
the thirteenth patient of the tuning dataset.

TTp [min] | BISSNADIRp | TTn [min] | BIS-NADIRn
0.33 50.00 0.78 50.00

Table 5.2: Maintenance phase performance indexes obtained with the SISO MPC control system
on the thirteenth patient of the tuning dataset.
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Figure 5.4: Responses obtained with the SISO MPC control system on the population of 500
patients used to simulate inter-patient variability.
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Patient | Scheme | TT [min] | BIS-NADIR | ST20 [min] | ST10 [min]

) A 1.27 49.89 1.08 1.27

B 1.63 49.55 1.32 1.63

) A 1.15 41.60 1.05 2.33

B 1.38 48.29 1.25 1.38

5 A 1.75 50.00 1.40 1.75

B 2.01 49.90 1.70 2.01

A A 1.25 50.00 1.29 1.25

B 1.60 49.72 1.07 1.60

- A 1.07 44.86 0.95 1.95

B 1.33 49.20 1.09 1.33

6 A 1.90 50.00 1.50 1.90

B 2.21 49.91 1.80 2.21

- A 1.68 50.00 1.27 1.68

B 1.96 49.76 1.54 1.96

; A 1.27 4951 1.12 1.27

B 1.60 49.88 1.37 1.60

; A 1.12 41.01 1.05 2.28

B 1.33 44.71 1.23 2.01

0 A 1.92 50.00 1.38 1.92

B 2.30 49.89 1.68 2.30

0 A 1.35 50.00 1.03 1.35

B 1.65 49.54 1.22 1.65

I A 1.20 50.00 0.98 1.20

B 1.48 49.44 1.14 1.48

3 A 1.37 50.00 1.18 1.37

B 1.72 49.75 1.44 1.72

A 1.41 48.22 1.16 1.66

mean B 171 49.19 1.39 1.76

e A 0.30 3.38 0.17 0.40

aev B 0.42 1.99 0.23 0.30

. A 1.92 50.00 1.50 2.33

: B 2.30 49.91 1.80 2.30

. A 1.07 41.01 0.95 1.20
min

B 1.33 44.71 1.09 1.33

Table 5.3: Performance indezxes for the induction phase obtained for each patient of the tuning
dataset, where A is the SISO MPC control system, and B is the PID-based control system from

Section .
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Patient | Scheme | TTp [min] | BIS-NADIRp | TTn [min| | BIS-NADIRn
1 A 0.40 50.00 0.98 49.99
B 0.42 50.02 1.26 50.03
9 A 0.28 50.00 0.75 50.46
B 0.29 49.84 0.97 50.08
3 A 0.37 50.00 0.77 50.00
B 0.39 50.02 1.00 50.05
4 A 0.37 50.00 0.85 50.00
B 0.38 50.01 1.00 50.05
5 A 0.33 50.00 1.02 50.00
B 0.36 50.00 1.37 50.03
6 A 0.38 50.00 0.77 49.99
B 0.41 50.02 0.97 50.05
7 A 0.42 50.01 0.92 49.98
B 0.45 50.02 1.15 50.03
3 A 0.33 50.00 0.78 50.00
B 0.36 50.02 0.93 50.06
9 A 0.27 49.63 0.70 50.42
B 0.28 50.02 0.86 50.08
10 A 0.50 50.02 0.98 49.93
B 0.53 50.02 1.24 50.02
1 A 0.50 50.05 1.22 49.93
B 0.53 50.01 1.53 50.00
12 A 0.40 50.01 1.08 49.99
B 0.43 50.00 1.38 50.02
13 A 0.33 50.00 0.78 50.00
B 0.36 50.02 0.97 50.06
mean A 0.38 49.98 0.89 50.05
B 0.40 50.00 1.12 50.04
std.de A 0.07 0.10 0.16 0.17
o B 0.08 0.05 0.21 0.02
e A 0.50 50.05 1.22 50.46
' B 0.53 50.02 1.52 50.08
min A 0.27 49.63 0.70 49.93
' B 0.28 49.84 0.86 50.00

Table 5.4: Performance indexes for the maintenance phase for each patient of the tuning dataset,
where A is the SISO MPC control system, and B is the PID-based control system from Section
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TT [min] | BIS NADIR | ST10 [min] | ST20 [min]
mean 1.46 49.16 1.18 1.51
std.dev 0.21 1.91 0.13 0.29
min. 0.98 37.64 0.88 1.08
max. 2.03 50.00 2.43 2.87

Table 5.5: Induction phase performance indexes obtained with the SISO MPC control system on
the population of 500 patients used to simulate inter-patient variability.

TTp [min] | BIS-NADIRp | TTn [min] | BIS-NADIRn
mean 0.37 49.91 0.89 50.21
std.dev 0.05 0.34 0.08 0.26
min. 0.25 47.24 0.70 50.00
max. 0.60 50.00 1.13 51.45

Table 5.6: Maintenance phase performance indexes obtained with the SISO MPC control system
on the population of 500 patients used to simulate inter-patient variability.

TT [min] | BIS-NADIR | ST20 [min] | ST10 [min]
mean 1.40 49.57 1.17 1.39
std.dev 0.11 0.88 0.05 0.12
min. 1.17 44.10 1.02 1.15
max. 1.90 50.21 1.40 2.17

Table 5.7: Induction phase performance indexes obtained with the SISO MPC control system on
the 500 perturbed models generated starting from the nominal model of the thirteenth patient of
the tuning dataset to simulate intra-patient variability.

TTp [min] | BIS-NADIRp | TTn [min] | BIS-NADIRn
mean 0.39 49.98 0.78 50.04
std.dev 0.02 0.07 0.04 0.05
min. 0.33 49.74 0.67 49.93
max. 0.45 50.20 0.90 50.31

Table 5.8: Maintenance phase performance indexes obtained with the SISO MPC control system
on the 500 perturbed models generated starting from the nominal model of the thirteenth patient
of the tuning dataset to simulate intra-patient variability.
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Figure 5.5: Responses obtained with the SISO MPC control system on the 500 perturbed mod-
els generated starting from the nominal model of the thirteenth patient of the tuning dataset to
stmulate intra-patient variability.

5.2 Handling measurement noise

From the results obtained in Section it appears that the SISO MPC control system
is able to provide a satisfactory performance, that is, to meet the clinical requirements.
However, the BIS signal used as a feedback measure is affected by a strong noise that needs
to be considered in the control algorithm [142]. Despite this, the noise handling issue in
the anaesthesia process is frequently treated as a secondary problem or even neglected during
the control system design. However, it is well known that the process noise, if not properly
handled, can lead to severe performance degradation or even to controller instability. Bearing
in mind the previously mentioned aspects, this section is dedicated to analyze the performance
of the SISO MPC control system for propofol anaesthesia affected by the process noise. The
main goal of this study is to provide a quantitative measure that reflects the performance
degradation due to the noise presence when compared to the noise-free case. The original
structure is here extended with a suitably designed additional low-pass filter that attenuates
the process noise. The system has been tested by using both white noise and real process
noise that reflects not only the noise related with signal acquisition process, but also other
unmeasurable interferences and disturbances. Furthermore, the use of different sampling
periods for the feedback controller has been analyzed. The evaluation is made in simulation
using widely accepted performance indexes.

5.2.1 Control system architecture

The considered control structure is shown in Figure It is based on that shown in
Figure Here, the noise component n(t) in the BIS feedback signal is also considered.
Analyzing the real BIS signals obtained from clinical data provided by the Spedali Civili di
Brescia Hospital it was obtained that its power spectral density (PSD) has the average value
of 39.3392 [95]. An example of the BIS signal from the real clinical data is shown in Figure
From the signal processing point of view, this high measurement noise can be attenuated
through a filter added a posteriori, which is designed to reduce the noise dominant frequencies
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Figure 5.6: Induction phase responses obtained with the SISO MPC control system on the 500

perturbed models generated starting from the nominal model of each patient of the tuning dataset
to simulate intra-patient variability.
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Figure 5.7: Maintenance phase responses obtained with the SISO MPC control system on the
500 perturbed models generated starting from the nominal model of each patient of the tuning
dataset to simulate intra-patient variability.
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Figure 5.8: Responses to disturbance profiles obtained with the SISO MPC control system on the
thirteen patients of the tuning dataset.

and pass others in interesting bandwidth. To this end, the original scheme has been extended
with the F), filter that is a first-order low-pass filter:

1

Fals) = 757
»

(5.6)
where T,, represents its time constant. As it can be observed, F), affects the control loop
dynamics and the overall accuracy of the control system. For example, it might result in a
sluggish response or there can be robustness issues due to the changes in the control loop
dynamics. For this reason, T}, needs to be properly adjusted among other design variables
in the control system tuning procedure. Hence, the proposed control system requires the
tuning of the GPC controller parameters N, N, and A, as well as of the proposed filters
parameters, T, T; and 7T,,. In the analyzed system, the performance in the induction phase
is mainly limited by the F, filter time constant 7, and for comparison purposes the value
T, = 22.4 s proposed in Section is used, that is fixed for all the tested configurations.
In this way, it is assured that the resulting changes in the control system performance are
directly linked to the effect of the noise. The remaining tuning parameters are obtained by
using the optimization-based approach presented in Section But here, the optimization
problem is rewritten as:

min IAE, (5.7)

where 0 is the vector of PID tuning parameters. Hence, it is a minimization problem of the
IAE for a specific patient and it is solved only for the average patient of the tuning dataset.
The ITAE is obtained by simulating the response to the double-step disturbance profile shown in
Figure Additionally, additive white Gaussian noise with the determined PSD and a noise
amplitude of +2.5 is considered. The optimization is repeated for different sampling periods
(namely 1, 2, 5 and 10 s) to test how this factor influences the control system performance in
the presence of noise. In this way, the noise issue can be handled by the whole control system
and not only by the specific filter. The optimization problem has been solved by means of
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Figure 5.9: Schematic representation of the SISO MPC control system with the additional filter
I, for noise attenuation.

Tm | N | Nu X Ta Tr | Tn
T | 27| 7 1.60 227 | 224 -
I |21 2 1143 | 47.33 | 22.4 | 24.64
2 |15 | 19 | 1027 | 5436 | 22.4 | 16.63
5 | 15 | 18 | 100.80 | 32.59 | 22.4 | 57.66
10 | 13 | 5 | 9466 | 63.37 | 22.4 | 86.99

Table 5.9: Tuning parameters of the SISO MPC control system obtained for different sampling
periods T, .

GA with a population size of 40 elements and by stopping the optimization when the relative
change in the cost function value over the last 50 iterations is less than 0.001. As a result,
the tuning parameters values that are summarized in Table have been obtained. The
determined set has been compared to the optimal tuning for analyzed control architecture for
the noise-free configuration with a sampling period of 1 s (shown as 1,,f).

5.2.2 Simulation results

The obtained tuning parameters for different sampling periods have been evaluated on the
tuning dataset shown in Table However, it needs to be highlighted that during the tuning
optimization procedure only the average patient has been used. Due to this, the performed
simulations shows how the analyzed control scheme responds to the inter-patient variability
simultaneously considering noise issues. The simulation scenario consists of a step change
in the BIS reference from 100 to 50 at time 0, representing the induction phase. Once the
induction phase target is achieved, the maintenance phase starts. In this phase the response
of the system to disturbances represented as the double-step signal shown in Figure is
evaluated. During the simulation, additive white Gaussian noise is used to replicate the actual
measurement noise. As an example, the result obtained for T, = 1 s is shown in Figure
It can be observed that, for this configuration, the control system provides a satisfactory
performance for both the induction and maintenance phases, despite the presence of noise.
Moreover, the control architecture adequately handles the inter-patient variability providing
the necessary robustness to model uncertainties. Additionally, to show the influence of the
sampling period, the same simulation is performed for T, = 5 s and the obtained results
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Tm | TT [min] | BIS-NADIR | ST20 [min] | ST10 [min]
lng 1.41 48.22 1.16 1.66

1 1.78 45.05 1.65 2.60

2 1.37 41.34 2.02 3.17

5 1.78 38.28 3.15 5.85

10 1.28 20.58 7.34 9.70

Table 5.10: Average induction phase performance indexes obtained with the SISO MPC control
system on the tuning dataset when white noise is considered.

Tm | TTp [min] | BIS-NADIRp | TTn [min] | BIS-NADIRn
1oy 0.38 49.98 0.89 50.05

1 0.72 47.19 1.30 52.34

2 0.88 47.07 1.14 51.98

5 1.22 45.01 1.29 56.85

10 0.95 43.68 1.36 53.44

Table 5.11: Average maintenance phase performance indexres obtained with the SISO MPC
control system on the tuning dataset when white noise is considered.

are shown in Figure For this case, the control system needs slightly more time to
reach the desired BIS zone for the induction phase. Regarding the maintenance phase, it
can be observed that the disturbance compensation is similar to the previous case where
T,, = 1 s was used. The performance evaluation for the induction phase, using the previously
defined indexes, is summarized in Table where the average values for all 13 patients are
considered for all the tested sampling periods. For comparison purposes, the performance
obtained for a noise-free case using the same control architecture with 7,, = 1 s is also
included and marked as 1,f. The obtained values indicate that sampling periods between
1 and 5 s are acceptable from the performance point of view. Moreover, the performance
evaluation for the maintenance phase is shown in Table A performance degradation
is also visible for this phase, obtaining the lowest performance for the configuration with
T, = 10. From the obtained results, it can be determined that the noise issue can be handled
properly in the analyzed control scheme. However, the performance degradation is visible
and grows when the sampling period increases. The response of the analyzed control system
to real noise signal is shown in Figure where the simulations considers also the step
disturbances in the maintenance phase. As in the previous case, the obtained performance
meets the requirements. It appears that the process noise can be properly handled by the
control system if it is explicitly taken into account during the design stage. This property is
especially important in the MPC-based control scheme, due to known sensibility to process
noise that frequently results in a poor robustness of the controller. However, in the analyzed
case, the increased robustness to the noisy BIS signal comes at the expense of the performance
degradation.

5.3 Linear SISO MPC: experimental results

In this section the experimental results obtained with the proposed MPC control strategy
are presented. This is a preliminary study that aims to verify the consistency of the results
obtained in simulation. To this end, the SISO MPC control system for the administration of
propofol only is first considered. The original control structure, which have been extensively
discussed in Section [5.1] is adapted to implement it in the control algorithm. In particular, to
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deal with the noise affecting the real BIS signal, the control structure with the additional fil-
ter presented in Section [5.2 have been considered. The control structure has been discretized
with a sampling period of 1 s. Thus, the tuning parameters shown in Table correspond-
ing to the sampling period of 1 s have been here considered. As already done for the PID
controller in Section also here the control signal has been down-sampled by updating
the infusion rate every 5 s. The value sent to the pump is calculated as the mean of the last
5 values of the control action. The Alaris GH syringe pumps have been used as actuators.
The MPC controller is then implemented in the control software described in Section
The clinical protocol employed is the same described in Section except for the fact that
here the remifentanil infusion rate is manually regulated by the anesthesiologist by means of
the specific text box placed in the “Manual Control” box on the GUIT (see Section. The
remifentanil infusion rate can be freely chosen by the anesthesiologist and it can be changed
at any time during the experiment. Moreover, anesthesia is induced automatically by the
SISO MPC controller as regards propofol infusion, while for the analgesic component a 1-2
ug/kg bolus of fentanyl is manually administered. It is worth noting that even though the
controller parameters remain the same for both the induction and maintenance phases, the
constraints posed in the optimization problem of the GPC controller change, as described in
Section For this reason it is still necessary to change the mode of the control system.
The same automatic switching mechanism described in Section [4.1.1]is employed for this pur-
pose.

Four patients undergoing general anesthesia for elective plastic surgery have been enrolled
in the experiment, their demographic data and the type of surgical procedure are shown in
Table The individual records of the clinical variables of interest are shown in Figures
The values of the performance indexes related to the induction phase are shown in Table
The controller provided a fast induction of anesthesia. For all the patients, anesthesia
was induced in less than 2 min, which is a time interval comparable with that obtained by
using a bolus. This was paid at the cost of a slight undershoot of the BIS, as highlighted from
the value of the Lowest BIS. However, it is worth stressing that this undershoot did not
cause any clinically relevant consequence on the hemodynamic variables. Indeed, BP and HR
remained within clinically recommended ranges. Moreover, the administered propofol dose in
induction varies from 1.91 mg/kg to 2.52 mg/kg and they are fully compatible with those of
the clinical practice. To better highlight the behavior of the controller in the induction phase,
the values of BIS and infusion rates during the first 10 min are shown in Figure It is
worth noting that the controller automatically performs an induction bolus of propofol. The
values of the performance indexes relative to the maintenance phase are shown in Table [5.14]
The controller was able to keep the BIS inside the recommended range from a minimum of
58% to a maximum of 75% of the maintenance time. The MDAPE values indicate that the
control inaccuracy remains below the threshold of 20% of the BIS target value. This means
that the median absolute BIS value is inside the recommended range from 40 to 60. The
MDPE values indicate that the obtained BIS has a negative bias with respect to its target
value. This means that the controller tends to keep the BIS below 50. However, MDPE
remains above the threshold of -20% of the BIS target value. This means that the median
BIS value is above 40. By analyzing the values of BIS < 40, it appears that, when the BIS is
not in the recommended range, it is, for the most part, below 40 and not over 60. This is a
sensible behavior because it prevents the risk of intra-operative awareness. However, this is
not obtained by overdosing the patients as indicated by the propofol maintenance dose that
is, in each patient, below that normally used in the clinical practice of 6 mg/kg/h. It is worth
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Patient | Age | Height [cm| | Weight [kg] | Gender Type of surgery
1 44 170 70 F Breast mastectomy and mastoplasty
2 63 165 90 F Skin cancer exceresis
3 21 180 61 F Burned tissue escharatomy and microsurgical flap
4 64 165 60 F Lipoma removal

Table 5.12: Demographic data and type of surgery undergone by the patients enrolled with the
SISO MPC control system.

stressing that the remifentanil maintenance dose is shown in Table but it is not managed
by the controller, indeed it is manually regulated by the anesthesiologist. As regards the
emergence phase, the awakening time was short for all the patients enrolled and it was fully
compatible with the clinical practice.

Anesthesia was automatically induced and maintained for all the patients without the need of
anesthesiologist interventions. Only in patient 3 the anesthesiologist performed an additional
bolus of propofol around minute 62 as a preventive measure for a particularly painful part
of surgery on burned tissues. It is worth noting that the controller performance was not
affected by this manual intervention. The hemodynamic variables remained stable for patient
1 and patient 3. In Patient 2 there was a rise of BP around minute 62 in response to painful
stimulation. In patient 4 the sharp rise in the value of BP around minute 45 was caused by
the administration of ephedrine to treat low BP.

In patient 1 an oscillatory behavior of the BIS is observed. However, oscillations remained
bounded as indicated by the WOBBLE, which is 12% of the BIS target value, and they did
not cause any significant consequences from a clinical point of view. In patient 2 the pro-
longed undershoot of the BIS that occurred after induction was due to the rejection of a rise
in the BIS signal that occurred around minute 3 due to intubation. Then, around minute 62
another rise of the BIS signal due to painful stimulation was promptly rejected by the con-
troller. In patient 3 the BIS remained stable with the exception of a sharp rise around minute
62 due to a particularly painful stimulation. In patient 4 the BIS remained stable throughout
the whole surgical procedure although there were issues with the BIS sensor reading and the
system automatically switched to manual control.

Overall, the SISO MPC controller showed a good performance and a behavior that is com-
patible with the clinical practice. Thus, it deserves further clinical investigations. This study
shows only preliminary results with this type of control strategy that was aimed to test the
applicability of the proposed strategy in the clinical practice. Future studies will focus on the
MISO MPC controller that takes into account also the infusion of remifentanil. Indeed, in
the design of the SISO MPC controller the infusion of remifentanil is not taken into account,
while in the clinical practice it is always present. Hence, from the controller point of view,
this is seen as a disturbance. Moreover, the oscillatory behavior of the BIS seen in patient 1
and the sharp rises in patient 2 and patient 3 can be due to a non optimal management of
the remifentanil that is, indeed, manually regulated. Also the undershoot of the BIS seen in
the induction phase can be due to the manual administration of fentanyl that is unknown to
the controller.
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Figure 5.12: Recorded clinical data of the patients enrolled with the SISO MPC control sys-
tem. From top to bottom: BIS (solid line) and BIS set-point (dashed line); propofol (black) and
remifentanil (red) infusion rates in ml/h; HR; BP, (red), BP; (black) and BP,, (blue). The
vertical dash-dotted black line indicates a manual bolus of propofol. Missing data were due to
temporary issues with the sensors. The constant values in the propofol infusion rate are due to
system automatically switching to manual control due to temporary issues with the BIS sensor
reading. For Patient j the sharp rise in the values of BP around minute 45 is due to an ephedrine

bolus.
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Patient Id | Induction time [min] | Lowest BIS | Propofol dose [mg/kg]
1 1.32 31 2.29
2 1.58 23 1.91
3 1.10 35 2.52
4 1.97 26 2.28

Table 5.13: Performance indexes for the induction phase obtained with the SISO MPC control
system.
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Figure 5.13: Induction phase responses of the patients enrolled with the SISO MPC control
system. From top to bottom: BIS (solid line) and BIS set-point (dashed line); propofol (black)
and remifentanil (red) infusion rates in mi/h. Missing data were due to temporary issues with
BIS sensor reading forcing the system to automatically switch to manual control.
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Patient Id BIS 40 - 60 | BIS <40 | MDPE | MDAPE | WOBBLE | Propofol | Remifentanil | T awakening
(%] (%] (2] (2] (%] [mg/kg/h] | [ug/kg/min] [min]

1 75.05 21.17 8 14 12 4.25 0.15 7.07

2 70.26 23.38 -16 18 8 3.40 0.10 4.70

3 68.42 29.26 12 14 10 4.44 0.13 3.98

4 57.78 41.30 -18 18 10 4.50 0.15 6.23
Table 5.14: Performance indezes for the maintenance phase obtained with the SISO MPC control
system.

5.4 Model predictive control using MISO approach for drug
coadministration

The availability of the interaction model between propofol and remifentanil has also stim-
ulated the development of MPC systems for the MISO case [78] [119]. In this context, the
predictive controller is built using a linearized interaction model for propofol and remifentanil,
with the aim of keeping the desired level of the DoH [78]. The analgesic drug infusion rate
is adapted to the propofol dose and the ratio is kept constant. Another example is shown in
[119], where an habituating control technique for DoH control task is reformulated by taking
into account the effect of remifentanil. In this control system, a reference signal is estab-
lished for the infusion rate of remifentanil and this is modified by the controller according
to the changes in propofol dosage. In this way, hypnosis is the main controlled variable and
analgesia is adapted to the changes in the hypnosis feedback loop. Moreover, nonlinear MPC
techniques have been analyzed in [143] [144], where conceptual developments are proposed
for anaesthesia control. These works show that MPC controllers can address relevant issues
that concern process constraints and prediction capability of synergistic effect of drugs inter-
action. However, on the one hand, their applicability is limited by the strong variability of
the process, namely, inter- and intra-patient variability. On the other hand, due to nonlinear
process characteristics, resulting control systems are complex and rarely robust enough to be
exploited at the operating room. Additionally, there exists many types of medical interven-
tions with different requirements during the anaesthesia procedure, which makes difficult to
develop one control system that is suitable for all situations. Furthermore, a personalized
controller design based on patient model can significantly improve the control performance.
All aforementioned questions stimulate the development of new control systems based on
MPC techniques. In this section, an MPC system for the MISO process is proposed. The
nonlinear propofol-remifentanil interaction model on the BIS is exploited [145]. The method
suitably generalizes the idea proposed in Section where propofol is the only drug used.
In particular, a GPC algorithm is used as feedback controller, that considers the effect of
remifentanil over propofol. Therefore, it is able to handle the synergistic effect of both drugs
in the computation of the control signal for the DoH. The dose of the two drugs is estab-
lished by fixing a ratio between them [93]. The external predictor architecture is completed
with the low-pass filter in the feedback loop. The tuning of the controller is performed by
means of a GA addressing separate requirements for the induction and maintenance phases.
Finally, the proposed control system is evaluated using a Monte Carlo technique for inter-
and intra-patient variability using a wide distribution of patients population.

117
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5.4.1 Control system architecture

The proposed control system is a generalization and extension to the MISO case of the
architecture presented in Section[5.1} The main idea consists in the computation of the inverse
of the nonlinear Hill function and in the use of a linear GPC algorithm. The MISO model
described in Section[1.2.2]is used to consider the synergistic effect of the drug coadministration
on the DoH represented by the BIS signal. The control scheme is shown in Figure [5.14]
The main objective is that the measured DoH level, shown as y(t), follows the reference
signal r(t). The patient model has been conveniently reorganized into three blocks Pp.p,
Py and H. In this configuration the first two elements represent the linear dynamics
of propofol and remifentanil, respectively, and the H block represents the nonlinear Hill
function. The main idea consists in using this model to construct an external predictor to
estimate the patient state. The predictor blocks include the model of the linear dynamics
Ppmp and lf’remif and the inverse of the nominal nonlinear function H~!. The GPC block
represents the feedback controller, K is the ratio between the co-administrated drugs and Fy
is a low-pass filter. For the control system design, analysis and evaluation a fixed ratio of
2 between propofol and remifentanil doses is used as done in Section [2.2.2] In this control
architecture, the GPC controls directly f/p, namely, the propofol concentration required to
achieve the desired BIS value. This value can also be obtained from the process (in this case
it is denoted as Yp) by using the H~! block that requires, as inputs, the actual BIS value
and the remifentanil concentration Y, estimated by the predictor. Due to the unavoidable
process/model mismatches, the resulting difference signal between Yp and ffp is filtered by Fy
in order to compensate for this difference in the feedback loop. The introduced methodology
requires a deeper analysis of the inverse nonlinear function block. The calculation of the
inverse of the Hill function, which provides the value of ?}D, requires the values of the BIS
and of Y,. The BIS value is provided by the DoH monitor, while Y, can be computed
from the patient model. To apply this methodology, Equation needs to be rewritten
as Yp(t) = f(y(t),Yr(t)). To obtain this structure, it is necessary to rewrite using a
third-order polynomial form, resulting in following equation:

Y24V, + Y, +d =0, (5.8)

where:

_ 1/~
b—3Y, Ey— BIS
FEoar — Eo+ BIS

E, — BIS 1/ E, — BIS 1/
Epas — Eo + BIS Epar — Eo + BIS

_ 1/~
d=¥P_ Y2 Eo — BIS
FEoar — Eo+ BIS

Now, exploiting the current BIS signal measure and Y;(t) (which represents the estimated
effect site concentration of remifentanil) it is possible to calculate Yp(t), by solving Equation
to finally obtain the inverse of the Hill function. Once the inverse function is computed,
its value from Equation can be used to estimate the propofol concentration ﬁg. However,
to integrate the effect of remifentanil over propofol, it is necessary to relate the desired propo-
fol concentration (which is the reference signal for the GPC controller) to the remifentanil
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concentration and to the BIS desired value r(¢). This is achieved by integrating the drugs
co-administration effect into the ffp(t) value when computing the corresponding concentration
for the BIS reference value. Thus, the calculation of the reference value (represented as w(k)
in the GPC structure for the propofol concentration needs to take into account the value of
Y,. In the analyzed scheme the remifentanil dose is related to the propofol infusion using
a fixed gain K, as shown in simplified representation in Figure Therefore, using basic
properties of such a system, it is possible to obtain Y;. as an expression that depends on Y),;:

Y, = Gpuy; Y, = Gru, = G Kuyp.
From here, it is possible to obtain:
Y, = GG, KY,, (5.9)
and from this, it is possible to obtain a difference equation:
Y, (k) = boYp(k) + ... + bp, Yp(k —np) —aoYr(k—1) — ... —ap, Yo (k — 1 —ng), (5.10)

where the coefficients a, b and the degrees n,, np of the nominator and denominator are
obtained from the G 1G,K term. At this point, Y, in equation can be substituted with
Y, from equation In this way, an expression where the propofol concentration is linked
only to the desired level of DoH (the BIS set-point value for the control system) is obtained.
Thus, an optimal reference signal for the propofol infusion that takes into account the effect
of remifentanil can be determined. This is possible thanks to the ratio block and to the
exploitation of the propofol control signal values computed over the control horizon. The
reference signal has slight variations at each sampling instant because the relation between
Y, and Y, depends on the past values of Y}, and Y,. To take into account this relationship,
the reference w(t) is computed at every sampling instant, using a receding horizon strategy.
Thanks to the proposed architecture it possible to obtain MISO control system properties.
However, the SISO model is considered for the GPC controller design. At this stage, the
advantages of the proposed control scheme can be provided. Under nominal conditions, when
there are no uncertainties and modelling errors among the patient and the derived model,
(i.e. Pprop = Porop: Promi ¢ = Premiy and H=H ) the analyzed scheme can be transformed to
a linear system, where the controller is focused on the linear element of the patient model.
In such a scenario, w(t) is obtained from r(¢) by applying H !, which includes the effect site
concentration of remifentanil. In this way the BIS is linked to the C¢p(t) value, which is
the estimated propofol effect-site concentration the patient. Then, }A/;,(t) = Y),(t) is obtained
and the feedback signal corresponds to f/p(t). In this case, the controller reacts only when
the reference changes or the process disturbances d(t) influence the controlled variable. The
algorithm flow chart for the proposed control scheme is shown in Figure[5.16| In the real case,
there are model uncertainties, especially those related to the static nonlinearity, since it is
impossible to know the exact values of the parameters a priori. Actually, the linear part of the
PK/PD model is also affected by uncertainties, related to parameters variability and model
inaccuracies. Taking into account these issues, the i(¢) signal is used both to compensate
modelling uncertainties and to react to the disturbances induced by surgical stimuli. The
i(t) value is related to the error between Y,(t) (estimated propofol effect-site concentration
using linear part of the model, Py,o,) and Y, (t) (propofol effect-site concentration obtained via
average Hill function inversion based on the real BIS measure). Thus, the GPC controller uses
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lu/p(t) as a feedback signal, which contains information regarding patient model mismatches
and influence of disturbances. In the same way, the proposed control system handles the
patient’s state changes along time, which result in model inaccuracies. These could be related
to a sudden change in patient’s hemodynamics (which affects drugs clearances) that can be due
to a severe blood loss or to the administration of vasoactive medications. As a consequence,
the variation of the model parameters are considered as unmeasurable disturbances that needs
to be compensated by the controller among other modelling errors. Moreover, the i(t) signal
passes through the low-pass filter F;. The main purpose of Fj is to attenuate the result of
disturbances and uncertainties on the GPC feedback controller and, at the same time, to
guarantee a null steady-state reference tracking error in the feedback loop. The Fy filter is
represented as a first order transfer function of the following form:

1

(5.11)
where Ty is a time constant that needs to be adjusted. Therefore, to obtain a satisfactory
performance of the control system, it is required to tune the GPC controller parameters as
well as Ty. It is worth stressing again that Ppropy Premi ¢ are computed using demographic
parameters that result in an individualized controller. On the contrary, H and H~' are
obtained using average values for the population that are shown in Table The parameter
FEjy can be measured for each patient before the induction phase.

The same GPC architecture presented in Section is used. Note that the constraints on
the propofol infusion are considered in the optimization procedure, while the constraints
for remifentanil are applied in accordance with the values obtained for propofol by taking
into account the ratio gain K. The controller parameters N, N,, and A related to the
GPC algorithm and T, for the low-pass filter Fy;, need to be tuned in order to provide the
desired performance and to assure the required robustness. The parameters have been tuned
separately for the induction and maintenance phases in a two steps approach. In the first
step of the tuning procedure, the controller is tuned to provide an optimal set-point tracking
response. During the second step, an additional tuning process is performed by keeping the
values N and N, obtained in the previous step and looking for A and T}; values being optimized
for disturbance rejection task. Thus, there are two sets of parameters; one is applied in the
induction phase and the other one in the maintenance phase. In order to apply a bumpless
switching for Ty, it is necessary to implement two different low-pass filters in the scheme,
see Figure When the filter of the induction phase is operating, the other one, for the
maintenance phase, is in tracking mode assuring that its output is changed to be the same as
i(t) at the switching time instant. The tuning has been performed by using the optimization-
based approach The optimization problem is solved with GA with a population of 40
elements and by stopping the optimization when the relative change in the cost function value
over the last 50 iterations is less than 0.001. The resulting parameters for the induction phase
are N = 36, N, = 34, A = 10 and T; = 96 s. For the maintenance phase, the A and the Ty
values are changed respectively to 3 and 23 s.

5.4.2 Simulation results

In this section, the results obtained in simulation with the proposed control architecture
are presented. Both the induction and maintenance phases of anesthesia have been simulated,
in order to verify the fulfilment of the clinical specifications and to assess the performance.
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Figure 5.14: Schematic representation of the MISO MPC control system for propofol-
remifentanil coadministration.
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Figure 5.15: Simplified scheme of the external predictor employed in the MISO MPC control
system.
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Figure 5.16: Algorithm flow chart of the MISO MPC control system.
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Figure 5.17: Implementation details of the Fy block employed in the MISO MPC control system.

The induction phase has been simulated providing to the controller a step reference signal,
r(t), that goes from the initial BIS value, Ejy, to the target BIS value of 50. The maintenance
phase is a disturbance rejection task where the BIS level of the patient is perturbed by the
effect of the surgical stimulation. This has been simulated as an additive disturbance, d(t),
acting on patient’s BIS. In particular, the double step disturbance signal shown in Figure
has been applied.

Simulation results obtained on the tuning dataset of Table are presented. In this test,
is assumed that the linear term of the considered process model is perfectly known (Ppop =
Pprop and Promi f = Premi f). However, the nonlinear element represented by the average Hill
function is used instead of the actual patient’s one (];r + H). Figure shows the control
system performance for the induction and maintenance phases. The performance indexes
related to the induction phase are shown in Table while those of the maintenance phase
are shown in Table From the obtained results, it is possible to notice that the proposed
control system provides a fast induction of anesthesia. Indeed, the mean TT over the whole
dataset is 1.75 min, with a maximum value of 2.10 min obtained for patient 11. These values
are fully compatible with the clinical specifications. The short TT has been achieved without
causing an excessive undershoot of the BIS. In particular, BIS values below 50 have occurred
in only two out of thirteen patients. Nevertheless, the BIS-NADIR has always remained above
the recommended value of 40, and the undershoot has been short-lasting, as it appears from
the values of ST10 and ST20. Indeed, ST20 is always shorter than TT. This indicates that
the BIS quickly settles inside the recommended range from 40 to 60. As regards the ST10, it
is equal to TT for all the patients, except in the two patients for which an undershoot occurs.
In any case, the maximum value is 2.42 min, hence the BIS always settles in the range from
45 to 55 in less than 3 min. As regards the maintenance phase, the control system quickly
compensates for the positive step disturbance as indicated by the TTp, without causing
undershoot as the BIS-NADIRp never drops below 48. The TTn is longer than the TTp
because the compensation of the negative step disturbance is mainly dominated by the patient
natural dynamics. Indeed, when the negative step disturbance occurs, the controller reacts
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by decreasing the drugs flows until they saturate to zero. Anyway, the controller behavior is
sensible and the negative disturbance is compensated without causing a BIS overshoot, as it
appears from the BIS-NADIRn index.

The robustness of the proposed control system has been assessed in the case of intra-patient
variability with the method described in Section based on the statistical properties of
the PK models given in [27] and [25]. It is worth stressing that, for each of the thirteen
patients of the tuning dataset, Ppmp and If’remi s are calculated with the average parameters
values, while a set of 500 perturbed Pp.op and P.c,,;r models is generated. For each of these
perturbed models, the induction and maintenance phases have been simulated. As regards
the induction phase, the results for the average patient are shown in Figure and the
corresponding performance indexes are given in Table The defined clinical requirements
are always fulfilled. The same behavior has been obtained for all the other patients of the
dataset and the corresponding results are shown in Figure As regards the maintenance
phase, the results for the average patient are shown in Figure and the corresponding
performance indexes are given in Table Even in this scenario, the clinical requirements
are always met. Moreover, the same behavior has been obtained for all the other patients of
the tuning dataset and the results obtained are shown in Figure

To further assess the controller robustness to inter-patient variability the method described
in Section [2.2.1has been applied. The parameters of the Hill function have been generated by
considering the statistical properties given in [28] 29| [30]. In this context, it is assumed that
the linear term of the considered process model is known (Ppmp = Ppop and Promi = Premif)-
On the contrary, the nonlinear element is represented by the average Hill function, that is
implemented in the control scheme (fI # H). The responses of the induction phase are
shown in Figure and the obtained performance indexes are given in Table The
controller quickly induces anesthesia in all patients. Indeed, the mean TT is 1.13 min and its
maximum value is 2.23 min. Thus, the clinical requirements are fully satisfied. As regards
the BIS-NADIR, the mean value of 44.23 implies that the control system does not cause
an excessive undershoot of the BIS. In some patients the BIS falls below the recommended
threshold of 40, as it is possible to notice by observing the minimum value of the BIS-NADIR,
which is 31.46. However, the undershoot values obtained are acceptable as BIS values up to
30 are commonly reached in clinical practice and are not harmful to the patient health. The
ST20 and ST10 values are, also in this case, fully compatible with the clinical practice. With
respect to the test on the dataset of thirteen patients, it is possible to observe an increase
in their maximum values that is due to the more pronounced undershoot observed in some
patients of the population. However, these values remain well below the recommended value
of 5 min given in the clinical requirements. Figure shows the responses obtained in
the maintenance phase and the performance indexes corresponding to this scenario are given
in Table The results on the whole population confirmed those obtained on the tuning
dataset. Indeed, the control system is able to reject the disturbances quickly without causing
undershoot or overshoot of the BIS.

5.4.3 Extension to the case of constant remifentanil infusion

It should be highlighted that the proposed control system based on the constant ratio
between the two drugs is one of approaches that could be exploited in the clinical practice.
However, it is also interesting to develop a control system that allows the anesthesiologist to
use a mix between manual and automatic control to perform drugs coadministration. To this
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Figure 5.19: Responses obtained with the MISO MPC control system on the 500 perturbed
models generated starting from the nominal model of the thirteenth patient of the tuning dataset
to simulate intra-patient variability.
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Patient | TT [min] | BIS-NADIR | ST20 [min] | ST10 [min]
1 1.38 49.67 1.27 1.38
2 1.53 49.61 1.33 1.53
3 1.87 49.65 1.38 1.87
4 1.27 40.98 1.18 2.42
5 2.02 49.71 1.42 2.02
6 1.78 49.56 1.40 1.78
7 1.92 49.74 1.45 1.92
8 1.65 49.61 1.38 1.65
9 1.30 44.04 1.20 2.10
10 2.02 49.57 1.43 2.02
11 2.10 49.79 1.52 2.10
12 2.03 49.53 1.45 2.03
13 1.83 49.62 1.43 1.83
mean 1.75 48.54 1.37 1.89
std.dev 0.29 2.75 0.11 0.27
min. 1.27 40.98 1.17 1.38
max. 2.10 49.79 1.52 2.42

Table 5.15: Performance indexes for the induction phase obtained for each patient of the tuning
dataset with the MISO MPC control system.

Patient | TTp [min] | BIS-NADIRp | TTn [min] | BIS-NADIRn
1 0.47 48.56 1.05 50.08
2 0.48 49.63 0.80 50.08
3 0.48 49.72 0.78 50.09
4 0.47 49.23 0.72 50.02
5 0.55 49.64 1.02 50.09
6 0.52 49.60 0.83 50.06
7 0.58 49.77 1.00 50.06
8 0.55 49.69 0.88 50.03
9 0.48 49.57 0.78 50.04
10 0.50 48.97 1.05 50.08
11 0.73 49.85 1.32 50.06
12 0.53 49.24 1.13 50.28
13 0.53 49.69 0.85 50.06
mean 0.53 49.47 0.94 50.08
std.dev 0.07 0.37 0.17 0.06
min. 0.47 48.56 0.72 50.02
max. 0.73 49.85 1.32 50.28

Table 5.16: Performance indexes for the maintenance phase obtained for each patient of the
tuning dataset with the MISO MPC control system.
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TT [min] | BIS-NADIR | ST20 [min] | ST10 [min]
mean 1.91 49.40 1.46 1.91
std.dev 0.24 0.40 0.13 0.24
min. 1.37 47.89 1.13 1.37
max. 2.67 49.86 1.93 2.67

Table 5.17: Induction phase performance indexes obtained with the MISO MPC' control system
on the 500 perturbed models generated starting from the nominal model of the thirteenth patient

of the tuning dataset to simulate intra-patient variability.

TTp [min] | BIS-NADIRp | TTn [min] | BIS-NADIRn
mean 0.55 49.82 0.86 50.09
std.dev 0.02 0.08 0.06 0.03
min. 0.50 49.36 0.68 50.03
max. 0.62 49.95 1.05 50.27

Table 5.18: Maintenance phase performance indexes obtained with the MISO MPC control sys-
tem on the 500 perturbed models generated starting from the nominal model of the thirteenth

patient of the tuning dataset to simulate intra-patient variability.

TT [min] | BIS-NADIR | ST20 [min] | ST10 [min]
mean 1.13 44.23 1.27 1.95
std.dev 0.15 4.38 0.62 0.78
min. 0.83 31.46 0.78 0.95
max. 2.23 49.81 3.27 3.78

Table 5.19: Induction phase performance indezes obtained with the MISO MPC control system

on the population of 500 patients used to simulate inter-patient variability.

TTp [min] | BIS-NADIRp | TTn [min] | BIS-NADIRn
mean 0.53 49.38 1.03 50.14
std.dev 0.04 0.33 0.09 0.09
min. 0.35 46.69 0.82 49.83
max. 0.75 49.95 1.40 50.61

Table 5.20: Maintenance phase performance indexes obtained with the MISO MPC control sys-

tem on the population of 500 patients used to simulate inter-patient variability.
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Figure 5.20: Induction phase responses obtained with the MISO MPC control system on the 500 perturbed models generated starting from
the nominal model of each patient of the tuning dataset to simulate intra-patient variability.
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Figure 5.22: Responses obtained with the MISO MPC' control system on the population of 500
patients used to simulate inter-patient variability.

end, the developed control scheme can be modified to handle the particular control scenario
where the remifentanil infusion, w,(t), is manually controlled by the anesthesiologist and,
thus, it is kept on a fixed value for long time intervals. To do so, it is necessary to compute
the resulting ratio K at each sampling time, since it will change dynamically due to the

modifications in the propofol infusion rate. For this, u,(¢) and the fixed value of u, (¢) are used,
ur (t)

up(t)
it is necessary to recompute the formula from (5.9) (this action needs to be repeated at each

sampling time) and finally obtaining the Y, (k) using . Thus, an optimal reference signal
for the propofol infusion that takes into account the effect of remifentanil can be determined.
The remaining steps of the control algorithm remain unchanged. The simulation example
for this control scenario is shown in Figure where the average patient with a sample
fixed value of remifentanil equal to w,(t) = 0.25 pg/s is considered. From the obtained
result it can be observed that the modified control architecture is able to properly handle
this particular situation. Nevertheless, this approach requires a significant modification of
the control architecture and involves the additional retuning of the whole system for best
performance.

obtaining the ratio as K = Once the actual ratio between the two drugs is obtained,

5.5 Event-based MPC for propofol administration

Event-based PID control of DoH was proposed in [99]. Simulation studies showed
that this approach delivers a noise-free control action, reduces the number of control system
computations and replicates the anaesthesiologist way of actuation. These findings were also
confirmed by the results obtained in the in-vivo experiments presented in Chapter
Event-based MPC controllers are significantly less investigated in the context of closed-loop
anesthesia. A preliminary study was presented in [136]. Therein, a virtual band on the actu-
ator was imposed and it was taken into account in the optimization procedure. Consequently,
the controlled process was updated in an asynchronous way. The system was verified on
one representative patient proving the feasibility of such a method. However, event-based
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Figure 5.23: Response obtained for the thirteenth patient of the tuning dataset using the MISO
MPC control system with the remifentanil infusion rate fized to 0.25 ug/s.

predictive control with sensor dead-band sampling has never been applied to the anaesthesia
control problem. Taking into account these aspects and the possible benefits, in this section
an event-based MPC control system with dead-band sampling is proposed and evaluated.
The whole system is based on that presented in Section In the proposed event-based
approach, the control action is updated with a higher frequency when the controlled variable
goes outside the established tolerance. This provides a safety measure that assures that the
required performance is obtained. On the contrary, when the controlled variable remains
withing the defined band, the control action is updated with a lower frequency, thus limiting
the control effort. Therefore, the event-based system works with a variable sampling rate,
by adapting the controller invocation to the patient BIS, that is, by adapting the control
effort (propofol infusion rate) to achieve the desired clinical requirements. With this working
principle, the control system mimics the anaesthesiologist way of actuation, keeping all the
advantages of the closed-loop control at the same time.

5.5.1 Control system architecture

The proposed control scheme, shown in Figure has been implemented using the idea
introduced in [146] and it has been adapted to the context of anesthesia control. It consists of
three main components: an event generator, a controller structure and an external predictor.
The event generator provides the information for the controller structure when a new control
action should be computed due to a new event occurrence. The controller structure consists
of a set of feedback GPC controllers, where one of them is selected in accordance with the
actual sampling period (time elapsed between two consecutive events). Moreover, the external
predictor (composed of P , H~ ! and F blocks) is used to compensate the nonlinear element of
the patient model, making possible to exploit a linear MPC such as the GPC algorithm. The
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external predictor is the same described in Section|[5.1] In this scheme, the controlled variable
y(t) is the BIS signal, which is monitored continuously with a sampling time Tp,s and the
control variable u(t) is the propofol infusion rate, which is updated with a variable sampling
time Ty. In such a way, the new control action is computed by the selected controller when
a new event is generated.

The proposed architecture operates using the following working principle:

e The BIS signal process output is monitored within a constant sampling period Tpgse
at the event generator block, while the control signal update is obtained at an event
occurrence time instant and applied to the infusion pump with a variable sampling
period T, that is, in an asynchronous way.

e T is defined as a set of multiple values of Tjqse and results in Tt = fThase, f € [1, Nnaz)-
Additionally, Ty < Tyaz, being Trnae = NmazThase the highest sampling period, which
is selected to provide a minimum performance for safety reasons.

e For the anaesthesia process Tpgse and Tp,q. are defined taking into account clinical
practice and specifications.

e Once the control signal is sent to the infusion pump at time instant ¢, the DoH process
state is checked at the event generator block within the base period Tp,s.. The event
generator block verifies if the controlled variable meets some specific condition and for
this the BIS signal is used. When the condition is satisfied, a new event is triggered with
resulting sampling period T’y and a new control signal is calculated by the controller. If
no events occur, the controlled process is updated in any case after a t,,,, time interval
to assure the minimum performance.

e Following the introduced working principle, the controller will compute the control signal
using a variable sampling period T's. Due to this, a set of predictive feedback controllers
will be used, each of them designed for a specific sampling period Ty = fTyuse, f €
[1, "maz]. Moreover, to avoid adverse bumps during controller commutations, signals
resampling techniques are applied.

To implement the proposed control architecture, a set of controllers is designed, one for any
possible sampling rate 7. Each GPC controller of the set is implemented and designed using
the linear part of the model P, that is discretized for any sampling rate T;. The GPC algo-
rithm is the same presented in Section The GPC tuning parameters are: the minimum
and maximum prediction horizons le and NQf , the control horizon NJ , the future error scal-
ing index 6/, and the control weighting factors A/ where 7 indicates a specific sampling rate.
Taking into account that there is no time delay in the process, the value of le is set to 0 and,
consequently, the resulting prediction horizon will be referred as N = NQf for simplicity. The
GPC algorithm provides the future control actions u/ (t), u/ (t+1), ..., uf(t+N1{ —1) that will
drive the controlled variable 3/ (¢ + j) close to desired reference w(t + j).

The constraints on the control action that need to be considered are related to the physical
limitations and clinical recommendation in drug administration. The physical minimum in-
fusion rate is 0 mg/s and represents the non-infusion of the drug. However, following a safety
measure applied in the clinical practice, a minimum nonzero baseline infusion wu; should be
used. This baseline infusion is used to avoid null values for the drug infusion system even
if the value of the BIS is below the desired reference. The baseline infusion for propofol is
therefore set to uy = 6 mg/kg/h according to Roberts manual infusion scheme [120]. As
regards the maximum infusion rate, in the induction phase, it is set to 6.67 mg/s. For the
maintenance phase the maximum infusion rate is set to 4.00 mg/s, that is typically used in
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the clinical practice for the considered type of the surgery. Moreover, the slew-rate infusion
pump limitations are directly included in the vector Awu of the control action increments. Also
these constraints are defined for each anaesthesia phase separately to match the performance
requirements. For the induction phase, they are set to have —1 < Au < 1 [mg/s] and for the
maintenance phase —2 < Au < 2 mg/s.

In the proposed control system, the decision on when new events are triggered is managed
by the event generator block shown in Figure This element considers two conditions
and when one of them is met, a new event is triggered. When a new event is generated, the
current value of g(¢) is send to the control structure with variable sampling rate, forming the
y! vector and a new control value is computed (propofol infusion rate). The first condition is
used to monitor the BIS signal and exploits the dead-band sampling method [146], generating
a new system event when the absolute value between two variables is bigger than a established
interval 8. The condition can be formalized as:

Ir(t) = y(t)] > B, (5.12)

and detects when the process output, y(t) = BIS(t), differs from the desired set-point r(¢),
more than a specific threshold 5. Note that the controlled variable is (t); however, it is
more natural for the anaesthesiologist to use the BIS values, as the threshold for its allowable
range is clearly defined, being this the main reason for using this signal for event generation.
The second complementary condition is a safety measure, used for minimum performance
requirements and is a time-based condition. In this case, the maximum time interval between
two consecutive events (between two control signals computation), is given by ¢y, that is,

t— tlast > tmama (513)

where t;,s¢ refers to the time instant when the last event was triggered. Both criteria are
verified with the shortest sampling time Tp,s.. However, the events are triggered with a
variable rate Ty. Finally, the events occurrence will determine the feedback-loop sampling
time Ty that will produce the control signal updates in an asynchronous way [146]. Due
to this, to execute the GPC algorithm, the past samples of the process output and of the
control signal needs to be accessible for each sampling rate T;. For this, a resampling and
reconstruction techniques must be applied for corresponding signals.

o Resampling - Following the introduced working principle, the controller structure block
gets the new information from the controlled process only when a new event is triggered.
The received data is accumulated in the controller structure element and is resampled
to create a base vector y® that includes the previous samples of the controlled variable
with Tpgse rate. This procedure is accomplished by applying a linear interpolation
technique among two consecutive signal values. Then, the obtained signal is sampled
with the Tjase frequency and stored. In fact, the y®(k) vector is created with k =
0, Tyase, 2Tvase, 3Tpases - - - - After that step, the required samples with past information
need to be provided with the new sampling rate T, that creates a new vector yl of
past values sampled with T rate. Finally, the y! vector contains the past process data
sampled with actual sampling rate Ty and that information is used to compute the next
value of the control signal.

e Reconstruction - This procedure is applied to the control signal and is executed in the
opposite direction than for the controlled variable. In the proposed scheme, the control
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Thase | 3| n | NT | NL| AL | Ty | T,

1 5 10| 24 2 | 144|473 | 24.6

Table 5.21: Tuning parameters of the event-based SISO MPC control system for Tpese sampling
rate.

signal values are always saved with a Tj,s sampling rate and stored as the u® vector.
In the first step, the required past values are calculated and then the update of u’ is
performed. For the new sampling rate 7', the past information is calculated using ub
and accumulated in temporary vector u}; . Subsequently, the u,J; and y/ vectors are used
to feed the GPC algorithm and to compute the new control signal u/(T}) = u’(k).
Finally, the u® vector is updated by keeping the control action constant among two
successive system events.

There are three parameters that are related to the event-based mechanism and that have
influence over the control performance: they are the dead-band sampling threshold 5, and
the Tpese and t,,q, sampling rates. In the analyzed system, Tp,s. has been selected as 1 s and
matches the BIS monitor data rate. Then, ¢,,,, has been set to 10 s (that is, n=10) because
of safety reasons, as this ensures the minimum performance as shown in Section Indeed,
it was shown that the sampling period of 10 s is the maximum value that allows the clinical
requirements to be met in terms of accuracy and disturbance compensation capability in the
presence of measurement noise. Additionally, the value of 8 has been fixed to 5. With this
threshold, with dead-band sampling and for a BIS reference set to 50, the event-based control
system working interval is BIS=504+5, being inside the desired tolerance for the desired BIS
range between 40 and 60 with the necessary safety margins.

Moreover, it is necessary to design the set of GPC controllers to assure the performance
defined by the clinical requirements. For this, the GPC parameters need to be tuned. The
tuning is performed for maintenance and induction phase separately, applying a two degree-
of-freedom approach, that is, dividing the tuning procedure into two stages [138]. At the first
stage, the GPC controllers from the set and the Fy filter are designed. During this procedure
the parameters N7, NJ . M, and Ty (related, respectively, to the prediction horizon, the
control horizon, the control signal weighing factor and the F} filter time constant) are obtained
with the optimization-based procedure described in Section In particular Problem
is defined with N/, qu , M, and T as the 6 vector and it is solved by means of GA with
a population of 50 elements and by stopping the optimization when the relative change in
the cost function value over the last 50 iterations is less than 0.001. The tuning procedure
is performed applying the design rule for event-based GPC from [146], where the tuning of
GPC controller for T, sampling time is used to derive tuning parameters of the remaining
controllers from the set. The second tuning stage is focused on the set-point following task
and in this case the optimization is simply executed to determine an adequate value of the
F,. filter time constant T, whereas all the remaining parameters are kept the same as for
maintenance phase. Additionally, the defined control system constraints were active in both
stages of tuning procedure. The resulting control system parameters are summarized in Table
5.21
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Figure 5.24: Schematic representation of the event-based SISO MPC control system for propofol
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Figure 5.25: Implementation details of the event generator block employed in the event-based
SISO MPC control system.
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5.5.2 Simulation results

The performance of the proposed event-based control system is evaluated in simulation
to verify that the clinical specifications are met. Simulations have a duration of 20 min and
include both the anesthesia induction and maintenance phases. The induction phase starts
at minute 0 when the BIS set-point r(¢) is changed from 100 to the desired value of 50. Once
the BIS target is obtained, the maintenance phase begins. During this phase the ability of the
control system to reject disturbances is assessed. To simulate the occurrence of a disturbance
on the BIS due to surgical stimuli, the double step disturbance profile shown in Figure is
used. The effect of noise is also considered. The noise signal shown in Figure which has
been extracted from real clinical data, is added to the BIS. The simulations are performed on
the tuning dataset of Table In these first simulations, a perfect knowledge of the linear
element of the patient model (]5 = P) is assumed. As regards the Hill function, the average
parameters of Table are used instead of the patient’s specific ones (E[ # H).

To better show the behavior of the event-based control system the first simulation is per-
formed on the average patient of the dataset. The results obtained are shown in Figure [5.26]
The top plot shows the BIS signal, the middle plot shows the propofol infusion rate and the
bottom plot shows the behavior of the event generator. In particular, the presence of a verti-
cal line indicates the generation of an event, while its height represent the resulting sampling
rate. From the BIS plot it is possible to observe that the clinical specifications are satisfied.
Indeed, during the induction phase the BIS reaches the target value in approximately 2 min
and during the maintenance phase the BIS is kept close to the target despite the presence
of noise and of the double step disturbance. By observing the events plot it appears that
the controller generates more events, and thus a shorter sampling rate, in those phases where
the BIS is far from the target value. For example, during the induction phase, and between
minute 15 and minute 16 when the positive step disturbance occurs and the BIS tends to rise,
and between minute 16 and minute 18 when the negative step disturbance occurs and the BIS
tends to drop. On the contrary, when the BIS remains close to the target value, less events
are generated, with a consequent longer sampling period. For example, between minute 8 and
minute 11 the maximum admissible sampling rate of 10 s is always selected because the BIS
remains close to the target value. The resulting propofol infusion profile is not affected by
the presence of residual noise and it resembles the control action typically performed by an
anesthesiologist. Indeed, the propofol bolus performed in the induction phase is common in
clinical practice and the infusion rate remains constant for long periods of time when the BIS
is close to the target. However, the controller promptly responds to significant deviations of
the BIS signal from the set-point value.

The simulation is then performed on all the patients of the tuning dataset. The results re-
garding the induction phase are shown in Figure The BIS target is always reached
in less than 4 min for each patient of the dataset without undesired undershoots. Only for
one patient the BIS falls slightly below 40. This is due to the presence of noise and it is not
significant from a clinical point of view. Once the BIS has reached the target it is properly
maintained within the recommended range from 40 to 60 despite the presence of noise. The
results regarding the maintenance phase are shown in Figure The positive step dis-
turbance occurring at minute 11 is promptly compensated by the controller without causing
undershoots. Only for one patient the BIS drops below 40 but it remains above the threshold
of 30. Also the negative step is properly compensated.

The event-based control system performance is compared with the classical time-based GPC
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controller proposed in Section [5.1} which has been designed to handle the noise in the predic-
tive DoH control system. The performance indexes used for the comparison are the TAE, the
IAU, and the TV that are calculated as shown in Section[1.3.3] The TV index is a measure of
the control effort and it has been previously used to compare an event-based PID controller
with its time-based counterpart [99]. From the anaesthesia process point of view, it is desired
to reduce control signal changes especially taking into account the noisy characteristic of the
BIS signal used as feedback information. Finally, the total number of events generated is also
considered. The results obtained for each patient of the dataset are shown in Table[5.22] It is
worth noting the significant reduction in the number of control signal updates (denoted in the
table as events) provided by the event-based controller with respect to the classic time-based
controller. In the classic controller they are equal to the simulation time because they are
synchronously generated and they match the sampling period that is equal to 1 s. With the
event-based controller the number of control signal updates is reduced from a minimum of
39.3% up to a maximum of 62.2%, with an average reduction of about 54.3%. This is not
paid off with a reduction of the control performance as indicated by the IAE. Indeed, with
the event-based controller there is a small average IAE increase of 11.7% with respect to the
time-based controller. However, this has no relevant deleterious effects on the performance
from a clinical point of view. Concurrently, the total amount of drug used (IAU) and the TV
are reduced, on average, of 2.1% and of 6.8%, respectively. This indicates that the control
action is less subject to unnecessary variations introduced by noise.

A robustness analysis with respect to inter-patient and intra-patient variability is also per-
formed. As regards the inter-patient variability the method described in Section has
been applied. The parameters of the Hill function have been generated by considering the
statistical properties given in [28]. As for the simulation on the tuning dataset, P is set equal
to P and H is selected as the average Hill function. The simulation results regarding the in-
duction phase are shown in Figure For each of the 500 patients the BIS target value is
reached in less than 3 min and the undershoot always remains above the BIS value of 30, thus
confirming the satisfactory results obtained on the tuning dataset. The simulation results
regarding the maintenance phase are shown in Figure [5.28b| For each of the 500 patients
the double step disturbance is properly compensated without causing undershoots of the BIS
below the value of 30 and rises of the BIS above the value of 70. As before, the performance
is then compared with that of the classic time-based controller and the results are shown in
Table Also in this case the event-based controller provides a reduction of the number
of events, of the TV and of the IAU at the expense of a slightly greater TAE.

As regards the intra-patient variability, the robustness of the controller with respect to the
mismatches of the linear part of the model is assessed. To this end, the method described
in Section has been applied with the statistical properties of the PK model given in
[25] to generate 500 perturbed models P for each patient of the tuning dataset, while P is
determined by using the average parameters values. So, in this case, there are mismatches
both in the linear part of the model (P # P) and in the Hill function model (H # H). As
an illustrative example, the set-point responses for the 500 perturbed models of the average
patient of the dataset are shown in Figure Also in presence of intra-patient variability,
the BIS target value is reached in less than 3 min and the undershoot always remains above
the BIS value of 30. The load disturbance responses for the same set of perturbed models
are shown in Figure Also in this case the double step disturbance is properly com-
pensated without undershoots of the BIS below the value of 30 and rises of the BIS above
the value of 70. The same results obtained with the perturbed models of the average patient
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Figure 5.26: Response obtained for the thirteenth patient of the tuning dataset using the event-
based SISO MPC' control system.
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are obtained also for the perturbed models of the others patients of the design dataset as
shown in Figure for the induction phase and in Figure for the maintenance phase.
Also in case of intra-patient variability, when the performance is compared with that of the
classic time-based controller, it appears that the event-based controller provides a reduction
of the number of events, of the TV and of the TAU that is paid by a slightly greater IAE, as
shown in Table It should be highlighted that the obtained results are important from
the clinical practice standpoint since propofol overdosing can lead to undesired effects on the
patient in the form of arterial hypotension and post-operative delirium. In light of these
possible problems, it is advantageous to obtain the desired clinical effect (the DoH level) by
using a control technique that ensure the correct dose.

5.6 Conclusions

In this chapter a novel MPC methodology for DoH control that uses the compensation of
the nonlinear part of the process and an external predictor to fully exploit a GPC algorithm
has been presented. Initially, a SISO control scheme that exploits the BIS as feedback variable
and the propofol infusion rate as control variable has been presented. The control structure
is based on an individualized patient model, where saturation and slew rate constraints of
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Figure 5.27: Responses obtained for each patient of the tuning dataset with the event-based SISO
MPC control system.
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Figure 5.28: Responses obtained with the event-based SISO MPC control system on the popula-
tion of 500 patients used to simulate inter-patient variability.
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Figure 5.29: Responses obtained with the event-based SISO MPC control system on the 500
perturbed models generated starting from the nominal model of the thirteenth patient of the tuning

dataset to simulate intra-patient variability.
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TAE[-]+10° IAU[mg TV][-] Events|[-]

Patient TB EB A %] TB EB A %] TB EB A %] TB EB | A [%]
1 6.49 7.60 17.1 543.7 516.1 -5.1 117.4 115.2 -1.8 1200 574 -52.2

2 8.06 9.15 13.6 563.6 557.8 -1.0 113.4 114.6 1.0 1200 637 -47.0
3 8.07 8.83 9.3 682.2 678.3 -0.6 118.5 101.7 -14.2 1200 501 -58.3
4 5.86 6.95 18.6 549.3 539.9 -1.7 109.4 87.8 -19.7 1200 517 -57.0
5 5.97 6.93 15.9 419.9 405.8 -3.4 86.2 90.5 4.9 1200 566 -52.9
6 7.53 8.70 15.6 637.9 619.3 -2.9 113.0 99.5 -11.9 1200 580 -51.7
7 6.71 7.28 8.5 575.1 555.5 -3.4 114.1 98.9 -13.3 1200 530 -55.9
8 7.54 8.62 14.3 663.2 658.4 -0.7 115.6 100.0 -13.4 1200 534 -55.5
9 10.19 11.56 13.4 566.6 566.4 -0.1 98.9 89.3 -9.8 1200 729 -39.3
10 7.78 8.17 4.9 516.0 504.4 -2.3 78.5 73.8 -5.9 1200 555 -53.8
11 5.69 5.67 -0.4 450.1 437.4 -2.8 94.1 95.2 1.1 1200 454 -62.2
12 5.45 6.02 10.3 451.0 440.0 -2.4 76.2 79.5 4.4 1200 469 -60.9
13 6.93 7.72 11.3 579.8 576.4 -0.6 110.4 99.7 -9.7 1200 484 -59.7
mean - - 11.7 - - -2.1 - - -6.8 - - -54.3

Table 5.22: Comparison of the performance indexes obtained on the tuning dataset with the
time-based (TB) and with the event-based (EB) SISO MPC control system. The A wvalue refers
to the percentage change of the index taking as reference the time-based system.

TAE [-]+10° | TAU [mg] | TV [] | Events []
Classic 6.30 459.2 91.0 1200
EB 7.68 443.9 87.3 599
A 21.8 3.3 4.3 -50.13

Table 5.23: Comparison of the mean values of the performance indexes obtained on the popula-
tion of 500 patients used to simulate inter-patient variability with the time-based (TB) and with
the event-based (EB) SISO MPC control system. The A value refers to the percentage change of
the index taking as reference the time-based system.

IAE [[]x10° | IAU [mg] | TV [] | Events []
TB 7.18 551.4 101.1 1200
EB 8.12 538.7 94.8 567
A 13.1 -1.9 -4.9 -52.8

Table 5.24: Comparison of the mean values of the performance indexes obtained on the 6500
perturbed models used to simulate intra-patient variability with the time-based (TB) and with the
event-based (EB) SISO MPC control system. The A wvalue refers to the percentage change of the
index taking as reference the time-based system.
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Figure 5.31: Maintenance phase responses obtained with the event-based SISO MPC control system on the 500 perturbed models generated
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starting from the nominal model of each patient of the tuning dataset to simulate intra-patient variability.
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the control signal are taken into account. The tuning procedure of the overall control scheme
has been performed by exploiting the optimization based approach. The developed control
structure is characterized by low complexity and low computational effort, so that it can be
easily deployed to standard hardware and software platforms. The control system has been
tested through an extensive simulation study, considering inter- and intra-patient variability
and by comparing it with other control schemes previously presented in the literature. The
obtained results show that this new MPC approach provides a satisfactory performance for
this challenging process. Moreover, typical process constrains like control signal saturation
and infusion pump slew rate have been considered into the optimization procedure. All these
features allowed the developed control structure to obtained better performance than the
PID based approach used for comparison. Additionally, the proposed control structure was
evaluated for a typical disturbances in DoH in anaesthesia, related to surgical interventions.
These disturbance profiles were used in several previous works and and its effect on controller
can be used for comparison purposes with other control systems.

The performance degradation due to the noise presence in the control loop has been analyzed.
To assure a proper noise handling, an additional filter in the feedback loop has been included.
However, its presence requires the retuning of the overall control system. A simulation study,
considering a representative set of virtual patients has been used to test different noise char-
acteristics and sampling periods. The obtained results confirmed that clinical requirements
can be satisfied if the noise issue is explicitly considered during the design stage.

The control system has been tested in an in-vivo study on four patients undergoing elective
plastic surgery. The control system performed well and the performance was compatible with
the clinical practice. However, the experimental results pointed out the importance of con-
sidering also the administration of remifentanil.

To this end, the control system has been extended to the MISO case for propofol and remifen-
tanil coadministration. The PK/PD interaction model has been used to decouple the drugs
synergistic effect for control purposes. The obtained results have demonstrated that, also in
the MISO case, the proposed control structure gives a satisfactory performance despite inter-
and intra-patient variability. Moreover, the proposed approach could also be useful to pro-
vide a hybrid control system architecture that enables the manual control of the remifentanil,
providing optimal control of the propofol taking into account the interaction between the two
drugs.

The SISO approach has also been extended with an event-based GPC algorithm with sensor
deadband to reduce the variability of the control signal. The proposed system provides a
reduction of the number of control signal changes despite the presence of process noise and
unmeasurable disturbances. The performance of the analyzed control system has been eval-
uated using an in-silico study. In realistic conditions, it was possible to reduce the number
of control signal changes of about 55% on average. On the other side, the control system
performance is only 11% less than in the classical time-based framework. Moreover, the pro-
posed event-based approach was able to reduce the amount of the drug used of about 2.1%
on average. Taking into account these results, the developed event-based predictive control
architecture on the one hand is able to meet the clinical requirements and on the other hand it
can reduce significantly the influence of the noise simultaneously saving the control resources
(quantity of administrated drug). Additionally, the execution of control actions is similar to
the anesthesiologist actuation so that it is likely that this kind of controllers can be more
accepted in the clinical practice where the anesthesiologist acts as a supervisor.
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Chapter 6

Influence of opioid-hypnotic
balance: in-silico study

The experimental results presented in Chapters|3| and [4| have demonstrated the effective-
ness of the MISO control approach first proposed in [93], that is based on the introduction
of a ratio that links the infusion rates of propofol and remifentanil. A similar approach has
also been proposed in [81] and promising results regarding its effectiveness have been ob-
tained in an in-vivo experiment performed on two patients [82]. However, the potentialities
of this approach have been only partly exploited in the clinical experiments presented in the
aforementioned chapters of this thesis. Indeed, only an opioid/hypnotic ratio equal to 2 have
been considered while the proposed controllers have been designed to properly operate on the
whole range from 0.5 to 15.

The clinical reasons that motivated the choice of using the ratio equal to 2 have been discussed
in Section This value has not been changed during the clinical experiments performed
with the aim to better understand the results obtained. In fact, the arbitrary modification
of this parameter made by the anesthesiologist would have introduced a confounding factor
which would have made the interpretation of the obtained results difficult. Indeed, the mod-
ification of the opioid/hypnotic balance produces significant clinical effects.

The possibility for the anesthesiologist to regulate this parameter could represent a great step
towards the implementation of the anesthesiologist-in-the-loop paradigm. This would give the
possibility to the anesthesiologist to adapt the system behavior according to clinical needs
that are not known by the controller, thus merging the benefits of closed-loop controllers to
the knowledge and experience of clinical practitioners. This could contribute in reducing the
mistrust that anesthesiologists might have with respect to control solutions that completely
exclude manual interventions from the control loop. Moreover, recently, the attention in the
development of closed-loop systems for anesthesia is moving toward the combined control of
DoH and hemodynamic variables, as pointed out in Section

In this chapter, the effect of the regulation of opioid/hypnotic balance is investigated in
simulation. This is made possible by a recently proposed open source patient simulator
that provides a realistic simulation environment to effectively perform in-silico validations
of closed-loop controllers for anesthesia [49]. The features of this innovative tool have been
already presented in Section [1.3.2] The availability of these tools is of fundamental impor-
tance since useful clinical insights can be obtained without any risks for patients safety. Both
the time-based PID MISO control system of Section and the event-based MISO control
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system of Section are considered and the results obtained are presented [110].

6.1 PID-based MISO control scheme

The regulation of opioid-hypnotic balance is fundamental in TIVA since it has a significant
impact on DoH and hemodynamics. Therefore, when a fully automated control system for
anesthesia is developed, this aspect must be considered. In the PID-based control scheme for
propofol and remifentanil coadministration summarized in Section the opioid-hypnotic
balance is handled by imposing a ratio between the infusion rates of these two drugs. By
changing this value, the anesthesiologist can choose the most suitable balance for each pa-
tient and for each phase of surgery. The aim of this section is to evaluate and discuss the
benefits that this solution can bring in the clinical practice. In order to do so, the proposed
solution has been tested in simulation by using the open source patient simulator introduced
in Section It implements both anesthetic and hemodynamic variables and takes into
account their interaction.

In this context, propofol and remifentanil infusion rates are considered as inputs of the simula-
tor. The dopamine, SNP and atracurium inputs of the simulator are not considered and they
are set equal to zero. In the simulator, the Schnider model described in Section is used
for propofol and the Minto model described in Section is used for remifentanil. Their
combined effect on BIS is modeled with the model described in Section The tuning
dataset shown in Table has been considered to perform the simulations. The simulator
also includes the possibility to simulate disturbances on the BIS caused by surgical stimula-
tion. Here, the double step disturbance profile, shown in Figure has been considered.
The control system architecture considered here is the second one described in Section [2.2.2]
with the discretized PID controller. The PID tuning considered is that shown in Table
A schematic view of the control loop, with the simulator, is shown in Figure

The opioid-hypnotic balance can be modified by selecting a value of the ratio in the range
from 0.5 to 15. By selecting a lower ratio, the BIS target is obtained with a higher propofol
concentration and a lower remifentanil concentration, thus increasing the hypnotic component
over the analgesic component of anesthesia. This situation is desirable in case of moderate
painful stimulation or in case of concomitant use of loco-regional analgesics as this allows the
reduction of the infused dose of remifentanil, thus reducing opioid-induced side-effects. On the
contrary, by selecting a higher ratio, the BIS target is obtained with a lower propofol concen-
tration and a higher remifentanil concentration, thus increasing the analgesic component over
the hypnotic component of anesthesia. This configuration is indicated for surgical phases that
involve strong painful stimulation but, consequently, it increases the risk of opioid-induced
side-effects. The default value of ratio in the proposed control scheme has been set equal
to 2, as explained in Section The simulation has been performed by setting a target
BIS value of 50. The baseline values before drug administration for MAP and CO have been
set to 90 mmHg and 5 1/min respectively. The simulation results for anesthesia induction
performed on the tuning dataset are shown in Figure where the opioid-hypnotic ratio is
set equal to 2. The PID controller rapidly drives the BIS to the target value of 50 without
causing undershoot below the value of 40 for all thirteen patients of the tuning dataset. As
regards the hemodynamic variables, the CO remains inside the recommended bounds for all
the patients while the MAP drops below the lower bound of 65 mmHg in two out of thirteen
patients, namely patients 8 and 10. The RASS varies between -4 in patient 1 and -6 in patient
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8, thus indicating a slight underdosing and overdosing of analgesic respectively. Although po-
tentially problematic MAP and RASS situations only occur in 2 out of 13 patients, they must
be appropriately managed by the control system. The proposed control solution manages
this issue by means of the ratio value. In Figure the setpoint response for patient 1 and
patient 8 is shown. These two patients show different behaviors, indeed, patient 8 appears
to be more sensitive to remifentanil since it shows a RASS value below the target and shows
hypotension. Conversely, patient 1 appears to be less sensitive to remifentanil since it shows a
RASS value above the target and a reduce lowering of MAP with respect to baseline. Hence,
it is appropriate to decrease the ratio for patient 8 and increase it for patient 1 in order to
reach the same BIS target with less or more remifentanil, respectively. Figure shows the
setpoint response for patient 1 and patient 8 obtained by setting the ratio to 2.5 and 1.3,
respectively. By doing so, both patients reach the RASS target without showing hypotensive
episodes.

The ratio can also be changed by the anesthesiologist during the course of anesthesia ac-
cording to the observed response. In order to better clarify this aspect, a simulation that
comprises the setpoint response and the disturbance rejection response for patient 8 has been
performed and the results are shown in Figure In this example, anesthesia is induced
with a ratio equal to 2. Then, at time 200 s the anesthesiologist observes that MAP is below
the recommended value of 65 mmHg and RASS is below the target value of -5. Hence, he/she
decides to lower the ratio from 2 to 0.8 in order to reduce the opioid-induced side-effects on
MAP. At time 300 s the BIS settles at the setpoint value. Thus, the anesthesiologist decides
to perform the gain-scheduling. By doing so the tuning parameters for disturbance rejection
are selected. At time 400 s there is a disturbance on the BIS due to surgical stimulation
that is compensated by the controller. At time 500 s the anesthesiologist decides to increase
the ratio from 0.8 to 1.5 in order to keep a suitable analgesic coverage. The black dashed
line represents the response that would have been obtained without changing the ratio from
2 to 0.8 at time 200 s. Notice that this would have caused hypotension and an excessively
low RASS value. The black dash-dotted line represents the response that would have been
obtained without changing the ratio from 0.8 to 1.5 at time 500 s, which would have caused
a rise of the RASS above the target value. It is worth noting that the changes in the ratio
value do not affect the BIS value.

In conclusion, the introduction of the open source patient simulator presented in [49] allows
the performance of control systems to be analyzed also with respect to these important as-
pects. The simulation performed on all the thirteen patients of the tuning dataset, with
the recommended opioid-hypnotic ratio of 2, shows that the system achieves the target BIS
without violating the lower bound of MAP in eleven out of thirteen patients. In the two re-
maining patients the MAP falls slightly below the lower bound of 656 mmHg, thus indicating
a generally good behavior with respect to hemodynamics. The RASS is slightly above the
desired target in only one out of thirteen patients, thus indicating a good analgesic cover-
age. These results have also been confirmed experimentally in Section where none of the
ten patients enrolled show clinical signs of inadequate analgesia or hemodynamic instability.
However, in the simulation performed on the considered tuning dataset, two patients, namely
patient 1 and patient 8, show opposite behaviors in response to remifentanil administration.
The simulations performed on these two patients by changing the ratio value have shown
the importance of a control system that offers the possibility to modify this parameter to
adapt to the characteristics of each patient. The simulation performed on patient 8 for both
anesthesia induction and disturbance rejection has also shown the usefulness of giving to the
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Figure 6.1: Schematic representation of the PID-based MISO control loop employed to evaluate
the influence of the opioid-hypnotic balance. This figure has been adapted from [49].

anesthesiologist the possibility to regulate the ratio during anesthesia depending on the dif-
ferent situations that may occur.

Despite the good results obtained in simulation, it is important to underline that the sit-
uations considered can be simplistic compared to those that can occur in clinical practice.
Indeed, there are other aspects to consider for the regulation of the opioid-hypnotic balance,
such as the phase of anesthesia, the type of surgical procedure and the physiological response
to stimulation. There may also be situations in which the patient shows hemodynamic insta-
bility even in the presence of reduced doses of drugs or for particular surgical procedures that
affect the cardiovascular system. In these cases the use of drugs active on hemodynamics,
such as vasopressors, is essential. In this sense the possibility to select the opioid-hypnotic
ratio can help the anesthesiologist to manage patient’s hemodynamics but it might not be
sufficient to ensure hemodynamic stability. In this simulation, analgesia is represented by the
RASS since other more specific measurements are not available yet. Moreover, the blunt-
ing effect of remifentanil on surgical stimulation affecting the DoH is not considered since
the disturbance profile employed acts on the BIS with the same magnitude regardless of the
remifentanil concentration. Since the simulator is open source, the modeling of these effects
can be implemented in a future version when more sophisticated models will become available.

6.2 Event-based MISO control scheme

In this section, the event-based control scheme for propofol and remifentanil coadmin-
istration presented in Section is evaluated on the open source patient simulator. In
particular, the same test configuration proposed in Section for the PID-based controller
is proposed here for the event-based controller. Indeed, also the control architecture here
considered has MISO structure where the opioid-hypnotic balance can be adjusted by means
of the ratio value. Since the event-based control architecture has been specifically designed
to deal with the presence of noise on the BIS signal, the real noise signal profile shown in
Figure has been added to the simulator to make the simulation more realistic and to
better evaluate the filtering effect of the event-based controller.
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Figure 6.2: [nduction phase responses obtained on the thirteen patients of the tuning dataset
with the PID-based MISO controller with ratio=2. Infusion rates are expressed in mg/kg/min for
propofol (green solid line) and pg/kg/min for remifentanil (red solid line). The red horizontal
dash-dotted line represents the MAP lower safety bound of 65 mmHg. The blue horizontal dash-

dotted line represents the RASS target of -5.
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Figure 6.3: Induction phase responses obtained on patient 1 (solid line) and patient 8 (dashed
line) of the tuning dataset with the PID-based MISO controller with different values of ratio.
Infusion rates are expressed in mg/kg/min for propofol (green solid line) and pg/kg/min for
remifentanil (ted solid line). The red horizontal dash-dotted line represents the MAP lower safety
bound of 65 mmHg. The blue horizontal dash-dotted line represents the RASS target of -5.

A schematic representation of the overall control architecture considered, with the simulator,
is shown in Figure

As in Section the simulations have been performed on the tuning dataset of Table
The simulations have been performed by choosing 50 as BIS target. The simulation scenario
has a duration of 42 min and it is structured as follows. At the beginning of the simulation
the controller is tuned with the set of tuning parameters optimized for the induction phase.
At minute 5 the induction phase is considered to be finished, thus the bumpless switching
mechanism is activated to tune the controller with the set of tuning parameters optimized
for the maintenance phase. Then, this tuning is kept until the end of the simulation. During
the maintenance phase the double step disturbance profile shown in Figureis applied. In
particular, at minute 10 a surgical disturbance is applied to the BIS signal. In particular, the
disturbance is a positive step of amplitude 10. This disturbance lasts till minute 25, where it
is stopped, that is, a negative step of amplitude -10 is applied to the BIS signal.

Simulation results performed with a fixed opioid-hypnotic ratio equal to 2 are shown in Fig-
ure The control system is able to rapidly drive the BIS to the reference value of 50
without causing relevant undershoot episodes for every considered patient. Concerning the
hemodynamic variables, the CO is kept inside the recommended values in every patient. For
this reason, this variable will be omitted in further considerations. In 11 out of 13 patients
the MAP values drops below the safety value of 65 mmH g for most of the time of the sim-
ulation. As regards the RASS, for every patient it varies between -5 and -8. This behavior
indicates that the dosage of remifentanil is slightly higher than required. These potentially
dangerous MAP and RASS behaviors must be handled by the control system. The proposed
solution consists of manually modifying the ratio value in order to always infuse an adequate
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Figure 6.4: Response obtained for patient 8 of the tuning dataset with the PID-based MISO
controller. At time 200 s the ratio is switched from 2 to 0.8 and at time 500 s the ratio is switched
from 0.8 to 1.5. Infusion rates are expressed in mg/kg/min for propofol (green solid line) and
pg/kg/min for remifentanil (red solid line). The red horizontal dash-dotted line represents the
MAP lower safety bound of 65 mmHg. The blue horizontal dash-dotted line represents the RASS
target of -5. For BIS, MAP and RASS the black solid line represents the response obtained by
switching the ratio, the black dashed line represents the response obtained with ratio=2 and the
dash-dotted line represents the response obtained without switching the ratio from 0.8 to 1.5 at

time 500 s.
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propofol-remifentanil balance.

To further analyze this strategy, patient 11 is considered as a single example. In Figure
it is possible to see the response of this patient. Despite the BIS signal is always inside the
appropriate interval from 40 to 60, the patient seems to be sensitive to remifentanil since it
has the RASS and MAP values below the target. As said before, this means that the amount
of administered remifentanil is too high. Thus, it is sensible to decrease the ratio in order
to reduce the remifentanil effect. In Figure the simulation response of patient 11, ob-
tained by switching the ratio, is presented. At the beginning, the anesthesia is induced with
a ratio equal to 2. After performing the gain scheduling, at minute 7, the anesthesiologist
decreases the ratio to 1.5 since the RASS trend is decreasing. In fact, the presence of a surgi-
cal disturbance applied to the BIS signal tends to decrease the MAP and RASS, so that the
anesthesiologist decides to change the ratio to 0.9 in order to maintain an adequate level of
sedation. This value is maintained until minute 27, where an increment of the hemodynamic
variables can be noticed since the disturbance expired some minutes before. Accordingly,
the anesthesiologist performs a last ratio change to 1.8, to keep the variables at their recom-
mended values. Note that, every time the ratio is changed, the PIDplus proportional gain
changes accordingly to the tuning rule of Table Looking at the infusion rates of Figure
and it is possible to notice the effect of the ratio switching. In particular, in the
third zone, the gap between the green and red solid lines is much reduced. In conclusion, it
is sensible to underline that, despite the ratio changing, the BIS signal of the two cases is
about the same. For the sake of completeness, in Figure [6.8] the simulation results obtained
for every patient by switching the ratio are presented. Moreover, in Table it is possible to
see, for all patients, at which time the ratio has been changed and its new value. It is worth
stressing that every anesthetic and hemodynamic variable is inside its recommended value.
From the simulation performed for each of the 13 patients, with a fixed opioid-hypnotic ratio
equal to 2, the control system meets the requirements concerning the BIS signal. On the
other hand, in the majority of the cases, the MAP and RASS fall below the desired thresh-
olds resulting in hypotension and excessive infusion of remifentanil. However, the simulations
carried out on the same patients, by modifying the ratio value, have shown encouraging re-
sults since both MAP and RASS achieve their recommended values. Moreover, the option
to change the opioid-hypnotic balance according to the state of each patient is the added
value of the described control solution and could bring further advantages to the anesthesia
practice. It is important to underline that the simulations performed are simple compared
to the situations that can occur during a surgical procedure. In fact, there are other aspects
that should be considered for the regulation of the propofol-remifentanil balance. Concerning
the filtering action of the event-based controller, in Figure it is possible to see how the
event generator filters the noise reducing the control effort. This allows the excitement of the
actuators to be reduced so that they do not follow detrimental variations of the BIS signal due
to the presence of noise. Moreover, it can be recalled that there are not significant differences
between an event-based controller and a standard PID controller in terms of BIS performance
since the two signals present a very similar trend [99].

6.3 Conclusions

In this chapter the influence of opioid-hypnotic balance has been tested through simula-
tions using an in-silico approach thanks to a recently devised open source patient simulator
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Figure 6.5: Schematic representation of the event-based PID MISO control loop employed to
evaluate the influence of the opioid-hypnotic balance. This figure has been adapted from [49].

1st Change 2nd Change 3rd Change 4th Change
Id | Time [min] | Value | Time [min] | Value | Time [min] | Value | Time [min] | Value
1 10 1.6 25 3 - - -
2 2 1 b} 1.5 10 1 2
3 4 1.6 10.5 1.2 25 2 -
4 2.5 1.3 11 1 17 1.5 -
5 10 1.2 25 2.5 - - -
6 6 1.5 10 1.2 25 2.2 -
7 6 1.5 10 1 25 2 -
8 2.5 1 11 0.8 25 1.3 -
9 10 1.4 25 2.2 - - -
10 2.5 1.2 11 1 25 1.6 -
11 7 1.5 10 0.9 27.5 1.8 -
12 10 1.1 25 2.5 - - -
13 2.5 1.2 11 1 25 1.6 -

Table 6.1: Timeline of the ratio changes performed on the thirteen patients of the tuning dataset
with the event-based PID MISO controller. The simulation started with a baseline value of ratio=2
for all patients. Note that blank cells denote that no further changes have been done.
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Figure 6.6: Responses obtained on the thirteen patients of the tuning dataset with the event-
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Figure 6.7: Responses obtained for patient 11 of the tuning dataset with the event-based PID
MISO controller. Green solid line: propofol infusion rate expressed in mg/kg/min. Red solid line:
remifentanil infusion rate expressed in ug/kg/min. Magenta dashed line: BIS target. Red dashed
line: MAP safety limit. Blue dashed line: RASS target. In the left plot a constant ratio equal to 2
is used. In the right plot black vertical dashed lines indicates the time instants when ratio changing
oceurs. For MAP and RASS the black solid line represents the response obtained by switching the
ratio. Black dashed line: ratio = 2. Black dash-dotted line: ratio = 1.5. Black dotted line: ratio
= 0.9.
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Figure 6.8: Responses obtained on the thirteen patients of the tuning dataset with the event-
based PID MISO controller by changing the ratio during the surgical procedure. Green solid line:
propofol infusion rate expressed in mg/kg/min. Red solid line: remifentanil infusion rate expressed
in pg/kg/min. Magenta dashed line: BIS target. Red dashed line: MAP safety limit. Blue dashed
line: RASS target.
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Figure 6.9: Responses obtained for patient 11 of the tuning dataset with ratio changing. The
solid black line represents the BIS trend obtained with the event-based PID MISO controller. The
dotted black line represents the BIS obtained with the standard time-based PID MISO controller.
Infusion rates represented with a dark green and red solid lines result from the event-based PID

MISO controller, whereas, the green and orange solid lines represent the infusion rates that result
from the standard time-based PID MISO controller.
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that implements the interactions between anesthetic drugs, hemodynamics and analgesic cov-
erage.

The PID-based MISO control scheme for propofol and remifentanil coadministration has been
first considered. In the proposed solution, the opioid-hypnotic balance can be manually ad-
justed by the anesthesiologist during the time course of anesthesia. Simulation results have
shown the importance of this parameter that allows the anesthesiologist to select the most
appropriate opioid-hypnotic ratio depending on the patient and on the specific phase of anes-
thesia. Hence, the possibility to select the ratio can help the anesthesiologist to better manage
the combination of patient’s DoH, analgesia and hemodynamics.

The event-based MISO control scheme for propofol and remifentanil coadministration has
been then assessed. The event-based controller confirms its satisfactory behavior in both
controlling anesthesia and filtering the noise that affects the BIS signal. In the proposed
solution, during the surgical procedure, the propofol-remifentanil balance can be manually
regulated by the anesthesiologist in order to deal with the patients characteristics and their
response to drugs infusion. Therefore, the option to modify the opioid-hypnotic ratio can
help the anesthesiologist to suitably handle DoH, analgesia and hemodynamics at the same
time, resulting in a reduction of intra-operative and post-operative side effects.

Giving the anesthesiologist the opportunity to adjust the opioid/hypnotic balance in an easy
and intuitive way can be a great step forward for the introduction of these systems in the
routine clinical practice. The satisfactory results obtained in this in-silico study suggest that
this approach is ready to be safely tested in-vivo.
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Chapter 7

Individualized PID tuning for
anesthesia maintenance

As already pointed out is Chapter 1] one of the main challenges in the design of closed-loop
system for automatic anesthesia regulation is represented by the great amount of variability
in the clinical response to drug administration. This limits the benefits of using complex
control architectures. For this reason many control solutions based on simple PID controllers
have been proposed. Indeed, reducing the effect of variability is critical and provides a suit-
able alternative to the implementation of more complex control solutions, as highlighted in
[147]. To this end, robust PID control strategies have been proposed, and their feasibility
has been demonstrated [85] [92] [148] [149]. All the solutions summarized in Section are
based on this approach. Hence, to deal with variability, the PID controllers have been tuned
with a population-based optimization technique. They employ a set of tuning parameters
that is suitable for every patient. Another approach consists in providing personalized con-
trollers. This method relies on the use of controllers that are specifically tuned for each
patient, or for groups of them who exhibit similar characteristics in response to drug adminis-
tration. The methodology proposed in this chapter is based on this latter approach. Indeed,
a novel optimization-based PID tuning methodology that exploits the covariates of linear PK
models, i.e., the demographic data of the patient, to obtain a patient-individualized tuning is
presented. The proposed approach provides an optimal set of tuning parameters for each com-
bination of covariates, thus providing an individualization of the controller dynamics based
on the demographic data of the patient. The advantages of this approach in reducing the
detrimental effects of inter-patient and intra-patient variability are analyzed. In particular,
it is interesting to understand whether a tuning of the PID controller that takes into account
the covariates of the PK model can provide some advantage despite the presence of the non-
linear PD. To this end, the results obtained in simulation with the new individualized tuning
are compared with those obtained by using an optimized population-based tuning [111} [112].
It is worth noting that the methodology proposed in this chapter has been considered only
for the maintenance phase of anesthesia. This choice has been made because the induction
phase of anesthesia is highly influenced by the presence of the Hill function, that introduces
a strong nonlinear behavior for BIS values lower than 40 or greater than 60, while, in the
range from 40 to 60, the Hill function behaves approximately like a constant gain. Hence,
during the maintenance phase when the BIS remains mostly inside the range from 40 to 60,
the dynamic behavior of the patient is less affected by the nonlinearity, and the proposed
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individualized tuning could provide more benefits. On the contrary, to provide individualized
control solutions for the induction phase of anesthesia nonlinear control methodologies are
proposed in Chapter

7.1 Individualized PID tuning for propofol administration

In this section, the SISO control architecture for propofol administration with the BIS
as feedback variable, shown in Figure is considered. The proposed tuning methodol-
ogy exploits the covariates of the Schnider PK model for propofol shown in Table ie.,
the demographic data of the patient, to obtain a patient-individualized tuning of the PID
controller, that is in form A conditional integration anti-windup strategy has also been
implemented.

7.1.1 Controller tuning

The proposed tuning methodology adjust the PID parameters according to the patient’s

demographic data. In other words, their knowledge provides information about the system’s
dynamics that can be explicitly exploited in the tuning of the controller. The optimization-
based individualized tuning approach derives from that described in Section but here
the optimization problem is considered. Hence, it is a minimization problem of the
TAE for a specific patient. Once the patient’s age, weight, height and gender are known, the
PK/PD linear model is constructed by using the Schnider model, shown in Table and the
model of Vanluchene, shown in Table is used for the Hill function. The obtained model is
then used to simulating the response to the double-step disturbance profile shown in Figure
thus obtaining the IAE. The optimization problem is then solved by means of a PSO
algorithm, eventually obtaining the set of optimal PID parameters that minimizes the IAE
for that specific combination of age, weight, height and gender. The PSO algorithm is set
with a swarm size of 100 particles and the optimization is stopped when the relative change
in the best IAE value over the last 50 iterations is less than 0.001.
To verify how the PID parameters change according to patient demographics, a sample pop-
ulation has been generated, and for each individual, the optimal PID parameters have been
calculated with the proposed methodology. For each gender, an individual of the popula-
tion is characterized by the quadruple (A, H, W, G), where A stands for age, H for height
W for weight and G for gender, and the entire population is the set {(A, H,W,G)|A =
20 + 10i; H = 150 + 55; W = 50 + 5k;i, 5,k € Noji < 7;5,k < 8G € {F,M}} where F
and M stand for female and male, respectively. The population covariates cover the follow-
ing ranges, age € [20,90] in steps of 10 years, height € [150,190] cm in steps of 5 cm and
weight € [50,90] kg in steps of 5 kg, and for each combination of the above, there are both
a female and a male individual. The optimal PID parameters obtained for each individual
of the sample population are shown in Figure where it is possible to observe that the
optimal tuning parameters change significantly across the considered domain. To quantify
the amount of change, the coefficient of variation (CV) is calculated for each parameter. For
the given population/sample, CV is defined as:

oV = ﬁ -100[%), (7.1)
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Figure 7.1: Trends of the individualized PID parameters obtained for the sample population.
The parameters for males are shown in the top row while the parameters for females are shown
in the bottom row.

where o is the standard deviation and p is the average. For males it results CVi,, = 22.40%,
CVr, = 15.44% and CVr, = 20.86%, while for females it results CVk, = 25.28%, C'Vr, =
15.28% and C'V;, = 20.02%. The CVs are similar for both genders and the tuning parameter
that shows the largest variability is the proportional gain K,. Further, note that all the
parameters show a monotonic behavior with respect to age (with the exception of Ty which
shows a slight overlap for 80 and 90 years old individuals), see Figure In particular,
K, and T; decrease as age increases, while T, increases as age increases. Note that K, also
shows a clear increasing trend with respect to height and weight. Finally, T; and Ty show less
noticeable trends with respect to weight and height, and they decrease slightly as the weight
increases and remain almost unchanged as the height varies. The same considerations apply
to both males and females.

7.1.2 Simulation results

In this section the results obtained by testing the individualized tuning in simulation are
reported. These results are compared with those obtained by employing the population-based
PID tuning methodology proposed in Section in order to understand the improvements
that an individualized tuning brings with respect to a population-based approach. The tuning
procedure proposed in Section has been applied to the control structure here considered
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and the following population-based tuning parameters have been obtained: K, = 0.2 mg/s,
T, = 386 s, Ty = 14 s. The simulation has been performed by simulating the maintenance
phase of anesthesia in order to obtain a tuning suitable to reject disturbances, and therefore a
fair comparison. The reference signal r(t) is initially set equal to 50, the input and the states
of the system are initialized as the equilibrium input and the corresponding equilibrium
states such that BIS(t) = 50. Further, the integrator of the PID controller is preloaded to
a value such that the control action in absence of tracking error equals the above-mentioned
equilibrium input. Then, the double-step disturbance profile shown in Figure is applied.
Initially, the controllers have been tested on the tuning dataset shown in Table Note that
the population-based PID tuning considered for the sake of comparison has been obtained by
minimizing the worst-case scenario over the above-mentioned dataset, while the individualized
tuning is obtained by considering the values of the parameters of the Hill function described
by the model of Vanluchene. The responses obtained in simulation with both tuning methods
are shown in Figure To better highlight the differences in the responses to the positive
step disturbance obtained with the two different tunings, a comparison between the mean,
minimum and maximum values of performance indices TTp and BIS-NADIRp is shown in
Figure Note that the TTp obtained with the individualized tuning is slightly longer
than the one obtained with the population-based tuning. In particular, the individualized
tuning shows a mean TTp of 17.8 s while the population based tuning shows a mean TTp
of 14.1 s. Nevertheless, the TTp obtained with the individualized tuning remains clinically
acceptable as the maximum value is 23.3 s. Furthermore, the higher TTp values obtained
with the individualized tuning are counterbalanced by a reduction in the BIS-NADIRp. In
particular, the population-based tuning shows a mean BIS-NADIRp value of 47.5 against
the 48.9 obtained with the individualized tuning. This difference is even more evident if the
minimum values are considered. Indeed, with the individualized tuning, a minimum BIS of
48.3 is reached against the minimum BIS of 45.8 obtained with the population-based tuning.
The individualized tuning also shows a reduction in the variability of the BIS-NADIRp.
Indeed, with the population-based tuning, a range of 3.0 is obtained among the 13 patients
against a range of 1.0 obtained with the individualized tuning.

The behavior of the two different tuning approaches has been tested with respect to intra-
patient variability. To this end, the method described in Section has been applied with
the statistical properties of the PK model given in [25], and for each of the perturbed models
the response to disturbance has been simulated. It is worth stressing that the individualized
tuning procedure is still performed on the nominal model, hence the tuning parameters are
the same for each one of the 500 perturbed models generated for each patient of the tuning
dataset. As an illustrative example, the responses obtained for the 500 perturbed models
related to the thirteenth patient of the tuning dataset are shown in Figure The mean
value, minimum value, maximum value and range for each one of the thirteen patients of the
tuning dataset are shown in Figure[7.5¢c| Even in the presence of intra-patient variability, the
results obtained with the perturbed population shows similarity with those achieved on the
nominal tuning dataset. In particular, the individualized tuning achieves higher values of the
BIS-NADIRp, thus reducing the undershoot, at the cost of an increased value of the TTp
with respect to the population-based tuning. As regards TTn and BIS-NADIRn, the same
considerations made for the tuning dataset remain valid also for this more general case. Note
that the individualized tuning achieves a reduction in the variability of BIS-NADIRp.

The behavior of the two different tuning approaches with respect to inter-patient variability
has finally been assessed by applying the method described in Section The parameters
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Figure 7.2: Maintenance phase responses obtained with the PID controller for propofol admin-
istration on the thirteen patients of the tuning dataset. Black solid line: population-based tuning.
Green solid line: individualized tuning.

of the Hill function have been generated by considering the statistical properties given in [28].
The individualized tuning has been performed for each one of the 500 generated patients by
considering the nominal parameters of the Hill function shown in Table The responses
obtained are shown in Figure Even for a wider random population the same considerations
made on the tuning dataset still apply. In particular, with the individualized tuning, an
increase of the BIS-NADIRp index is obtained simultaneously reducing its variability, at the
cost of an increased TTp index. Also in this case the TTn and BIS-NADIRn indices do not
show significant differences between the two different tunings. The TTp and BIS-NADIRp
indices obtained with both tuning methods are also shown in Figurein order to facilitate
the comparison. In particular, the minimum value of the BIS-NADIRp obtained with the
population based tuning is 39.2 while a value of 45.6 is achieved with the individualized tuning.
Conversely, the maximum value of the TTp index goes from 17.8 s with the population-based
tuning to 28.9 s with the individualized tuning. However, with both tunings, the responses
obtained meet the control specifications and are acceptable in clinical practice, even in the
presence of inter-patient variability.

7.1.3 Discussion

The proposed individualized tuning provided a satisfactory control performance on the
considered benchmark dataset. The individualized-tuning performed well in both the cases
of intra-patient variability and inter-patient variability, always guaranteeing the fulfillment of
the control specifications. In order to better understand the advantages and disadvantages
that an individualized tuning can provide, the results obtained have been compared with
those obtained with a population-based tuning. This comparison showed that the individu-
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Figure 7.3: Maintenance phase responses obtained with the PID controller for propofol admin-
istration on the 500 perturbed models generated starting from the nominal model of the thirteenth
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alized tuning can effectively reduce the undershoot resulting from the rejection of a positive
step disturbance, by reducing also its variability. This is consistently observed in all the tests
carried out, and it is particularly evident especially in the case of inter-patient variability.
Indeed, the minimum value of BIS-NADIRp reached with the population-based tuning is
equal to 39.2, hence slightly below the lower BIS bound imposed by the control specification,
while with the individualized tuning this value is equal to 45.6, hence well above the lower
limit. Also the variability of BIS-NADIRp is significantly reduced, with the amplitude of the
range of observed values dropping from 9.8 with the population based tuning to 3.7 with the
individualized tuning. The reduction of the effect of variability achieved with the individual-
ized tuning gives greater robustness with respect to BIS undershoot. However, this increase
in robustness is paid for with a reduction in the controller bandwidth, which translates in
an increase of the TTp index. As for the reduction of the undershoot, this is consistently
observed in all tests, and it is especially evident in the case of inter-patient variability, with
the maximum observed TTp values increasing from 17.8 s with the population-based tuning
to 28.9 s with the individualized tuning. Also the variability in the TTp index increases with
the individualized tuning, and the amplitude of the range of observed values increases from
8.6 s with the population-based tuning to 17.5 s with the individualized tuning. Hence, the
population-based tuning is less sensitive to the effect of variability with respect to the time to
target. It is worth stressing that, despite these different behaviors, both tunings guarantee the
fulfillment of the control specifications, thus constituting two valid alternatives. The lower
undershoot achieved with the individualized tuning makes it preferable in those situations
and for those individuals where even slight overdosing should be avoided, for example, for
patients with a high tendency to hypotension. On the other hand, the fastest disturbance
rejection provided by the population-based tuning could be more suitable to reduce the risk
of intraoperative awareness in situations where the patient is subject to strong surgical stim-
ulation. In this work the individualization of the controller has been considered only for the
maintenance phase of anesthesia since the induction phase of anesthesia is highly influenced
by the presence of the Hill function, which introduces a strong nonlinear behavior. The in-
dividualization of the parameters relies on the knowledge of patient’s demographic data that
are not related to the parameters of the Hill function, but only affects the dynamics of the
linear PK model.

7.2 Individualized PID tuning for propofol and remifentanil
coadministration

In this section, the individualized tuning approach is extended to the MISO control scheme
for propofol and remifentanil coadministration presented in Section In particular, it is
interesting to understand whether the patient-individualized design can provide an improved
robustness also in the MISO case. Here, the tuning methodology exploits the covariates
of the Schnider and Minto PK model for propofol and remifentanil, respectively, to obtain
a patient-individualized tuning of the PID controller, that is in form A conditional
integration anti-windup strategy has also been implemented.
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7.2.1 Controller tuning

The tuning methodology proposed in Section [7.1]for the SISO case is here extended to the
MISO case. In particular, the same optimization problem[5.7] based on the IAE, is considered
and it is solved with a PSO algorithm that is set with a swarm size of 100 particles. The
optimization ends when the relative change in the best IAE value over the last 50 iterations
is less than 0.001. Once the patient’s age, weight, height and gender are known, the PK/PD
linear models for propofol and remifentanil are constructed by using the Schnider and Minto
models, shown in Table and respectively. For the nonlinear interaction model, the
values shown in Table are considered. This model is then used to run the optimization
procedure by simulating the response to the double-step disturbance profile shown in Figure
thus obtaining the set of optimal PID parameters that minimizes the IAE for that specific
patient. Hence, with this approach, the set of tuning parameters is calculated for each patient,
thus providing an individualization of the PID parameters based on the demographic data
of the patient. The tuning procedure must be performed separately for each value of the
infusions ratio since the system dynamics depends on this parameter. The ratios 0.5, 2, 5 and
15 have been chosen as representative values.

7.2.2 Simulation results

In this section the results obtained in simulation with the individualized tuning methodol-
ogy are presented and they are compared with those obtained by using the population-based
tuning methodology shown in Table All the simulations have been performed by con-
sidering only the maintenance phase of anesthesia. The reference signal r(t) is set equal to
50. Propofol and remifentanil infusion rates and the state of the system are initialized at
the equilibrium corresponding to BIS(t) = 50. Further, the integrator of the PID controller
is preloaded to a value such that the control action in absence of tracking error equals the
above-mentioned equilibrium input. Then, the double-step disturbance profile shown in Fig-
ure [1.6]is applied.

Initially the two approaches have been tested on the tuning dataset shown in Table
Note that the population-based PID tuning has been obtained by minimizing the worst-case
scenario over the above-mentioned dataset, while the individualized tuning is obtained by
considering the values of the parameters of the nonlinear interaction function shown in Table
The responses obtained in simulation with both tuning methods for each considered
value of the ratio are shown in Figure The two tunings exhibit different behaviors for the
rejection of the positive step disturbance, while they do not show significant differences for
rejection of the negative step. This behavior is expected because, in order to compensate for
the BIS rise due to the positive step, the controller reacts by increasing the drugs infusion rate
with a dynamics that is imposed by the PID controller. On the other hand, to compensate for
the drop in BIS due to the end of the disturbance action, the controller reacts by setting the
drug flow to zero (due to the saturation imposed by the fact that it is impossible to remove
the drug from the patient). Thus, the increase of the BIS is mainly dominated by patient
dynamics over which the PID controller has no control. Hence, TTn and BIS-NADIRn are
practically identical with both tunings and therefore they are not shown in this comparison.
To better highlight the differences in the responses to the positive step disturbance obtained
with the two different tunings, a comparison between the mean, minimum and maximum
values of performance indices TTp and BIS-NADIRp is shown in Figure For each value
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of ratio, the patient-individualized tuning reduces the undershoot, as observable from the
minimum values of BIS-NADIRp obtained. In particular, the individualized-tuning shows an
average BIS-NADIRp of 48 while the population-based tuning shows an average BIS-NADIRp
of 46. The patient-individualized tuning also provides a reduction in the variability of the
BIS-NADIRp, as it is possible to notice by analyzing the minimum values of BIS-NADIRp.
Indeed, with the population-based tuning the minimum BIS-NADIRp is 42 for every value
of the ratio, while for the individualized tuning it is around 46 with ratio 0.5 and 2, 45 with
ratio 5, and 43 with ratio 15. This reduction of the BIS-NADIRp of the individualized tuning
is obtained at the expense of a slightly longer TTp. However, the maximum TTp obtained
with the patient-individualized tuning never exceeds 30 s which is perfectly acceptable in the
clinical practice.

The behavior of the two different tuning approaches has been tested with respect to intra-
patient variability. To this end, the method described in Section has been applied with
the statistical properties of the Schnider PK model given in [25] and of the Minto PK model
given in [27], and for each of the perturbed models the response to disturbance has been sim-
ulated. It is worth stressing that the individualized tuning procedure is still performed on the
nominal model, hence the tuning parameters are the same for each one of the 500 perturbed
models generated for each patient of the tuning dataset. The responses obtained in simulation
with both tuning methods for each value of ratio for patient thirteen are shown in Figure
as an example. The perturbed response for the other patients of the dataset are not shown
for the sake of brevity but similar results have been obtained. The mean value, minimum
value, maximum value and range for each of the thirteen patients of the dataset, and for each
value of ratio, are shown in Figure Even in the presence of intra-patient variability, the
results obtained with the perturbed population are similar to those achieved on the dataset of
the thirteen nominal patients. In particular, the individualized tuning achieves higher values
of the BIS-NADIRp and reduces its variability. This is obtained at the cost of an increased
value of TTp compared to the one obtained with the population-based tuning.

The behavior of the two different tuning approaches with respect to inter-patient variability
has finally been assessed by applying the method described in Section [2.2.1] The parameters
of the Hill function have been generated by considering the statistical properties given in
[28,[29] 130]. The individualized tuning has been performed for each one of the 500 generated
patients by considering the nominal parameters of the Hill function shown in Table The
individualized tuning has been performed for each one of the 500 generated patients by con-
sidering the nominal parameters of the nonlinear interaction model. The responses obtained
in simulation with both tuning methods for each value of ratio considered are shown in Figure
The mean value, minimum value, maximum value and range for each of the thirteen
patients of the tuning dataset, and for each value of ratio considered, are shown in Figure
[7.8] Even for a larger population, the same results obtained for the thirteen patients of the
sample dataset remain valid and in particular, the reduction of the undershoot achieved with
the individualized tuning is even more evident. Indeed, with the individualized tuning, the
minimum value of BIS-NADIRp never drops below 44, while with the population-based tuning
the minimum value of BIS-NADIRp is 38. Again, the reduction of the undershoot obtained
with the individualized tuning is obtained at the expense of a longer TTp with respect to
the one obtained with the population-based tuning. However, the maximum TTp obtained
with the individualized tuning never exceeds 35 s, thus always remaining below the clinically
acceptable threshold.
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Figure 7.6: Maintenance phase responses obtained with the PID controller for propofol and
remifentanil coadministration on the thirteen patients of the test population with different values
of ratio. Black solid line: population-based tuning. Green solid line: individualized tuning.
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Figure 7.9: Maintenance phase responses obtained with the PID controller for propofol and
remifentanil coadministration on the 500 perturbed models generated from the nominal model
of the thirteenth patient of the tuning dataset with different values of ratio. Black solid line:
population-based tuning. Green solid line: individualized tuning.
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Figure 7.10: Comparison of mean, minimum and mazimum values of maintenance phase per-
formance indexes obtained with the PID controller for propofol and remifentanil coadministration
for each of the thirteen patients of the test dataset subjected to intra-patient variability with the
individualized tuning (green line) and with the population-based tuning (black line). m : mean
value, A : minimum value, ¥ : maximum value.
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Figure 7.11: Mauintenance phase responses obtained with the PID controller for propofol and
remifentanil coadministration on the population of 500 patients randomly generated to test inter-
patient variability with different values of ratio. Black solid line: population-based tuning. Green

solid line: individualized tuning.
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7.2.3 Discussion

The obtained simulation results suggest that the patient-individualized tuning approach
provides satisfactory control performance for every value of ratio considered. In particular,
it performs well on the tuning dataset and it shows a good robustness with respect to both
intra-patient variability and inter-patient variability, by always guaranteeing the fulfillment
of the control specifications. When compared with a population-based tuning, it shows its
effectiveness in reducing the effect of variability on BIS undershoot. Indeed, in all the simula-
tions performed, the individualized tuning provides a reduction of the maximum undershoot,
which is represented by the minimum value of BIS-NADIRp and of the variability range of
the undershoot, which is represented by the difference between the maximum and the min-
imum values of BIS-NADIRp. This increased robustness to undershoot is counterbalanced
by a reduction of the controller bandwidth that translates into an increment of the TTp.
In all the simulations performed with the individualized tuning, the increment of the mean
value of TTp is limited, while it is more evident if the maximum value of TTp is consid-
ered. The lower undershoot achieved with the individualized tuning makes it preferable in
those situations and for those individuals where even slight overdosing should be avoided, for
example, for patients with a high tendency to hypotension. On the other hand, the fastest
disturbance rejection provided by the population-based tuning could be more suitable to re-
duce the risk of intraoperative awareness in situations where the patient is subject to strong
surgical stimulation. In any case, with both tunings the control specifications are always
fulfilled. The simulation results obtained confirm that the approach presented in Section
for the control of propofol alone remains valid also for the case of propofol and remifentanil
coadministration. Indeed, similar trends are observed and the considerations regarding the
TTp and the BIS-NADIRp are the same for both the SISO and the MISO cases. The BIS
remains mainly inside the range from 40 to 60, where the nonlinear interaction approximately
behaves like a constant gain matrix. Hence, during the maintenance phase, the dynamic of
the PK/PD model of the patient is less affected by the nonlinear behavior. The proposed
approach allows the full exploitation of the knowledge of patient’s demographic data and it is
straightforwardly implementable in the clinical practice since these data are always available.
Finally, it is worth clarifying that, although the ratio values considered in this paper are
limited, the same results obtained applies for all values in the considered range, from 0.5 to
15. The particular values selected have been chosen as representative examples, 0.5 and 15
being the extrema while 2 and 5 are commonly used values in the clinical practice.

7.3 Conclusions

In this chapter a patient-individualized PID tuning approach has been presented. It is
applicable to both SISO and MISO control schemes and it allows the controller parameters to
be individualized on the basis of the patient’s demographic data. The proposed approach al-
lows the knowledge of all the patient’s measurable demographic data to be exploited and it is
straightforwardly implementable in the clinical practice since covariates are easily measurable.
Thus, it represents a step forward in the implementation of personalized medicine solutions.
The maintenance phase of anesthesia has been considered in order to minimize the effect
of the nonlinearity introduced by the Hill function, which is particularly significant in the
induction phase, since its parameters do not depend on patient’s demographic data. The in-
dividualized tuning has been tested in simulation on the tuning dataset and its behavior with
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respect to intra-patient and inter-patient variability has been investigated. The controller
has given satisfactory results always guaranteeing the fulfillment of the control specifications.
The results obtained in simulation with the individualized controllers have been compared
with those obtained with PID controllers tuned with a population-based methodology. The
individualized controllers have shown an improved robustness with respect to intra-patient
and inter-patient variability, at the cost of a slight decrement of the bandwidth. This trans-
lates into an increase in the amount of time required to reject positive disturbances, which
however remains within acceptable limits. Both tunings perform well in simulation and rep-
resent therefore viable alternatives for the tuning of PID controllers to be employed in the
clinical practice, thus allowing the anesthesiologist to choose the most suitable controller for
a specific patient and/or surgical procedure.
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Chapter 8

Optimization-based strategies for
anesthesia induction

Anesthesia induction represents a critical phase in clinical practice and it is particularly
demanding for the anesthesiologist. Indeed, propofol must be carefully dosed to rapidly drive
patients into a state of unconsciousness. A quick loss of consciousness facilitates airway in-
strumentation, thus ensuring patient’s safety. It also prevents patients from feeling anxiety
and discomfort due to pain on propofol injection. However, this should not be obtained at
the expense of a propofol overdose as it can lead to severe complications, like hypotension
and post-operative delirium. In the clinical practice of TIVA, anesthesia is generally induced
by administering a bolus of propofol. The dose is chosen based on mathematical models and
clinical guidelines that take into account the physical characteristics of the patient. However,
the clinical effect of this initial bolus strongly depends on the variability that each patient
shows in response to drug administration. This difficulty in drug dosing, combined with
the fact that it is necessary to deal with the delicate procedure of airway instrumentation,
makes anesthesia induction a demanding task for the anesthesiologist. Hence, the assistance
provided by computerized systems can bring several benefits in this phase. When TCI is
used the anesthesiologist selects a desired plasma or effect site concentration of propofol and
the system aims to achieve it by delivering an appropriate infusion profile. It is a bolus-like
profile that is calculated by exploiting a PK/PD model of the patient. The use of TCI helps
the anesthesiologist in dosing the drug. However, it is an open-loop system and, thus, it
is susceptible to unavoidable model uncertainties. On the contrary, closed-loop systems can
compensate for uncertainties. However, their design is particularly challenging, especially as
regards the induction phase, as they must be able to guarantee a fast set-point tracking with
limited overshoot despite the high variability in drug response and the presence of nonlinear-
ities.

In [150], an input-output inversion-based control solution has been proposed, while in [151]
an Explicit Reference Governor scheme has been developed to formally guarantee overshoot
prevention. Although these solutions have provided promising results, one of the reasons that
limits the use of this type of systems is represented by the fact that their behavior deviate
from what is the clinical practice of using a propofol bolus. This implies that the induction
might result too slow to be acceptable in some clinical practices and for some kind of patients.
Furthermore, this difference from standard clinical practice can create distrust in clinicians.
In an attempt to overcome this issue, new optimization-based feedforward control approaches
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Figure 8.1: Schematic representation of the control architecture with the optimized feedforward
bolus.

specifically designed for the induction phase of BIS-guided propofol anesthesia are proposed
[113] 114} 115]. The results obtained are summarized in this chapter.

8.1 Optimized feedforward control

The approach proposed in this section is based on the use of an optimization strategy
to determine the initial propofol bolus to induce anesthesia. The optimized bolus aims to
minimize the induction time and it is used as a feedforward action together with a specifically
tuned PID controller. More in details, the optimization objective is to minimize the transition
time of the BIS from the initial value Ej to its target range from 40 to 60. In particular, the
time required for the BIS to drop below 60 has been minimized since it has been shown that, in
general, BIS values below this threshold are associated with a reduced risk of awareness during
endotracheal intubation [37]. This objective is constrained by the fact that it is necessary to
avoid large undershoots of the BIS. Indeed, they could be harmful for the patient health. The
method provides an infusion profile similar to the one commonly used in clinical practice to
rapidly induce anesthesia (i.e. an initial bolus followed by a continuous infusion). The initial
bolus is provided by a feedforward action that is calculated by taking into account the nominal
patient model. In case of perfect knowledge of the model, the feedforward action alone would
be sufficient to drive the BIS to the target range in a minimum time. However, because of
unavoidable model uncertainties, a feedback PID controller is included in the control scheme.
Thus, the main idea is to combine the ability to provide a personalized drug infusion offered
by TCI systems with the advantages of continuous adjustment and reduction of variability in
the response offered by closed-loop systems.

8.1.1 Control system architecture

The system architecture is shown in Figure where wus(t) is the feedforward action,
while upyrp(t) is the output of the PID controller. The overall control action u(t) is obtained
as the sum of these two actions and it represents the propofol infusion rate expressed in mg/s.
This value is bounded between the minimum value of 0 mg/s and maximum value, uys, of
6.67 mg/s. The reference value for the BIS is denoted as r(t), while y(t) is the measured BIS
value.
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8.1 Optimized feedforward control

Feedforward action

The feedforward action is calculated by means of an optimization procedure. This pro-
cedure is carried out before the beginning of anesthesia induction. It is based on the offline
simulation of the patient’s response to drug infusion. The latter is obtained by exploiting
the nominal PK/PD propofol model, described in Section with the aim to provide a
personalized drug infusion. In particular, for the linear part the Schnider model, shown in
Table is used. For the Hill function the Vanluchene model, shown in Table is used.
The parameter Ey of the Hill function can be obtained by measuring the baseline BIS value
before drug administration.

The feedforward action can bring significant benefits in terms of performance as it explicitly
takes into account the nonlinearity of the Hill function. In particular, as it is possible to
verify from Equation the Hill function has an initial plateau. Thus, a low drug concen-
tration in the effect site compartment has almost no effect on the BIS. The effect becomes
visible only when the concentration in the effect-site compartment reaches a sufficiently high
value. Therefore, especially during the initial stages of induction, the states of the system [1.1]
cannot be determined from the BIS. This is particularly detrimental for a feedback controller
since, during the first moments of induction, the feedback signal is not very informative, thus
limiting the bandwidth achievable by the controller without risking instability.

In the following, the procedure for computing the feedforward control action is presented.
First, consider the linear model and its state-space representation [I.4] with the BIS signal

as nonlinear output :
y(t) = BIS(t) = h(z(t)) = f(Ce(D)), (8.1)

where the output function i : R* — R is such that h([q1, g2, 3, Ce]T) = f(C.). If all parame-
ters appearing inare nonzero, then system is asymptotically stable by viz) of Theorem
2.10 of [152]. In fact, by defining p as [1,1,1, Vikio/k1e]T and r as [0,0,0, —keoVikio/k1e] T,
condition 0 = ATp + r is satisfied. Then, being A non-singular, system is asymptotically
stable. Hence, for a constant input u(¢) = ug, by the final value theorem, the state converges
to a constant, namely:

. _|uo ki2uo kisuo  wokie

im z(t) = | —, , , ,

t—00 ki k1o k21" k1o k31 Vi k1o keo

and the BIS signal converges to f (‘;]?17]?;;60) Because of the large time constants in
due to slow drug diffusion in fat tissues, steady state is not reached during normal surgical
procedures. A feedforward control is computed such that, at time ¢, corresponding to the
end of the induction phase, the BIS signal reaches a desired value yy, which is set equal
to 50, and can be maintained constant for all ¢ > ¢ with a suitable choice of the infusion
rate. To this end, set g(yo) = % ~I(yo) and note that, if y(£) = h(z(f)) = yo and
(Vt > ) q1(t) = g(yo) then (Vt > 1) y(t) = yo. That is, g(yo) is the drug mass in the primary
compartment that allows the BIS signal to be maintained on the desired target value yp.
In the induction phase, the feedforward infusion u that brings system from the initial
rest condition (0) = 0, to a state (%), such that h(z(f)) = o, ¢1(f) = g(yo) is computed.
During this phase, the BIS value must always be above a given safety threshold BISyin,
that is set equal to 40. Moreover, to minimize time-to-target, the control v must minimize
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t=min{t € R: (V7 € [t,]) BIS() < yo}, that is the time after which the BIS value is kept
below the target value yy. In practice, since a discrete-time controller is used, the feedforward
control signal is constant between sampling times. Let T' € R be a positive constant that
represents the sampling period. Assume that the continuous-time control signal v : R — R
is obtained by applying a zero-order hold filter (ZOH) to a discrete-time input ug : Z — R,
that is:

u(t) =uq(k) telkT,(k+1)T7,

and set the sampled state z*(k) = x(kT') and the sampled output y*(k) = y(kT'). Functions
x*, y* satisfy the difference equation:

o (k+1) = 121 ra*(k) + Brug(k) (8.2)

y(k) h(z*(k)),

with Ay = eAT, By = fOT eA™ Bdr. Define the set of admissible final induction states as:

F(yo) = {la1, 42,43, Ce]" € R*: f(Ce) =w0,q1 = 9(w0) } -

In other words, F(yo) is composed of those states [g1, g2, g3, Ce] such that the BIS output
corresponds to the required target value yg and the drug mass in the primary compartment
allows maintaining the BIS output constant. The overall goal of the induction phase is to
perform a transition of system from an initial equilibrium condition z*(0) = 0, in which
no drug is present in any compartment, to set F(yp). At all times, the BIS signal must be
greater than or equal than a safety threshold BI.S,,;, and the input signal has to be positive
and remain below an assigned threshold. The control must minimize the time-to-target, that
is the time after which the BIS signal is below threshold 3. More precisely, the problem at
hand is the following one.

min k (8.3a)
0<k<k

s.t. 0 < ug(k) < upy k=0,... .k (8.3b)

(k4 1) = Apa* (k) + Brug(k) k=0,... k-1 (8.3¢)

2i(k) > Y (BISmin) k=0,...k (8.3d)

(k) < f (o) k=Fk, ...k (8.3¢)

2*(0) =0 (8.3f)

(k) € Fyo), (8:3g)

where zj denotes the 4th component of x* and f is defined as in In Problem ., k
is a number of samples such that ¢ = kT is the overall duration of the induction phase.
Constraint represents input limitations. Constraint [8.3¢| m guarantees that z* is a solution
of condition [8.3d| guarantees that the calculated BIS signal does not fall below BISmin
at all times. Condition states that the calculated BIS signal must be below threshold
yo at all samples greater than or equal to k. Condition states that the drug initial
concentration is zero in all compartments. Finally, condition guarantees that at final
sample k the state belongs to set F(yp). Problem 8.3 can be solved by bisection as a sequence
of linear programming problems. Initially, k = k: is set and the feasibility of Problem @
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is checked. Since all constraints are linear with respect to variables ug(k), k = 1,...,k,
feasibility can be tested by a standard linear programming solver. For instance, GUROBI
(Gurobi Optimization, LLC) [153] has been used in this implementation. Note that, if the
problem is feasible for a given value of k, it is feasible also for larger values of k. This is
due to the fact that k appears only in constraint which becomes less restrictive if k is
increased. If this problem is not feasible for k = 12:, then also Problem is not feasible.
Otherwise, k is halved and the feasibility test is repeated. This procedure is repeated until
the minimum value of k that satisfies the feasibility of Problem is found. This corresponds
to the optimal value of .

In our tests, the solution ug of Problem is composed of the following four phases (see
Figure . In the following, 0 < k; < ko < k3 are appropriate samples that separate the
different phases.

1. ug(k) = ups for 0 < k < ky,

2. ug(k) is monotone non increasing for k; < k < ko,
3. ud(k) = (0 for kQ S k S @3,

4. ug(k) >0 for ks < k > k.

Initially, the drug infusion rate saturates to the maximum allowed value uys. Clinically, this
corresponds to administering an initial drug bolus. Then, the infusion rate decreases to 0 and
remains zero up to sample k3. Finally, the infusion rates becomes positive again. This last
phase corresponds to the beginning of the maintenance phase.

Determination of the reference signal and the feedforward control

For k > k, the feedforward control ug is such that (Vk > k) ¢i(k) = %kzof_l(yo). Then,
ug is computed from . It corresponds to the infusion rate ug that keeps ¢f, C. (and
therefore the BIS signal) constant. Note that ug is bounded. In fact, the transfer function

Tou,q: (s) of continuous-time system [1.1] from u to g is:

keo (ko1 +s) (k31 + s)
b(s) ’

where b(s) is an Hurwitz polynomial of degree 3. Since T, 4, (s) has relative degree 1 and is

minimum-phase, by [154], the zeros of the discretized transfer function Ty, ¢+ (2) from uq4 to ¢f
—ko1 T —k31T
)

Tuﬂth (S) =

approach e e as T approaches 0, so that T}, 4, (2) is minimum-phase for sufficiently
small values of T'. In the closed-loop control system shown in Figure the reference signal
r(t) is obtained by applying a zero-order hold to discrete-time signal:

_Jh@r(k) ifk<k
ra(k) = {yg if k> k.

The feedforward control uyy is obtained by applying a zero-order hold to:

ud(k) if k& < ]%2

ussalk) = {0 il > ko

That is, the part of signal ug that corresponds to the maintenance phase is set to zero. In
this way, only the feedforward action for the induction phase is actually implemented in the
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controller and the maintenance phase is totally managed by the feedback controller. This
choice has been made because the purpose of the feedforward action is to determine the
optimal bolus to be administrated to the patient. In the proposed architecture, the task
of maintaining the BIS at the target value can be fully achieved by the integral action of
the PID controller. This also makes sense because the feedforward action is calculated by
considering only the patient dynamics and by neglecting the dynamics of the PID controller
which is negligible during the early phases of induction but it gradually becomes relevant,
thus making the feedforward action calculated for the maintenance phase less accurate. An
example of the overall feedforward action, of the employed bolus-like feedforward action ws¢(t)
and of the determined reference signal r(t) is shown in Figure

Feedback controller

At the end of the first part of the feedforward action, the concentration of drug in the
effect site compartment has reached a value such that the Hill function is out of its plateau
and it is close to its point of maximum slope. Therefore, the feedback action plays a key
role to compensate for variability. The feedback controller consists of an output filtered PID
controller in the form [2.6/that has been tuned with the optimization-based approach presented
in Section In particular, a PSO algorithm has been employed to minimize the TAE in
the worst-case simulated step response (where both the feedforward and the feedback control
actions are applied) on the tuning dataset of Table The PSO algorithm was run with a
swarm size of 100 particles. Optimization ended when the relative change in the best TAE
value over the last 50 iterations was less than 0.001. The TAE was evaluated by performing
a numerical simulation of the response of each patient to drug infusion with a discretization
step equal to 0.1 s. The resulting tuning parameters are K, = 0.16 mg/s, T; = 476 s and
Ty = 13 s. Finally, T has been fixed equal to 0.7 s as in [92]. An anti-windup back calculation
method has also been implemented, where the value of the tracking time constant has been
selected as the square root of the product of the integral and derivative time constants.

8.1.2 Simulation results

In this section, results obtained for the proposed control methodology are shown. These
results are compared with those obtained by employing the PID controller proposed in [92],
and summarized in Section The control system has been initially tested on the tuning
dataset already used to tune the PID controller. Then a much wider population obtained by
means of a Monte Carlo method is considered.

Both controllers have been tested with a BIS set-point value of 50. For the control system with
the PID controller alone, a step set-point change is applied, while for the feedforward/feed-
back controller the reference signal r(t) is employed.

As a first illustrative result, the responses for both controllers for the average patient of the
tuning dataset are plotted in Figure[8.4] where the control variable u(t) and the BIS value y(t)
are shown. It appears that the initial bolus provided by the feedforward controller causes a
rapid drop in the BIS and a more pronounced and longer lasting undershoot than the PID
that, on the other hand, provokes almost no undershoot. The performance indexes obtained
are shown in Table The feedforward/feedback controller reduces TT of 25.8% with re-
spect to the PID controller. This is achieved at the cost of a lower BIS-NADIR associated
with a longer lasting period of BIS below the target value highlighted by higher values of
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Figure 8.2: Typical structure of optimal infusion rate ug.
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Figure 8.3: The overall feedforward action (green dashed line), the feedforward action wuys(t)
actually employed in the controller (black solid line) and the reference signal r(t) calculated for a

38 years old female patient, 169 cm, 65 kg.
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ST10 and ST20. However, the undershoot value obtained with the feedforward is acceptable
as BIS-NADIR values up to 30 are common in clinical practice and are not considered harmful
to the patient health as discussed in Section [1.3.2]

The same test performed on the average patient has then been performed on the whole tun-
ing dataset. The feedforward actions us¢(t) and reference signals r(t) for each patient are
shown in Figure The different shapes of u¢s(t) and r(t) show that the feedforward ac-
tion accounts both for the pharmacokinetics parameters variability and for the variability in
Ey. The bolus doses obtained for each patient of the tuning dataset, expressed in mg/kg,
are shown in Table Note that their values are in accordance with the clinical practice.
The responses obtained are shown in Figure together with those obtained with the PID
controller alone. It is possible to notice that the same behavior obtained for the average
patient is also obtained on the whole tuning dataset. Indeed, on each of the thirteen patients,
by using the feedforward/feedback controller, there is an average reduction in TT of 26.7%
compared to the PID controller and an increase in settling times due to a greater undershoot
of the BIS. However for none of the thirteen patients there is an excessive suppression of the
BIS level, that always remains above 30. A comparison between the mean, minimum and
maximum values of performance indexes is shown in Figure

To evaluate the robustness of the controller with respect to intra-patient variability the
method described in Section has been applied with the statistical properties of the PK
model given in [25] and the set-point response has been simulated for each of these perturbed
models. It is worth stressing that feedforward action ws¢(t) and the reference signal r(t) are
the same for each of the 500 perturbed models generated for each patient of the tuning dataset
as they are calculated by taking into account the values of the nominal model. Therefore,
the variability is managed by the feedback controller. For the sake of readability only results
related to the average patient of the tuning dataset are shown in Figure[8.7] where it is possible
to notice that the variability introduced in the model is properly managed by the feedback
controller. Similar behavior is also obtained for all other patients in the test population. The
mean, minimum and maximum values for each patient of the tuning dataset, obtained with
the Monte Carlo simulation, are shown in Figure where they are also compared with
those obtained with the PID controller. Even in the presence of intra-patient variability the
TT values obtained with the feedforward controller are always lower than those of the PID
controller and the BIS-NADIR never drops below 30.

Finally, to validate the robustness with respect to inter-patient variability the method de-
scribed in Section is applied. The parameters of the Hill function have been generated
by considering the statistical properties given in [28]. For each generated patient the feedfor-
ward action uss(t) and the reference signal r(t) have been calculated. The set-point responses
are shown in Figure the performance indexes obtained are shown in Table and the
comparison of the mean, minimum and maximum values of performance indexes with respect
to the PID is shown in Figure[8.9b| It appears that, even in the case of inter-patient variabil-
ity, the use of the devised feedforward controller is able to provide an average improvement
of 23.4% of the TT at the expense of a slight worsening of the indices relating to the settling
time and undershoot. Indeed, the BIS-NADIR always remains above 30, therefore it never
reaches critical values.
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Figure 8.4: Induction phase response for the thirteenth patient of the tuning dataset obtained
with the feedforward controller (black solid line) and with the PID controller (black dashed line).

The blue horizontal solid lines delimit the interval of BIS values between 40 and 60 and the red
horizontal dashed lines delimit the interval of BIS values between 45 and 55.

Feedforward | PID
TT [s] 69 93
ST10 [s] 177 93
ST20 [s] 132 77
BIS — NADIR 39.38 49.33

Table 8.1: Induction phase performance indexes for the thirteenth patient of the tuning dataset
obtained with the feedforward controller and with the PID controller.

Patient 1 2 3 4 5 6 7 8 9 10 11 12 13
Bolus [mg/kg] | 2.07 | 2.24 | 1.95 | 1.37 | 1.74 | 1.62 | 1.37 | 1.44 | 1.41 | 1.50 | 1.28 | 1.92 | 1.62

Table 8.2: Propofol boluses doses administered by the feedforward action uys(t) for each patient
of the tuning dataset.
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Figure 8.5: Induction phase responses for each patient of the tuning dataset. Black solid line:
optimized feedforward control. Green dashed line: PID controller.
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Figure 8.6: Feedforward actions uys(t) and reference signals v(t) calculated for each patient of
the tuning dataset.
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Figure 8.7: Induction phase responses obtained with the optimized feedforward control on the
thirteenth patient of the tuning dataset subjected to intra-patient variability.
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Figure 8.8: Induction phase responses obtained with the optimized feedforward control on a
population of 500 patients used to simulate inter-patient variability.
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FF/FB PID
mean | min. | max. | mean | min. | max.
TT [s] 59 36 75 77 55 99
ST10s] 213 172 288 83 59 180
ST20 [s] 166 56 216 64 51 154
BIS — NADIR | 37.53 | 32.44 | 40.13 | 47.76 | 36.31 | 49.33

Table 8.3: Mean, minimum and mazimum values of induction phase performance indexes ob-
tained with the optimized feedforward control and with the PID controller on the population of 500
patients used to simulate inter-patient variability.

8.1.3 Discussion

The proposed feedforward /feedback control system allows the achievement of the typical
target required by the anesthesiologist, that is, a short anesthesia induction time avoiding
excessive BIS undershoots even in the presence of inter-patient and intra-patient variability.
This is achieved through a bolus, which is consistent with the clinical practice. In particular,
by comparing the results obtained with those of the optimized PID controller proposed in [92],
it appears that the feedforward controller allows an average reduction of 26.7% of the time-
to-target on the considered test population. This reduction of time implies less stress for the
patient who will lose consciousness more quickly. Moreover, from the anesthesiologist point
of view, it allows to quickly secure patient’s airways. The reduction of the induction time is
obtained at the cost of an increase in the undershoot value, which in any case always remains
within acceptable values. By observing the propofol doses provided by the feedforward action,
the risk of overdosing is reduced. Indeed, in the manual practice a bolus dose of 2 mg/kg is
usually administered to healthy patients during the induction phase and the doses provided by
the feedforward action of the controller range from 1.28 mg/kg to 2.24 mg/kg, therefore they
are consistent with those commonly used. The increase in the undershoot, in turn, causes an
increase in the settling time. In fact, the value of the BIS tends to remain below the target
value for a longer time than that which occurs for the PID. However, this value still remains
within acceptable limits, as the BIS always returns inside the optimal range from 40 to 60 in
less than 4 min. Hypnosis values slightly deeper than necessary may also be desirable in this
phase as they allow blunting the stimulation due to airway instrumentation, thus preventing
undesirable increases in the BIS value during this operation, with the consequent risk of
awareness. Finally, it is worth noting that the calculation of the feedforward action is carried
out offline based on the nominal model of the patient, before induction and not during the
operation of the control system. This allows the use of the usual sampling period.

8.2 Optimized reference signal

The solution proposed in this section shares the same goals of that presented in Section
The difference is that, here, the initial bolus is obtained by applying a reference command
input. The aim consists of taking the dynamics of the PID controller into account during
the determination of the optimized feedforward control action to improve the robustness of
the system. More specifically, also in this case, the optimization objective is to minimize the
transition time of the BIS from the initial value Ey to the target range below 60.
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8.2.1 Control system architecture

The feedback control loop shown in Figure is considered. The objective of the pro-
posed design methodology is to determine r(t) in order to generate a control action u(t) that
brings y(t) to the target value by minimizing the transition time.

To obtain the reference signal r(t), the feedforward action u*(¢) must be calculated first. It
is determined by following the same procedure presented in Section for the calculation of
ur¢(t). Here the constraint BISmin of Problem is set equal to 50. Hence, optimization
procedure is applied to calculate the optimal open-loop bolus u*(t) required to bring the the-
oretical patient BIS level y*(¢) from Ey to 50 without undershoot. Since the parameters of
the model employed in the optimization procedure depend on patient’s demographic data the
resulting optimized feedforward bolus u*(t) is personalized. An example of the feedforward
action u*(t) and of the corresponding theoretical output trajectory y*(¢) obtained on the
nominal model is shown in Figure Then u*(t) is used to determine the corresponding
optimized reference command input r(¢), which is obtained by dynamic inversion of the PID
controller in the form By doing so, in the nominal case, when r(t) is given as input to the
PID controller the resulting control action wu(t) is equal to u*(t). Since there are unavoidable
model uncertainties, the actual control action u(t) will be different from the theoretical one
u*(t), as the PID controller will act in order to compensate for them. An example of the
reference signal r(t) is shown in Figure

With the proposed technique, the tuning of the PID controller plays a key role since the
reference signal depends on the controller dynamics. Although in the nominal case the ob-
tained control variable is obviously the same optimized feedforward bolus as in Section
the approach proposed here is expected to add robustness and to make the performance of
the overall control system less dependent on the tuning of the PID controller itself. In order
to investigate this aspect, two different sets of PID tuning parameters have been considered.
Both of them have been obtained with the optimization-based approach presented in Section
The first set of PID parameters is the one presented in Table[2.3|for the induction phase.
The second set of PID parameters has been obtained by performing the optimization-based
approach but also considering the presence of the reference command r(¢) in the optimization.
The optimization problem has been solved with a PSO algorithm with a swarm size of 100
particles. Optimization ended when the relative change in the best TAE value over the last 50
iterations was less than 0.001. The TAE was evaluated by performing a numerical simulation
of the response of each patient to drug infusion with a discretization step equal to 0.1 s. The
solution is K, = 0.05 mg/s, T; = 288 s and T; = 23 s. This represents an optimal combination
of tuning parameters for the whole feedforward/feedback system since r(t) depends on K,
T; and Ty. The performance obtained with this latter tuning can be considered as the best
performance achievable with this control solution since it has been shown that the design of
both the feedback and feedforward part plays a key role in achieving the required performance
and therefore using a combined approach gives a significant advantage [155]. For the sake of
brevity, in the rest of this section these two tuning sets will be referred to as tuning 1 and
tuning 2, respectively.

For discrete-time implementation, the following form of the PID controller is used (see
eq. (1.39) of [156])

u (k+1) —u* (k) = Kie(k) + Kye(k — 1) + Kze(k — 2), (8.4)
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Optimized reference signal
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Figure 8.10: Optimized feedforward action u*(t) and expected output trajectory y*(t) calculated

for a 38 years old female patient, 169 cm, 65 kg.
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Figure 8.11: Reference signal r(t) obtained by inversion of the optimal feedforward bolus u*(t)

by considering a PID controller with K, = 0.06 mg/s, T;

where e(k) = r(k) — y*(k) and

K=K, <1+Ts+

Ky = ( 2T

K3 = Kst

=333 s and Ty = 34 s.

#)
)

By solving with respect to r(k), the obtained r is the solution of

r(R) = 5 (k) + KT (0 (k1) = (k) + Ky (k — 1)
r(-1) = r(~2) = E.

—r(k=1)+ Ks(y"(k = 2) —r(k - 2)))

The numerical solution of this difference equation gives the reference signal r.
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8.2.2 Simulation results

In this section, simulation results obtained for the proposed control methodology are shown
and compared with those obtained by employing the PID controller proposed in [92], which is
summarized in Section with a step reference input and the optimized feedforward bolus
proposed in Section For the sake of clarity, in the rest of this section it is indicated as
(a) the control scheme with PID controller and a step reference signal, (b) the control system
with a feedforward bolus and a feedback PID controller, (¢) the novel control system with the
determined reference input and the PID controller with tuning 1 and (d) the novel control
system with the determined reference input and the PID controller with tuning 2. All the
control systems have been initially tested on the tuning dataset of Table and then on a
much wider population obtained by means of a Monte Carlo method, in order to evaluate the
controllers robustness to intra-patient and inter-patient variability.

A comparison between mean, minimum and maximum values of the performance indexes
obtained on the tuning dataset is shown in Figure It can be observed that with all
the feedforward strategies it is possible to reduce the TT with respect to the PID controller.
In particular, there is a reduction of TT of 27% with (b), of 15% with (c) and of 9% with
(d). However, the significant reduction in TT obtained with (b) is achieved at the expense
of a significant increase in the undershoot with a consequent increment of the settling times
ST10 and ST20 with respect to (a). On the other hand (c) shows only a slight increment in
the minimum value of undershoot with a consequent increment in the maximum values of the
settling times but the mean values remain close to that of (a). Conversely, with (d) there is
a reduction also the minimum value of undershoot and the maximum values of the settling
times with respect to (a).

In order to evaluate the robustness of the controller to intra-patient variability the method
described in Section has been applied with the statistical properties of the PK model
given in [25] and the set-point response has been simulated for each of these perturbed models.
By doing so each controller has been tested on a set of 6500 perturbed models and the
comparison between the obtained mean, minimum and maximum values of the performance
indexes is shown in Figure The same considerations made with the tuning dataset hold
true even in case of intra-patient variability. With respect to the nominal situation there is
a decrease in the BIS NADIR minimum values for each controller but it never falls below 30
thus ensuring patient’s safety.

To validate the robustness with respect to inter-patient variability the method described
in Section is applied. The parameters of the Hill function have been generated by
considering the statistical properties given in [28]. A comparison between the obtained mean,
minimum and maximum values of the performance indexes is shown in Figure Even
in presence of inter-patient variability the feedforward strategies are still able to reduce the
TT with respect to the PID controller. In particular there is a reduction of TT of 23%
with (b), of 12% with (c) and of 10% with (d). Even in this case the significant reduction
of TT obtained with (b) is accompanied by a significant increase in the undershoot with a
consequent lengthening of the settling times ST10 and ST20. Conversely, (c) and (d) are able
also to reduce the undershoot and to shorten the settling times ST10 and ST20 with respect
to (a). In particular, with (¢) and (d) the BIS NADIR never falls below the lower threshold
of the recommended range from 40 to 60. It is wort stressing that even with (a) and (b)
the BIS NADIR never falls below 30, hence guaranteeing patient’s safety even in presence of
inter-patient variability.

192



8.2 Optimized reference signal

Time to Target Settling Time 10% Time to Target Settling Time 10% Time to Target Settling Time 10%
0

30
100 100
200 100 200 0
= % @ = = % 80 200
o) o ° 2 o
F 80 2 150 = = 150 I T 150
Fe E 80 c F e 5
100 100
¥ o o

a b ¢ d a b ¢ d a b ¢ d a b ¢ d a b ¢ d a b ¢ d

Settling Time 20% BIS NADIR Settling Time 20% BIS NADIR Settling Time 20% BIS NADIR

50 50
200
150 45 = 150 4 = 45
= 1%} o @2 40 g™ @
8 @40 & @ & @ 40
» 100 ® 100 35 © 100
l 35 35
50
a

b ¢ d a b ¢ d a b ¢ d a b ¢ d a b ¢ d a b ¢ d

(a) Tuning dataset (b) Intra-patient variability (c) Inter-patient variability

Figure 8.12: Comparison of mean, minimum and mazimum values of induction phase perfor-
mance indexes obtained with the optimized reference signal. m : mean value, A : minimum value,
v : maximum value. (a) PID controller, (b) optimized feedforward control, (¢) optimized reference
with tuning 1, (d) optimized reference with tuning 2.

8.2.3 Discussion

The proposed reference input design methodology provided satisfactory control perfor-
mance when tested in simulation on the considered benchmark dataset. This approach pro-
vides a satisfactory performance even in presence of both intra-patient and inter-patient vari-
ability. In particular, it always guarantees the fulfillment of the control specifications, thus a
fast anesthesia induction time without causing an excessive suppression of the BIS. In order
to better understand the advantages and disadvantages that the proposed control solution
can provide, the results obtained have been compared with those obtained with an optimally
tuned PID controller and with those obtained with an optimal feedforward bolus strategy.
When tested on a benchmark dataset of 13 patients the proposed solution is able to reduce
the TT required for anesthesia induction with respect to the PID controller without causing
excessive undershoots of the BIS value that in fact remain comparable to those of the PID
controller. Indeed, the undershoot remains limited both in its amplitude, as shown by the
BIS NADIR, and in its duration, as shown by the settling times ST10 and ST20. The short-
est induction time T'T is obtained with the optimized feedforward bolus but at expense of a
larger undershoot. Although the undershoot never reaches critical values this situation is not
desirable for every patient and for all clinical procedures. Hence, the proposed reference input
design method can provide a good alternative to the feedforward bolus when it is desirable to
reduce as much as possible the induction time without causing excessive suppression of the
BIS. These evaluations hold true even in case of intra-patient and inter-patient variability. It
is also interesting to observe the behavior of the two different tuning set of the PID param-
eters that have been considered with the proposed reference command input. In particular
the tuning 2 shows a reduced variability of the performance indexes on the dataset of 13
patients even in presence of intra-patient variability with respect to tuning 1. This difference
is then no longer present when the control solutions are tested on the large population of 500
patients used to assess the inter-patient variability. Indeed in this case approximately the
same performance is obtained with both the tuning sets. The difference in performance on
the 13 patient dataset is justified by the fact that tuning 2 has been performed by considering
the dataset itself, so this may have constituted a performance bias. The same consideration
also applies to the case of intra-patient variability as the perturbed models were obtained
starting from the nominal models of the same dataset of 13 patients. In the simulation on a
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larger population of 500 patients for inter-patient variability, however, this bias effect is not
present as both controllers are tested for the first time on a new dataset. This shows the
effectiveness of the proposed solution in making the performance of the control system less
dependent on the PID calibration as its dynamics is taken into account during the inversion
of the feedforward signal.

8.3 Optimized robust feedforward/feedback control

In this section an optimized robust feedforward/feedback control strategy is proposed.
It shares the same theoretical approach of Section but it aims to avoid the occurrence
of undershoot. This is achieved by taking into account the variability of the response to
propofol administration during the calculation of the optimized feedforward bolus in such a
way to provide a robust control action that avoids undershoots. In order to still guarantee
a sufficiently fast response, the first part of induction is managed in open loop, while the
last part is managed by an optimally tuned PID controller that compensates for variability
and that smoothly drives the BIS to the target value. More in detail, the control action is
divided in two parts, a feedforward action, that acts alone in the first phase of anesthesia
induction, and a feedback PID action that concludes the induction. The feedforward action
is given by an optimized bolus of propofol that is determined by taking into account the
uncertainty of the nonlinear PD model for the effect of propofol on BIS. In particular, the
bolus is obtained as the solution of a constrained minimum-time control problem in order to
minimize the induction time of anesthesia while preventing the undershoot of the BIS level.
Thus the patient’s safety is ensured by avoiding side-effects due to drug overdosing. The PID
controller is then used in order to compensate for the deviation of the BIS from the theoretical
behavior caused by the effect of variability.

8.3.1 Control system architecture

The control objective consists of minimizing the anesthesia induction time by mimicking
the infusion profile commonly used in the clinical practice to rapidly induce hypnosis while
avoiding undershoot. Low BIS values should be avoided, especially in elderly patients, since
they could provoke serious side-effects such as arterial hypotension and post-operative delir-
ium. The feedforward/feedback control loop introduced in Section is considered, here the
feedforward and the feedback actions act at separate time intervals. The control scheme con-
sidered is shown in Figure where the pathways of the feedforward and of the feedback
actions are highlighted. The measured BIS value is indicated as B1.S(t) and us¢(t) is the feed-
forward action, while upyp(t) is the output of the PID controller. The overall control action
u(t) is obtained by adding these two actions and it represents the propofol infusion rate ex-
pressed in mg/s. This value is bounded between 0 mg/s and 6.67 mg/s. The BIS target value
is denoted as BIS,y(t) and e(t) is the control error calculated as e(t) = BIS(t) — BISgy(t).
The BIS target value is set at a constant value of 50, hence BIS,,(t) = 50. In Section
both the feedforward and the feedback part of the control scheme work together since the
beginning of induction, thus the system always works in feedback. Here, on the contrary, at
the beginning of induction the system works in open-loop, indeed u(t) = uys(t) for t < 80
s. After this time interval the loop is closed by the PID controller which completes the in-
duction phase in feedback by smoothly driving BIS(t) to the desired target BISs,(t) = 50.
The value t < 80 s has been chosen on the basis of the observed time to peak effect after a
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propofol bolus injection, as reported in [26]. By doing so, the PID starts to act only when
the effect of the bolus on the BIS has already been observed. This control choice has been
done to account for the initial plateau of the Hill function, as already pointed out in Section
This means that a low drug concentration C. has almost no effect on the BIS. The
effect becomes visible only when C, reaches a sufficiently high value. Therefore, especially
during the initial stages of induction, the BIS does not carry enough information about the
actual state of the system. This aspect can be detrimental for a feedback controller and it
limits the bandwidth that the controller can have without risking instability. For this reason,
the feedforward controller is applied alone in open loop during the first phase of anesthesia
induction. Thus, the BIS measure is ignored and the controller exploits the knowledge of
the PK/PD model that is included in the feedforward action uys(t). When the peak-effect
is reached, the C. is sufficiently high to exit the Hill function plateau, thus the BIS signal
is more informative and then the loop is closed by the PID controller, which compensates
for the deviation observed in the actual response with respect to the one predicted by the
theoretical PK/PD model.

As already mentioned, the whole control scheme is composed by the combination of a feed-
forward and a feedback control action, hence the overall performance of the control system
depends on the design of both actions. The feedforward action uys(t) is calculated as ex-
plained in Section but here Problem [8.3]is solved by requiring that the final BIS remains
bounded inside the range from 40 to 80. The value of 40 has been chosen since it is the lower
bound of the suggested BIS range while 80 has been chosen since BIS values below this thresh-
old are usually associated with loss of consciousness and sedation. Thus the resulting ws¢(t)
guarantees that the patient quickly looses consciousness, thus preventing the onset of anxiety
and pain, while ensuring to avoid undershoots of the BIS value below the recommended value
of 40. It is worth noting that in Section the model uncertainty has not been taken into
account and the calculation of us¢(t) relies only on the nominal model. On the contrary, here,
the uncertainty of the PK/PD model reported in [25, 28] has been considered when solving
Problem An example of the optimized feedforward bolus and of the corresponding BIS
output is shown in Figure where it is possible to observe the effect that uncertainty
has on system’s response. Indeed, by applying the control input shown in the bottom plot
the system response can vary inside the yellow patch shown in the top plot. It can also be
observed that, despite the variability, the response remains always bounded inside the desired
range from 40 to 80. The great amount of uncertainty in the patient response suggests the
need of a feedback controller in order to compensate for it and drive the BIS to the target
value. Here, an optimally tuned PID controller has been employed as feedback controller.
The PID controller is implemented in the form An anti-windup back calculation method
has also been implemented, where the value of the tracking time constant has been selected
as the square root of the product of the integral and derivative time constants. The PID
tuning parameters are those of Table for the induction phase.

8.3.2 Simulation results

In this section, simulation results obtained for the proposed control methodology are
shown and compared with those obtained by employing the PID controller proposed in [92],
which is summarized in Section and with the optimized feedforward bolus proposed in
Section For the sake of clarity, in the rest of this section (a) indicates the control scheme
with PID controller only, (b) indicates the control system with a feedforward bolus proposed
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Figure 8.13: Schematic representation of the feedforward/feedback control loop. The feedforward
part is highlighted in red while the feedback part is highlighted in blue.
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Figure 8.14: Optimized feedforward action uyy(t) and expected output trajectory BIS(t) subject
to variability calculated for a 38 years old female patient, 169 cm, 65 kg.
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in Section and (c) indicates the new feedforward/feedback control system proposed in this
paper. All the control systems have been initially tested on the tuning dataset of Table
and then on a much wider population obtained by means of a Monte Carlo method, in order
to evaluate the controllers robustness to intra-patient and inter-patient variability.

The anesthesia induction response has been first simulated on the tuning dataset. The re-
sponses obtained with the PID controller and with the proposed feedforward/feedback con-
troller are shown in Figure where it is possible to observe the differences between the
two control strategies. In particular, the PID controller acts by giving a continuous infusion
during indicatively the first 50 s. At this time interval it is possible to observe that the BIS is
decreasing and the PID controller can only counteract by reducing, and eventually stopping
the propofol infusion, but the amount of drug that eventually causes undershoot of the BIS
value by that moment has already been injected and the controller can no longer remove it
from patient body. With the new feedforward/feedback control strategy, the optimal feed-
forward bolus is given during the first 10-20 s of anesthesia. Then the infusion is stopped in
order to give time to the feedforward bolus to act on the BIS. At 80 s, the PID controller
starts working and the BIS is smoothly driven to the target value of 50.

A comparison between mean, minimum and maximum values of the performance indexes is
shown in Figure It can be observed that with (c) it is possible to obtain a BIS-NADIR
which is always close to 50, hence there is no undershoot. This is obtained at the expense of a
longer TT which, however, remains acceptable as it is around 3 min and in any case it enters
the recommended BIS range from 40 to 60 (ST20) in about 2.5 min which is a range of time
fully compatible with the clinical practice. The system (c) also improves the values of ST10
and ST20 with respect to (b), which shows longer settling times due to a more pronounced
undershoot. The controller (a) shows better performance in terms of TT, ST10 and ST20
that is obtained at the cost of a larger undershoot (which in any case remains above the
recommended value of 40) with respect to (c).

In order to evaluate the robustness of the controller to intra-patient variability the method
described in Section has been applied with the statistical properties of the PK model
given in [25] and the set-point response has been simulated for each of these perturbed mod-
els. By doing so each controller has been tested on a set of 6500 perturbed models and the
comparison between the obtained mean, minimum and maximum values of the performance
indexes is shown in Figure The same considerations made with the nominal dataset
hold true even in case of intra-patient variability. It is worth noting that for the controller (c)
the BIS-NADIR always remains close to 50 and the performance with respect to TT, ST10
and ST20 is not worsened, thus indicating that the proposed control solution is robust with
respect to intra-patient variability.

Finally, in order to validate the robustness with respect to inter-patient variability, the method
described in Section [2.2.1]is applied. The parameters of the Hill function have been generated
by considering the statistical properties given in [28]. A comparison between the obtained
mean, minimum and maximum values of the performance indexes is shown in Figure
Also in this case the controller (¢) demonstrates its robustness by keeping the BIS-NADIR
always close to 50 without compromising the other performance indices that always remain
inside clinically acceptable ranges.
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Figure 8.15: Set-point responses for the thirteen patients of the tuning dataset obtained wit the
PID controller and with the feedforward/feedback controller. In the bottom plot it is possible to
observe the optimized feedforward action (solid red line) and the feedback action (solid blue line).
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Figure 8.16: Comparison of mean, minimum and mazimum values of induction phase perfor-
mance indexes obtained with the feedforward/feedback controller on the thirteen patients of the
tuning dataset. m : mean value, A : minimum value, ¥ : mazimum value. (a) PID controller, (b)

feedforward bolus, (c) feedforward/feedback controller.
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8.3.3 Discussion

The proposed feedforward/feedback controller provided satisfactory performance when
tested in simulation on the considered tuning dataset. The proposed approach provides a
remarkable performance even in presence of intra-patient and inter-patient variability. In
particular, the fulfillment of the control specifications is always guaranteed. Anesthesia is
always induced in less than 3 min without causing any undershoot of the BIS. The results
obtained have been compared with those obtained with a PID controller optimally tuned for
anesthesia induction and with those obtained with the optimal feedforward bolus strategy
proposed in Section This comparison allows the differences of the proposed feedfor-
ward/feedback controller with respect to the other control solutions to be highlighted. In
particular (b) has been designed to obtain the fastest possible induction in those cases where
an undershoot of the BIS up to 30 is admissible. It is most suited for those situations in
which deep hypnosis must be reached as fast as possible, however this solution could be in-
advisable for some patients. On the other hand, (c) has been designed to obtain the fastest
possible induction time without causing undershoot. It is most suited for those situations in
which BIS undershoot must be avoided, for example in elderly patients. Hence, these two
control solutions can provide the anesthesiologist with two alternatives that both mimic the
clinical practice of the propofol bolus for anesthesia induction. Although good performance is
achieved with PID, it deviates from what is done in clinical practice with the initial propofol
bolus. Furthermore, since the nonlinearity of the response is handled with a linear controller,
the undershoot can be further reduced only by considerably reducing the controller band-
width thus causing a significant lengthening of the TT, ST10 and ST20 which may not be
acceptable for all clinical situations. The new proposed method, on the other hand, combines
the advantages of a nonlinear controller, which exploits the knowledge of the model in the
first instants of induction when the effect of nonlinearity is predominant, with the advantages
of a simple linear PID controller, which has been tuned with an optimization procedure and
it provides an overall satisfactory performance.

8.4 Conclusions

In this chapter new optimization-based feedforward/feedback control approaches specifi-
cally designed for the induction phase of BIS-guided propofol anesthesia have been presented.
The proposed solutions share the same rationale, where the feedforward action consists of
a propofol bolus optimized according to the patient’s physical characteristics. The aim is
of minimizing the induction time while avoiding excessive suppression of DoH. The feedback
controller corrects the bolus dose on the basis of the measured BIS to compensate for unavoid-
able variability in patient’s response to propofol administration. Simulation results show that
these methodologies can reduce the induction time of anesthesia with respect to a standard
PID controller without causing excessive BIS undershoot and properly managing uncertainty.
In particular, in Section[8.1] a new feedforward control strategy has been proposed. The feed-
forward action is personalized for each patient and it mimics the infusion profile commonly
used in clinical practice, thus making the system behavior intuitive for anesthesiologists. In
order to cope with intra-patient and inter-patient variability the control system is equipped
also with a PID feedback controller, whose parameters have been tuned by means of an opti-
mization procedure. Simulation results where the method has been applied to a large number
of patients models have demonstrated the robustness of the approach. The control system
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8 OPTIMIZATION-BASED STRATEGIES FOR ANESTHESIA INDUCTION

proposed in this section aims to provide a solution that is particularly suitable when it is
necessary to perform induction of anesthesia as fast as possible while preventing propofol
overdosing.

In Section a new reference input design strategy has been presented. The proposed solu-
tion is a modification of that proposed in Section as it explicitly takes into account the
dynamics of the feedback PID controller in the calculation of the feedforward action. Promis-
ing results have been obtained in simulation since the proposed control solution has always
guaranteed the fulfillment of the control specifications even in presence of intra-patient and
inter-patient variability. The comparative analysis carried out with an optimally tuned PID
controller and with the optimal feedforward bolus of Section shows that this solution can
provide a valid intermediate alternative. In fact, it is particularly suitable when it is desired
to reduce the induction time obtainable with the PID controller without however causing a
BIS suppression level such as that of the optimal feedforward bolus.

In Section an optimized feedforward/feedback controller has been proposed. It is based
on that proposed in Section[8.1]but it has been modified by taking into account the model un-
certainty in the computation of the feedforward control action. The first phase of anesthesia
induction is performed in open loop and the feedback loop is closed with a PID controller only
when the peak effect of the feedforward action is reached. Promising results have been ob-
tained in simulation since the proposed feedforward /feedback controller has always guaranteed
the fulfillment of the design specifications even in presence of intra-patient and inter-patient
variability. In particular, the robustness shown with respect to the undershoot is remarkable.
The proposed feedforward/feedback controller is particularly suited for those situation and
for those patients in which anesthesia should be rapidly induced but undershoot must be
avoided.

In conclusion, the encouraging results obtained in simulation with all the proposed control
strategies suggest that they are suitable to be clinically tested on real patients. Their intro-
duction in the clinical practice could be relevant since it is, in fact, important to diversify the
control strategies available to the anesthesiologist so he/she can choose the most appropri-
ate one according to his/her preferences and clinical expertise, type of surgery and patient
characteristics.
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Conclusions

In this thesis new developments and clinical experiments regarding closed-loop anesthesia
have been presented. In Chapter |3|the clinical performance of the PID-based MISO control
scheme described in Section has been experimentally assessed. The control scheme has
been specifically modified to implement it in the control software, described in Section [2.2.3]
for run time operation. In particular, problems related to the BIS filtering and to the actua-
tors driving signals have been tackled. After the successfully implementation of the PID-based
controller in the control software, an in-vivo experiment on ten patients has been performed.
The control system demonstrated its ability to satisfactory handle all anesthesia phases and
to fulfill all clinical specifications for all the patients enrolled. Manual interventions from the
anesthesiologist were never required. The results have also been compared to those obtained
with manually controlled anesthesia to verify the applicability of the proposed control so-
lution in the clinical practice. This comparison has shown that the behavior of the control
system is sensible and consistent with the clinical practice, thus suggesting that it can be
safely used in the operating room. Then, a modified version of the PID-based MISO control
scheme has been proposed. It has been obtained by considering specific requirements related
to the clinical practice that are relevant for the anesthesiologist. In particular, a feedforward
induction sequence that comprises a bolus of propofol followed by a bolus of remifentanil has
been added to the PID control action at the beginning of the induction phase. Moreover,
nonzero baseline infusions of propofol and remifentanil are administered in the maintenance
phase if the administered doses drop below safety thresholds. The effectiveness of this modi-
fied version has been assessed in-vivo on ten patients and the results have been compared with
those of the original controller. The results obtained suggest that the proposed changes are
a significant step toward the integration of the system into the clinical practice and provide
measurable clinical advantages for the patients. A higher number of patients, specifically
forty-two patients, have been enrolled with the modified version of the controller to further
assess its clinical performance. The patients enrolled had a wide range of physical characteris-
tics and were scheduled for procedures that greatly varied in length, body location, and level
of painful stimulation. Even on this wider population, the control system showed satisfactory
clinical performance during both the induction and maintenance phases for all the patients
enrolled, thus demonstrating its robustness. Moreover, the control system has demonstrated
satisfactory clinical performance concerning BIS, hemodynamic stability, analgesic coverage,
drug consumption, emergence time, and quality of post-operative recovery. Then, an experi-
ment has been performed on nine patients to evaluate the performance of the modified control
system in terms of its ability to deal with issues that may arise during its practical use in a
clinical setting. In particular, the aim was to assess the performance of the control system
when additional drug boluses are manually administered by the anesthesiologist, and when
different brands and models of syringe pumps are used as actuators. Results demonstrate that
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the control system can handle these practical issues and it is therefore suitable to be used
in the clinical practice. Moreover, the possibility for the anesthesiologist to intervene with
manual boluses, if deemed as appropriate, represents a step toward the implementation of
collaborative control strategies and the direct inclusion of the anesthesiologist in the control
loop.

In Chapter [4] the clinical performance of the event-based MISO control scheme described in
Section has been experimentally assessed. The controller has been tested on fourteen
patients and its performance has been compared with the standard time-based PID controller.
The obtained results show that the design objective of providing noise-free infusion profiles
that mimic those used by the anesthesiologist is achieved. The behavior of the resulting con-
trol system is intuitive, thus making it easier for the anesthesiologist to supervise. Moreover,
the event-based control action reduces the control effort on the actuators with respect to
standard time-based control. To better verify and validate this aspect, the results obtained
with the event-based controller have been compared with those obtained with manually con-
trolled anesthesia. The comparison with manual practice suggests that the system can be
well integrated in clinical anesthesia.

In Chapter 5| a novel MPC methodology for anesthesia control has been proposed. By com-
pensating the nonlinear part of the process and by using an external predictor, it fully exploits
a GPC algorithm. The developed control structure is characterized by low complexity and
low computational effort, so that it can be easily implemented on standard hardware and
software platforms. First, the case for propofol only administration has been considered.
The obtained results show that this new MPC approach provides a satisfactory performance.
The performance degradation due to BIS noise has been analyzed. To assure a proper noise
handling, an additional filter in the feedback loop has been included. However, its pres-
ence requires the retuning of the overall control system. A simulation study has been used
to test different noise characteristics and sampling periods. The obtained results confirmed
that clinical requirements can be satisfied if the noise issue is explicitly considered during
the design stage. The clinical performance of the GPC controller has been experimentally
evaluated on four patients. The control system performed well with respect to the clinical
practice. However, the experimental results pointed out the importance of also considering
the administration of remifentanil. To this end, the control system has also been extended to
the case of propofol and remifentanil coadministration. The obtained simulation results have
demonstrated that, also in this case, the proposed control structure gives a satisfactory per-
formance. Moreover, the proposed approach could also be useful to provide a hybrid control
system architecture that enables the manual control of the remifentanil, providing optimal
control of the propofol considering the interaction between the two drugs. The control system
for propofol only administration has also been extended with an event-based GPC algorithm
with sensor deadband to reduce the residual noise in the control action. The obtained simula-
tion results show that the controller meets the clinical requirements, reduces the influence of
noise simultaneously reducing the quantity of drug administered with respect to the standard
GPC controller. Additionally, the obtained infusion profile is similar to those of manually
controlled anesthesia, thus improving the consistency of the controller behavior with the clin-
ical practice.

In Chapter @ the open-source simulator proposed in [49] has been used to validate the per-
formance of the PID-based MISO control scheme described in Section when the opioid-
hypnotic balance is dynamically changed during anesthesia. Indeed, the control scheme gives
the possibility to the anesthesiologist to manually adjust the opioid-hypnotic balance during
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the time course of anesthesia. The obtained simulation results have shown the importance of
this parameter that allows the anesthesiologist to select the most appropriate value depend-
ing on the patient, on the specific phase of anesthesia and on other clinical considerations.
The simulator has also been used to validate the performance of the event-based PID MISO
control scheme, described in Section when the opioid-hypnotic balance is dynamically
adjusted. To further assess the filtering capabilities of the event-based approach the simulator
has been extended by including the possibility of simulating realistic noise on the BIS signal.
The obtained results confirm the importance of regulating the opioid-hypnotic balance and
confirm the good filtering properties of the event-based approach. Simulation results suggest
that this approach for the dynamical regulation of the opioid-hypnotic balance is ready to be
safely tested in-vivo.

The design of new control solutions oriented at providing a personalization of the controller
based on the physical characteristics of each patient has also been investigated. In this con-
text, in Chapter |7| a novel tuning methodology that optimizes the PID tuning parameters
according to patient’s demographic data has been developed. The methodology focuses on
the maintenance phase of anesthesia, and it has been tested in simulation for the case of
propofol only administration. The obtained results show that this methodology reduces the
effect of variability on control performance with respect to a previously proposed population
based PID tuning. Then, the personalized PID tuning has been extended by considering both
propofol and remifentanil administration. The performance has been assessed in simulation
and the good results obtained when propofol only is considered are confirmed also in this case.
Also in this context, in Chapter |8 an optimized feedforward control strategy for anesthesia
induction has been developed. It consists in providing an optimized induction bolus of propo-
fol. It aims to minimize the induction time while avoiding BIS undershoots. The optimization
is performed for each patient by taking into account demographic data, so that the resulting
bolus is personalized. A feedback PID controller is also included in the control scheme. It
corrects the bolus based on the measured BIS to compensate for the unavoidable uncertainty
in the response of each patient to drug administration. Simulation results have shown that
this methodology reduces the induction time of anesthesia with respect to a standard PID
controller without causing excessive BIS undershoots. To increase the robustness of the solu-
tion proposed a reference (command) input design strategy has been proposed. It explicitly
considers the dynamics of the feedback PID controller in the calculation of the feedforward
propofol bolus. The simulation results confirm the improved robustness of the proposed ap-
proach. Moreover, an optimized feedforward/feedback control strategy has been proposed. It
considers uncertainty in the computation of the feedforward propofol bolus. The first phase
of anesthesia induction is performed in open loop. The feedback loop is then closed when
the peak effect of the feedforward bolus is reached. Simulation results have demonstrated a
remarkable robustness with respect to BIS undershoot. Thus, it is particularly suitable for
those situations and for those patients in which anesthesia should be quickly induced but
undershoot must be avoided.

Future work should focus on the clinical validation of the control solution of which only
simulation results have been presented in this thesis. Indeed, they have been extensively
validated in simulation and the results obtained suggest that they are ready to be safely
employed for in-vivo studies. In particular, as regards the GPC, the clinical performance of
the MISO controller should be experimentally assessed to compare the results with those of
propofol only administration. Then, the effectiveness of the event-base architecture should
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be experimentally evaluated. The influence of the dynamic regulation of the opioid-hypnotic
balance should also be experimentally assessed. Finally the clinical effectiveness of the indi-
vidualized PID tuning for anesthesia maintenance and of the optimization-based strategies
for anesthesia induction should be experimentally evaluated.

Future steps in the development of automatic control in clinical anesthesia should focus on
the development of MIMO control architectures that exploit the latest progresses in analge-
sia monitoring. For example, the use of the Conox monitor (Fresenius Kabi, Bad Homburg,
DE) should be investigated as it provides two indexes, qCON and qNOX, for hypnosis and
analgesia, respectively [22]. This could represent a step toward the decoupled regulation of
propofol and remifentanil, thus moving from MISO to MIMO control paradigm.

For future developments of closed-loop anesthesia, the anesthesiologist-in-the-loop issue also
plays a key role [6]. This thesis provided contributions in this context but much work still
needs to be done.

Finally, the clinical experiments are providing a significant amount of recorded data such as
EEG measurements, hemodynamic data and drugs infusion rates. These data constitute a
rich database that could be useful for the development of machine learning techniques with
the aim to introduce new features to improve control systems performance.
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The ACTIVA control software has been designed to safely and easily test the developed
control solutions in the operating room. The block diagram of its overall architecture is shown
in Figure The software has been entirely developed in Matlab by following the object-
oriented programming paradigm, thus making it modular and flexible. In particular, it has
been designed by separating the hardware-dependent parts from the hardware-independent
parts. The Main contains the management logic and it is hardware-independent. The
Drivers are hardware-dependent because they contain all the specific commands to com-
municate with the medical devices and with the operating system.

More in details, the Main is divided in:

e Control cycle: it is a cyclic task that is executed at the frequency of 1 Hz. It contains
all the functionality required to execute the control algorithm.

e Auxiliary features: manages the asynchronous routines to manage system initializa-
tion, the interactive GUI functionalities and the safety features.

The main control cycle executes the following sequential tasks:

e Data reading: the data message is read from the monitor through RS-232 protocol. This
part of the code manages all the exceptions that can arise during serial reading/writing
operations and it checks for the monitor status and message integrity.

e Control action calculation: the control action is calculated according to the controller
selected (manual control, PID, PIDPlus or GPC). The controller type is selected by
the user by means of a menu placed on the GUI. All the auxiliary features like gain
scheduling, minimum infusions, boluses and ratio variations are also taken into account.

e Actuators driving: the calculated control actions, which are infusion rates, are sent to
the infusion pumps through RS-232 protocol. This part of the code manages all the
exceptions that can arise during serial reading/writing operations and it checks for the
pumps status.

e GUI update: the GUI plots and indicators are updated.

e Data recording: the control system’s logs are written on .csv files.

The Drivers are:

e Monitor Driver: contains all the commands and features to communicate with the
Dréager Infinity Delta monitor.

e Pump Driver: contains all the commands and features to communicate with the infusion
pumps. Two drivers have been implemented, one for the Graseby 3500 and one for the
Alaris GH and they are selected according to the pump model that is selected by the
user by means of a menu placed on the GUI.
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ACTIVA control software
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Figure 8.17: Block diagram of the ACTIVA control software architecture.

e Data Logger: contains all the commands and features to write control system’s logs
on the .csv files. It is hardware-dependent because it contains commands that change
according to the operating system.

The only part of the control software that changes when different controllers are used is the
Control action calculation. In particular, according to the controller type selected by the user
different control routines are called according to the following switching mechanism:

# Check the controller type selected by the user
/4 Systema is a global wvariable that stores system information
switch Systema.ctrl_type
case 0 [ Manual control
# Calculate the control actions according to the
infusion rates selected by the user on the GUI
# Patient i1s a global wariable that stores patient
information

u_prop = (Systema.manual_propofol_infusion*Patient.
weight) /CONSTANTS.PROPOFOL_DILUTION;
u_rem = (Systema.manual_remifentanil_infusion*Patient.

weight*CONSTANTS . HOURS_TO_MINUTES_CONVERSION)/
CONSTANTS . REMIFENTANIL_DILUTION;
case 1 % PID controller
PID_controller_routine
case 2 J Modified PID controller
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Modified_PID_controller_routine

case 3 J Event-based PID controller
PID_Plus_controller_routine

case 4 J GPC controller
GPC_Propofol_controller_routine

otherwise
/4 Safety measure. The control actions are set to zero &f

the controller type ©s mnot selected
u_prop = CONSTANTS.MINIMUM_ADMISSIBLE_PROPOFOL_INFUSION;
u_rem = CONSTANTS.
MINIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION;
end

If the PID controller is selected the following routine is used:

/4 PID_controller_routine

4 Infusion rates lower saturation set to zero
u_prop_min = CONSTANTS.MINIMUM_ADMISSIBLE_PROPOFOL_INFUSION;
u_rem_min = CONSTANTS.MINIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION;

4 Control actions calculation

4 Controller.controller is an object of the class
PID_wartable_ratio_reset

[u_prop,u_rem] = Controller.controller.take_control_step(
BIS_to_controller ,Systema.set_point ,Flags.gain_scheduling,
u_prop_min , CONSTANTS . MAXIMUM_ADMISSIBLE_PROPOFOL_INFUSION,
u_rem_min ,CONSTANTS . MAXIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION,
Systema.ratio,reset_int ,CONSTANTS.TS,CONSTANTS.
PROPOFOL_DILUTION ,CONSTANTS.REMIFENTANIL_DILUTION) ;

The PID controller is implemented in the following class:

classdef PID_variable_ratio_reset < handle
% PROPERTRIES
/4 VARTABLE PROPERTRIES
properties (GetAccess=private)
sum_e
e_before
u_prop_old
u_rem_old
u_filusc
u_filuscl
xk_£fd
y7
y6
yb
y4
y3
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y2

y1

u_der

cont

sat

i

init

end
/4 METHODS
methods

function obj = PID_variable_ratio_reset ()

4 Constructor method
obj.i = 0;
obj.cont = 0;
obj.e_before = 0;
obj.sum_e = 0;
obj.u_filusc = O0;
obj.u_filuscl = 0;
obj.y7 = 0;
obj.y6 = 0;
obj.y5 = 0;
obj.y4 = 0;
obj.y3 = 0;
obj.y2 = 0;
obj.yl = 0;
obj.sat = 0;
obj.u_prop_old = 0;
obj.u_rem_old = O0;
obj.xk_fd = 0;
obj.init = true;

end

function [u_prop,u_rem] = take_control_step(obj,y,sp,gs,

u_prop_min,u_prop_max,u_rem_min,u_rem_max ,ratio,reset
,Ts,dilution_prop,dilution_rem)
/4 Control actions calculation.

/s INPUTS:

A y = current BIS wvalue

4 sp = current BIS set-point wvalue

VA gs = gain scheduling flag

4 u_prop_min = lower bound for propofol infusion rate

VA u_prop_mazxz = upper bound for propofol infusion rate

4 u_rem_min = lower bound for remifentanil infusion
rate

N2

u_rem_mazc upper bound for remifentanil infusion
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rate
VA ratio = remifentanil/propofol ratto
4 reset = flag to reset the PID integral action
VA Ts = sampling period
A dilution_prop = propofol dilution in mg/ml
4 dilution_rem = remifentanil dilution <n ug/ml
% OUTPUTS :
V4 u_prop = propofol infusion rate in ml/h
VA u_rem = remifentanil infustion rate in ml/h

/4 Initialization
if obj.init

obj.i = 0;
obj.cont = 0;
obj.e_before = 0;
obj.sum_e = O0;
obj.u_filusc = O0;

obj.u_filuscl = y;

obj.y7 = vy;
obj.y6 = y;
obj.y5 = y;
obj.y4 = vy;
obj.y3 = vy;
obj.y2 = y;
obj.yl = vy;

obj.sat = 0;

obj.u_prop_old = O0;

obj.u_rem_old = O;

obj.xk_fd = 0;

obj.init = false;
end

4 Moving average filter

obj.u_filusc = obj.y7*0.125+0bj.y6%*0.125+0bj.y5
*0.125+0bj.y4*0.125+0bj.y3*%0.125+0bj.y2*0.125+0bj
.y1*0.125+y*0.125;

BISf = obj.u_filusc;

obj.y7 = obj.y6;

obj.y6 = obj.y5;

obj.y5 = obj.y4;

obj.y4 = obj.y3;

obj.y3 = obj.y2;

obj.y2 = obj.yl;

obj.yl = y;

4 Control error calculation
e_now = obj.u_filusc - sp;
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4 Gain scheduling
% Induction

if “gs
Kp = 0.01504*ratio”(-0.4266) -0.001895;
Ti = 2.800942872321284e+02;
Td = 33.246408139299504;
Kp_o = 0.04532*xratio”(-0.3579) -0.01067;
Ti_o = 1.718280748380050e+02;
Td_o = 19.014777832998607;
4 Set gain scheduling index
if obj.i == 2
obj.i = 1;
end
% Maintenance
else
Kp_o = 0.01504*ratio”(-0.4266) -0.001895;
Ti_o = 2.800942872321284e+02;
Td_o = 33.246408139299504;

Kp = 0.04532*%ratio~(-0.3579) -0.01067;
Ti = 1.718280748380050e+02;
Td 19.014777832998607 ;
4 Set gatin scheduling indecx
if obj.i == 0
obj.i = 1;
end

end

4 Integral action calculation
A Antiwindup

if obj.sat == 0
e_int = e_now;
else
e_int = 0;
end
/% Reset
if reset == 0
int_e = ((e_int + obj.e_before)*Ts)/2;
u_Ti = (int_e + obj.sum_e)*1/Ti;
obj.sum_e = obj.sum_e + int_e;
else
obj.sum_e = O0;
u_Ti = 0;
end
obj.e_before = e_int;

/ Derivative action
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obj.u_der = (((obj.u_filusc - obj.u_filuscl)/Ts)*Td)

obj.u_filuscl = obj.u_filusc;

4 Filter on the dertvative action

4 Induction

if gs == 1
xkl_fd = 0.8601*obj.xk_£fd+0.4650%0obj.u_der;
u_Td = 0.2797*0bj.xk_£fd+0.0699%0obj.u_der;
obj.xk_fd = xk1_£d;

else

/% Maintenance
xkl_fd = 0.7676%0obj.xk_£fd+0.4419%obj.u_der;
u_Td = 0.4648*0obj.xk_£fd+0.1162*0obj.u_der;
obj.xk_fd = xkl1_£fd;

end

/s Comntrol action
u_prop = Kp*(e_now + u_Ti + u_Td);
u_rem = u_prop*ratio;

/i Bumpless switching mechanism
if (obj.i == 1)
utot = Kp_o*obj.sum_e/Ti_o;
obj.sum_e = utot*Ti/Kp;

u_Ti = obj.sum_e/Ti;
u_prop = Kp*(e_now + u_Ti + u_Td);
u_rem = u_prop*ratio;
if gs == 2
obj.i = 2;
else
obj.i = 0;
end

end
/4 Conversion in ml/h
u_prop = (u_prop/dilution_prop) *3600;

u_rem = (u_rem/dilution_rem)*3600;

/ Saturations

if u_prop<u_prop_min || u_prop>u_prop_max || u_rem<
u_rem_min || u_rem>u_rem_max
obj.sat = 1;
else
obj.sat = 0;
end

if u_prop < u_prop_min
u_prop = u_prop_min;
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end

if u_prop > u_prop_max
u_prop = u_prop_max;

end

if u_rem < u_rem_min
u_rem = u_rem_min;

end

if u_rem > u_rem_max
u_rem = u_rem_max;

end

/4 Update the control action every 5 s
if Ts == 1
if obj.cont+l == 5 || obj.u_prop_old
obj.cont = 0;
obj.u_prop_old = u_prop;
obj.u_rem_old = u_remn;
else

Il
I
o

u_prop = obj.u_prop_old;
u_rem = obj.u_rem_old;
obj.cont = obj.cont+1;
end
end
end
end
end

If the modified PID controller is selected the following routine is used:

/4 Modified_PID_controller_routine

4 Condition for baseline infusions
if (BIS_to_controller >= CONSTANTS.BIS_DEADBAND_LOWER_THRESHOLD)
u_prop_min = CONSTANTS.MINIMUM_ADMISSIBLE_PROPOFOL_INFUSION;
u_rem_min = CONSTANTS.
MINIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION;
if (Data.ce_p <= Systema.baseline_propofol_concentration)
u_prop_min = (Systema.baseline_propofol_infusion*Patient
.weight)/CONSTANTS.PROPOFOL_DILUTION;
end
if (Data.ce_r <= Systema.baseline_remifentanil_concentration
)
u_rem_min = (Systema.baseline_remifentanil_infusionx*
Patient.weight*CONSTANTS.HOURS_TO_MINUTES_CONVERSION)
/CONSTANTS . REMIFENTANIL_DILUTION;
end
else
u_prop_min = CONSTANTS.MINIMUM_ADMISSIBLE_PROPOFOL_INFUSION;
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u_rem_min = CONSTANTS.
MINIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION;
end

% Control actions calculation

s Controller.controller 4is an object of the class
PID_wvariable_ratio_reset

[u_prop,u_rem] = Controller.controller.take_control_step(
BIS_to_controller ,Systema.set_point ,Flags.gain_scheduling,
u_prop_min , CONSTANTS . MAXIMUM_ADMISSIBLE_PROPOFOL_INFUSION,
u_rem_min ,CONSTANTS .MAXIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION,
Systema.ratio,reset_int ,CONSTANTS.TS,CONSTANTS.
PROPOFOL_DILUTION ,CONSTANTS.REMIFENTANIL_DILUTION) ;

If the PIDPlus controller is selected the following routine is used:

/ PID_Plus_controller_routine

4 Current propofol infusion rate
u_sat = (Data.propofol_rate*CONSTANTS.PROPOFOL_DILUTION)/
CONSTANTS . HOURS_TO_SECONDS_CONVERSION;

/4 Event-based filter

/s Controller.Eb_Filter_sp and Controller.Eb_Filter_dist are
objects of the class event_based_filter

/4 Event-based filter for the induction phase

[yf_sp,ev_sp] = Controller.Eb_Filter_sp.take_control_step(
BIS_to_controller ,CONSTANTS.TS);

/i Event-based filter for the maintenance phase

[yf_dist ,ev_dist] = Controller.Eb_Filter_dist.take_control_step(
BIS_to_controller ,CONSTANTS.TS);

4 Select the output of the filter for induction or maintenance
according to the walue of Flags.gatn_scheduling

if Flags.gain_scheduling
yf = yf_dist;

ev = ev_dist;
else

yf = yf_sp;

ev = ev_sp;

end

/4 Condition for baseline infusions
if (yf >= CONSTANTS.BIS_DEADBAND_LOWER_THRESHOLD)
u_prop_min = CONSTANTS.MINIMUM_ADMISSIBLE_PROPOFOL_INFUSION;
u_rem_min = CONSTANTS.
MINIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION;
if (Data.ce_p <= Systema.baseline_propofol_concentration)
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u_prop_min = (Systema.baseline_propofol_infusion*Patient
.weight)/CONSTANTS.PROPOFOL_DILUTION;
end
if (Data.ce_r <= Systema.baseline_remifentanil_concentration
)

u_rem_min=(Systema.baseline_remifentanil_infusionx*
Patient .weight*CONSTANTS . HOURS_TO_MINUTES_CONVERSION)
/CONSTANTS . REMIFENTANIL _DILUTION;
end
else
u_prop_min = CONSTANTS.MINIMUM_ADMISSIBLE_PROPOFOL_INFUSION;
u_rem_min = CONSTANTS.
MINIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION;
end

4 Control actions calculation

/s Controller.PidPlus_sp and Controller.PidPlus_dist are objects
of the class PIDPlus_wvariable_ratio_reset

[u_prop_sp,u_rem_sp] = Controller.PidPlus_sp.take_control_step(
yf,Systema.set_point ,ev,u_sat,Systema.ratio,u_prop_min,
u_rem_min ,reset_int , CONSTANTS.TS) ;

[u_prop_dist ,u_rem_dist] = Controller.PidPlus_dist.
take_control_step(yf,Systema.set_point,ev,u_sat,Systema.ratio
,u_prop_min,u_rem_min,reset_int ,CONSTANTS.TS);

/s Select the output of the PIDPlus controller for induction or
maintenance according to the wvalue of Flags.gain_scheduling
if Flags.gain_scheduling
u_prop = u_prop_dist;

u_rem = u_rem_dist;
else

u_prop = u_prop._sp;

u_rem = u_rem_sp;

end

4 Conversion in ml/h

u_prop = (u_prop/CONSTANTS.PROPOFOL_DILUTION)*CONSTANTS.
HOURS_TO_SECONDS_CONVERSION;

u_rem = (u_rem/CONSTANTS.REMIFENTANIL_DILUTION)*CONSTANTS.
HOURS_TO_SECONDS_CONVERSION;

/4 Saturations

if u_prop<u_prop_min
u_prop=u_prop_min;

end

if u_prop>CONSTANTS .MAXIMUM_ADMISSIBLE_PROPOFOL_INFUSION
u_prop=CONSTANTS . MAXIMUM_ADMISSIBLE_PROPOFOL_INFUSION;
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end

if u_rem<u_rem_min

u_rem=u_rem_min;

end

if u_rem>CONSTANTS.MAXIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION
u_rem=CONSTANTS . MAXIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION;

end

The event-based filter is implemented in the following class:

classdef event_based_filter < handle

/% PROPERTRIES
/4, VARTABLE PROPERTRIES
properties (GetAccess=private)

end

init
ev_k1
tw_k1
t_ki
ys_k1
y_k1
ie_k1
e_ki1
yf_e
Di
Tmax

J METHODS
methods

function
A
V4
4
4

Inputs

Tmax
obj
obj
obj
obj
obj
obj
obj
obj
obj
obj.
obj
end

function

D7 =

obj = event_based_filter (Di, Tmax)

Constructor method

event gemeration threshold

= event gemeration timeout
.init = true;
.ev_k1 = 0;
.tw_k1 = 0;
.t_k1 = 0;
.ys_kl1l = 0;
.y_k1 = 0;
.ie_k1 = 0;
.e_k1 = 0;
.yf_e = 0;
Di = Di;
.Tmax = Tmax;
[yf,ev] = take_control_step(obj,y_k,Ts)
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/4 Event-based filtering
/4 INPUTS:

A y_k = current BIS wal
% Ts = sampling period

% OUTPUTS :

A yf = filtered BIS wal

A ev = flag to indicate

% Initialization

if obj.init
obj.init = fa
obj.tw_kl1 = 0;
obj.t_k1 =0
obj.ev_kl
obj.ys_k1
obj.y_kl1 = 0;
obj.ie_k1 = 0;
obj.e_kl = 0
obj.yf_e =y

end

|
O O v

ue

ue
1f an event

18 triggered

if obj.ev_kl==1 ) If an event occurred in the

previous sampling
tw_k = 0;
obj.tw_kl = 0;
obj.t_kl1 = 1;

ys_k = 0;
obj.ys_kl1 = 0;
obj.y_kl1 = y_k;
ie_k = 0;
obj.ie_k1 = 0;
obj.e_kl = y_k -
else
tw_k = (Ts*obj.t_
obj.tw_k1l = tw_k;
obj.t_kl1 = 1;
ys_k = (Ts*obj.y_
obj.ys_k1 = ys_k;
obj.y_kl1 = y_k;
ie_k = (Ts*obj.e_
obj.ie_kl1 = ie_k;
obj.e_kl = y_k -
end
if tw_k™=0
ym_k = ys_k/tw_k;
else

instant

obj.yf_e;

k1) + obj.tw_kil;

k1) + obj.ys_ki1;

k1) + obj.ie_k1;

obj.yf_e;

216




APPENDIX

ym_k = y_k;
end

4 Condition for event generation

if (abs(ie_k) > obj.Di) || (tw_k > obj.Tmax-2)
ev = 1;
obj.ev_kl = ev;
yf = ym_k;
obj.yf_e = yf;
else
ev = 0;

obj.ev_kl = ev;
yf = obj.yf_e;
end
end
end
end

The PIDPlus controller is implemented in the following class:

classdef PIDPlus_variable_ratio_reset < handle
/4, PROPERTRIES
/s VARIABLE PROPERTRIES
properties (GetAccess=private)
init
ev_k1l
y_k1
tw_kl
t_ki1
ud_k1
uder_k1
uint_k1
A_kp
B_kp
C_kp
Ti
Td
end

/4 METHODS
methods

function obj = PIDPlus_variable_ratio_reset(A_kp,B_kp,

C_kp,Ti,Td)
/ Comstructor method
% INPUTS:

A A_kp, B_kp, C_kp = coeffictents to calculate the

proportional gain Kp according to the walue of ratio

4 Tt = 4ntegral time constant

217




APPENDIX

4 Td = derivative time constant
obj.init = true;
obj.A_kp = A_kp;
obj.B_kp = B_kp;
obj.C_kp = C_kp;

obj.Ti = Ti;

obj.Td = Td;

obj.ev_k1l = 0;
obj.y_k1 = 0;
obj.tw_kl = 0;
obj.t_k1 = 0;
obj.ud_k1 = 0;

obj.uder_k1 = 0;
obj.uint_k1 = 0;
end
function [u_propofol ,u_remifentanil] = take_control_step

(obj,y_k,r_k,ev,u_sat,ratio,u_prop_min,u_rem_min,
reset ,Ts)
/4 Control actions calculation.

INPUTS:

VA y_k = event-based filtered BIS

4 r_k = current BIS setpoint wvalue

VA ev = flag to indicate <f an event s triggered

4 u_sat = current propofol infusion rate

VA ratio = remifentanil/propofol ratto

A u_prop_min = lower bound for propofol infusion rate

4 u_rem_min = lower bound for remifentanil infusion
rate

4 reset = flag to reset the PIDPlus wntegral action
VA Ts = sampling period

OUTPUTS:
VA u_propofol = propofol infuston rate in mg/s
4 u_remifentantl = remifentantl infusion rate in ug/s

/4 Initialization
if obj.init

obj.init = false;
obj.y_kl = y_k;
obj.tw_kl1l = 0;
obj.t_kl1 = 0;
obj.ev_kl = 0;
obj.ud_k1 = 0;

obj.uder_k1 = 0;
obj.uint_k1 = 0;
end
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4 Ca

lculation of the proportional gain Kp according

to the ratio walue

Kp =

obj.A_kp*ratio~(obj.B_kp)+obj.C_kp;

if obj.ev_kl==1 ] If an event occurred in the
previous sampling instant

else

end

tw_k = 0;
obj.tw_kl1 = O0;
obj.t_kl1 = 1;

tw_k = (Ts*obj.t_k1) + obj.tw_kil;
obj.tw_k1l = tw_k;
obj.t_kl1 = 1;

if ev==1 ) If an event is triggered by the event-

9

else

end

4 Co
e_k

4 Co
upro
if r

end
u_k
obj
obj
obj

enerator
/% Derivative action calculation
if tw_k>0
ud_k = (y_k - obj.y_k1)/tw_k;
obj.ud_k1 = ud_k;
else
ud_k = obj.ud_ki1;
end
uder_k = ud_k*obj.Td;
obj.uder_k1 = uder_k;
4 Integral action calculation
uint_k = obj.uint_k1 + (u_sat-obj.uint_k1)=*(1-
exp(-tw_k/obj.Ti));

uder_k
uint_k

obj.uder_ki;
obj.uint_k1;

ntrol error calculation
= y_k - r_k;

ntrol actions calculation
p_k = Kpx(e_k+uder_k);
eset

uint_k = 0;

= uprop_k + uint_k;

.ev_kl = ev;
.y_k1l = y_k;
.uint_k1 = uint_k;

u_propofol = u_k;
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u_remifentanil = u_propofol*ratio;
end
end
end

If the GPC controller is selected the following routine is used:

/4 GPC_Propofol_controller_routine

% Propofol infusion rate lower saturation set to zero
u_prop_min = CONSTANTS.MINIMUM_ADMISSIBLE_PROPOFOL_INFUSION;

4 Control action calculation

4 Controller.GPC_Propofol is an object of the class GPC_Propofol

[u_prop] = Controller.GPC_Propofol.take_control_step(
BIS_to_controller ,Systema.set_point ,Flags.gain_scheduling,
u_prop_min) ;

/4 Conversion in ml/h
u_prop = (u_prop/CONSTANTS.PROPOFOL_DILUTION)*CONSTANTS.
HOURS_TO_SECONDS_CONVERSION;

4 Manually controlled remifentanil infusion rate

% Converstion in ml/h

u_rem = (Systema.manual_remifentanil_infusion*Patient.weight*
CONSTANTS . HOURS_TO_MINUTES_CONVERSION)/CONSTANTS.
REMIFENTANIL_DILUTION;

% Saturations

if u_prop<CONSTANTS.MINIMUM_ADMISSIBLE_PROPOFOL_INFUSION
u_prop=CONSTANTS . MINIMUM_ADMISSIBLE_PROPOFOL_INFUSION;

end

if u_prop>CONSTANTS.MAXIMUM_ADMISSIBLE_PROPOFOL_INFUSION
u_prop=CONSTANTS . MAXIMUM_ADMISSIBLE_PROPOFOL_INFUSION;

end

if u_rem<CONSTANTS.MINIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION
u_rem=CONSTANTS.MINIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION;

end

if u_rem>CONSTANTS.MAXIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION
u_rem=CONSTANTS . MAXIMUM_ADMISSIBLE_REMIFENTANIL_INFUSION;

end

The GPC controller is implemented in the following class:

classdef GPC_Propofol < handle
/4 PROPERTRIES
/% VARIABLE PROPERTRIES
properties (GetAccess=private)
init

220




APPENDIX

matrix_initialization
N

Nu

lambda

Tf

Tfr

Tn

y_t

Du_t1
u_kmi

na

nb

nu
options
Nq

T

Aq2_1
Ag2_2
u_nb
CeP_na
r_kml
CePf_ref_kmil
thetaf_kml
theta_kml
bis_kml
bisf_kmi
Q

F

GP

G

Hq

C50

gamma

EO

Emax

A

B

Fr_num
Fr_den
Fd_num
Fd_den
Fn_num
Fn_den
Umin_sp
Umin_dist
Umax_sp
Umax_dist
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DUmin_sp

DUmin_dist

DUmax_sp

DUmax_dist

Du_past

u_past

Ts

cont

u_k_old
end

/, METHODS
methods
function obj = GPC_Propofol(N,Nu,lambda,Tf,Tfr,Tn)
4 Constructor method

/s INPUTS:
VA N = prediction horizon
% Nu = control horizon
VA lambda = control effort weight
4 Tf = time constant of the model mismatch filter
VA Tfr = time constant of the setpoint filter
A Tn = time constant of the noise filter
obj.init = true;
obj.matrix_initialization = false;
obj.N = N;

obj.Nu = Nu;

obj.lambda = lambda;

obj.Tf = Tf;

obj.Tfr = Tfr;

obj.Tn = Tn;

obj.C50 = 4.92;

obj.gamma = 2.69;

obj.EO0 = 100;

obj.Emax = 100;

obj.Umin_sp = O0;

obj.Umin_dist

obj.Umax_sp = 6.67;

obj.Umax_dist = 4;

obj.DUmin_sp = -1;

obj.DUmin_dist = -0.4;

obj.DUmax_sp = 1;

obj.DUmax_dist = 0.4;

obj.options = optimset('Display','off','LargeScale’,
"off');

obj.cont = 0;

obj.u_k_old = 0;

|
o
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obj.y_t = [1;
obj.Du_t1 = [];
obj.u_km1 = [];
obj.na = [1;

obj.nb = [1;

obj.nu = [1;

obj.Nq [l

obj.T = []1;
obj.Aq2_1 = [1;
obj.Aq2_2 = [];
obj.u_nb = [];
obj.CeP_na = [];
obj.r_km1 = [];
obj.CePf_ref_kml = [];
obj.thetaf_kmil = [];
obj.theta_kml = [];
obj.bis_km1l = [];
obj.bisf_km1 = [];

obj.qQ = [J;
obj.F = [1;
obj.GP = [1;
obj.G = [];
obj.Hq = [];
obj.A = [];
obj.B = [];

obj.Fr_num = [];

obj.Fr_den = [];

obj.Fd_num = [];

obj.Fd_den = [];

obj.Fn_num = [];

obj.Fn_den = [];

obj.Du_past = [];
obj.u_past = [];

obj.Ts = [];

end

function model_initialization(obj,Ts,Age,Height ,Weight,

Gender)
/4 Inttialize the GPC controller
% INPUTS:
Ts = sampling period

Age = patient age

SR IR AR A X

Height = patient height
Weight = patient weight
Gender = patient gender
obj.Ts = Ts;
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end

4 Filters calculation
Fr_sysd = c2d(tf(1,[obj.Tfr 1]),Ts);
[temp_1, temp_2] = tfdata(Fr_sysd);
obj.Fr_num = temp_1{1,1%};
obj.Fr_den = temp_2{1,1};
if obj.Fr_num(1)==

obj.Fr_num = obj.Fr_num(1,2:end);
end
Fd_sysd = c2d(tf(1,[obj.Tf 1]),Ts, 'tustin');
[temp_1, temp_2] = tfdata(Fd_sysd);
obj.Fd_num = temp_1{1,1};
obj.Fd_den = temp_2{1,1};
if obj.Fd_num(1)==

obj.Fd_num = obj.Fd_num(1,2:end);
end
Fn_sysd = c2d(tf(1,[obj.Tn 1]),Ts);
[temp_1, temp_2] = tfdata(Fn_sysd);
obj.Fn_num = temp_1{1,1};
obj.Fn_den = temp_2{1,1};
if obj.Fn_num(1)==

obj.Fn_num = obj.Fn_num(1,2:end);
end

%4 Patient model calculation

[PKmodelP, CPmodelP] = obj.sim_Propofol (Age,Height,
Weight ,Gender) ;

/4 Converting LTI to TF representation of linear part

[numPK ,denPK] = tfdata (PKmodelP, 'v');

[numCP ,denCP] = tfdata(CPmodelP, 'v');

4 Continous time system

Gnumc = conv (numCP ,numPK) ;

Gdenc conv (denCP ,denPK) ;

delay = 0; /7 Continous time delay

obj.gpc_matrix_calculation(Gnumc,b Gdenc ,delay,Ts) ;

[“,0obj.nal = size(obj.F);

[“,0bj.nb] = size(obj.GP);

[~,o0bj.nu] size (obj.G);

obj.matrix_initialization = true;

function [u_k] = take_control_step(obj,bis_k,r_k,gs,Umin

)

/A Control action calculation
J INPUTS:

bis_k = current wvalue of the BIS
r_k = current BIS set-point wvalue
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gs = gain scheduling flag
Umin = lower bound of propofol infusion rate

coder.extrinsic('quadprog')
coder.extrinsic('optimset ')

% Initialization
if obj.init
obj.init = false;
obj.y_t = zeros(obj.na,1);
obj.Du_tl = zeros(obj.nb,1);
obj.Du_past = zeros(5,1);
obj.u_past = zeros(5,1);
obj.u_kml = 0;
obj.Ng = ones(obj.nu,1);
obj.T = tril(ones(obj.nu));
obj.Aq2_1 = eye(obj.nu);
obj.Aq2_2 = -eye(obj.nu);
obj.u_nb = zeros(obj.nb+1,1);
obj.CeP_na = zeros(obj.na-1,1);
obj.r_kml = r_k;
obj.CePf_ref_kml = O0;
obj.theta_kml = O0;
obj.thetaf_kml = O0;
obj.bis_kml = bi

end

if gs /4 Constratints for maintenance phase
Umax = obj.Umax_dist;
DUmin = obj.DUmin_dist;
DUmax = obj.DUmax_dist;

else ) Constraints for induction phase
Umax = obj.Umax_sp;
DUmin obj .DUmin_sp;
DUmax obj.DUmax_sp;

end

/% Reference filter

CeP_ref_kml = obj.C50*((obj.r_kml-obj.EO0)/(obj.EO-
obj.r_kml-obj.Emax)) ~(1/0obj.gamma);
CePf_ref_k = -obj.Fr_den(2)*obj.CePf_ref_kml + obj.

Fr_num*CeP_ref_kmi;

4 BIS filter
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bisf_k = -obj.Fn_den(2)*obj.bisf_kml + obj.Fn_numx
obj.bis_kmil;

CeP_bis_k = obj.C50*((bisf_k-obj.E0)/(obj.EO-bisf k-
obj.Emax)) "~ (1/0bj.gamma) ;

4 Model simulation
CeP_model_k = obj.B*obj.u_nb - obj.A(:,2:end)*o0bj.
CeP_na;

/4 Model mismatch
theta_k = CeP_bis_k-CeP_model_k;

4 Model mismatch filtering

thetaf _k = -obj.Fd_den(2)*obj.thetaf_kml + obj.
Fd_num (2) *obj.theta_kml + obj.Fd_num(l)*theta_k;

y_k = thetaf_k+CeP_model_k;

obj.y_t = circshift(obj.y_t,1);
obj.y_t(1) = y_k;

w = ones(obj.N,1)*CePf_ref_k;

f = (obj.Fxobj.y_t)+(obj.GP*obj.Du_t1);

Du_k = 0;

fq = -obj.G'*x(w-1f);
Aq = [];

bqg = [];

Aql_1 = obj.T;

bql_1 = obj.Ng*Umax-obj.Nqg*obj.u_kmi;
Aql_2 = -o0bj.T;
bql_2 = -obj.Ng*Umin+obj.Ng*obj.u_kmil;

Agq=[Aq; Aql_1; Aq1_2];

bg=[bg; bgl_1; bql_21;

bgq2_1 = obj.Ng*DUmax;

bqg2_2 -obj.Ng*DUmin;

Aq [Aq;obj.Aq2_1;0bj.Aq2_2]1;
bq [bg;bg2_1;bg2_27;

/4 Unconstrained solution
tempDu = obj.Qx(w-1f);

% Control action calculation
temp = quadprog(obj.Hq,fq,Aq,bq,[],[],[],[], tempDu,
obj.options);
if “isempty(temp)
Du_k = temp(1);
else
Du_k = obj.u_kmlx*-1;
end
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u_k = obj.u_

if u_k<O

u_k = 0;
end
obj.u_kml
obj.Du_t1
obj.Du_t1(1)
obj.Du_past

kml1+Du_k;

u_k;
circshift (obj.Du_t1,1);
= Du_k;
= circshift (obj.Du_past,1);

obj.Du_past (1) = Du_k;

obj.u_past =

circshift (obj.u_past,1);

obj.u_past (1) = u_k;
obj.u_nb = circshift(obj.u_nb,1);

obj.u_nb (1)

obj.CeP_na =

= u_k;
circshift (obj.CeP_na,1);

obj.CeP_na(1l) = CeP_model_k;

obj.r_kml = r_k;
obj.CePf_ref_kml = CePf_ref_k;
obj.theta_kml = theta_k;
obj.thetaf_kml = thetaf_k;
obj.bisf_kml = bisf_k;
obj.bis_kml = bis_k;

/% Update the control action every 5 s
if obj.Ts==

if (obj.cont+l == 5) || (obj.u_k_old == 0)

obj.cont = 0;
u_k mean (obj.u_past);
obj.u_k_old = u_k;

else
u_k obj.u_k_old;
obj.cont = obj.cont+1;

end
end
end

function [PKmodelP, CPmodelP] = sim_Propofol(obj,Age,

Height ,Weight , Gender)
/4 Calculate patient PK/PD model
/4 INPUTS:

A Age = patient age

4 Height = patient height

VA Weight = patient weight

4 Gender = patient gender

% OUTPUTS :

A PKmodelP = state-space PK model
VA CPmodelP = state-space PD model
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if Gender == 1
Zlean body mass (James Formula for Men)
lbm = 1.1*xWeight - 128*(Weight/Height) ~2;
else / 2 per donne
slean body mass (James Formula for Women)
lbm = 1.07+*Weight - 148*( Weight / Height ) ~2;
end
AVolume of the compartments [L]

Ve = 4.27;
V2 = 18.9 - 0.391%(Age - 53);
V3 = 238;

#Clearance of compartments [L/s]

Cl1 = 1.89 + 0.0456*x(Weight - 77) - 0.0681*(1lbm -
59) + 0.0264*(Height - 177);

Cl2 = 1.29 - 0.024*x(Age - 53);

Cl3 = 0.836;

ZTransfer Rate of Drug [1/s]

# N.B. kij transfer rate from i to j

k10 = Cl1 / Vc / 60;
k12 = Cl2 / Vc / 60;
k13 = C13 / Vc / 60;
k21 = Cl2 / V2 / 60;
k31 = C13 / V3 / 60;
k41 = 0.459 / 60;
ke0 = k41;

/4 State space pharmacokinetic model (PK)
% State Matriz
Assp =[-(k10+k12+k13) k21  k31;
k12 -k21 0;
k13 0 -k317;
4 Input Matriz
Bssp = [ 1; 0; 0 1;
4 Output Matriz
Cssp = [ 1001 / Vc;
/4 Feedthrough Matriz
Dssp = O;
PKmodelP = ss(Assp,Bssp,Cssp,Dssp);
/% State space compartmental model (CP)

kle = keO;
AState Matriz
Aecp = -keO;
AInput Matriz
Becp = kle;
A0utput Matriz
Cecp = 1;

Decp = 0;

CPmodelP = ss(Aecp,Becp,Cecp,Decp);
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end

function gpc_matrix_calculation(obj,Gnumc, Gdenc,delay,Ts

)
/4 Calculate the matrizes for the GPC controller
/4 INPUTS:
Gnumc = numerator of patient PK/PD model
denominator of patient PK/PD model
delay = process delay
Ts = sampling period

Gnumc

SRR SR

# A and B polynomials calculation
sysd = c2d(tf (Gnumc,Gdenc) ,Ts);
[templ, temp2] = tfdata(sysd);
obj.B = templ{1l,1};
if obj.B(1)==
obj.B=0bj.B(1,2:end);
end
obj.A = temp2{1,1};
obj.na = length(obj.A);
obj.nb = length(obj.B);
% Dynamic matriz calculation
obj.G = zeros(obj.N,obj.Nu);
[g,"] stepz (obj.B,obj.A,obj.N);
for k=1:0bj.Nu
obj.G(k:end,k) = g(l:end-k+1);

end

/4 Free response matrices calculation
At = conv([1 -1],0bj.A);

XXB = 1;

nbb length (XXB) ;

div_no = obj.N+delay;

E_temp = zeros(div_no,1);
F_temp = zeros(div_no,obj.na);
for k=1:div_mno
if k==
E_temp(k) = At(1);
temp = (-1*%At(1)*At)+[XXB zeros(1,length
(At)-nbb)];
F_temp(k,:) = temp(2:length(temp));
else
E_temp(k) = F_temp(k-1,1);
temp = -1%F_temp(k-1,1)*At+[F_temp(k
-1,:) 0];
F_temp(k,:) = temp(2:length(temp));
end
end
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end

end

end

E = zeros(div_no,div_no);
E_temp';
for k=1:div_no

E(k,1:k) = e(1:k);

0]
1]

end
EB=[];
for k=1:div_mno
EB(k,:) = conv(E(k,:),obj.B);

end
obj.GP=[];
obj.F=1[1;

for n=1:0bj.N
for m=1:n
GM(n,m) = EB(n+delay,n-m+1);
if (delay+obj.nb>1)
for 1=1:delay+obj.nb-1
obj.GP(n,1) = EB(n+delay,n+1);
end
end
end
for m=1:0bj.na
obj.F(n,m) = F_temp(delay+n,m);
end
end
4 K matriz calculation
I = eye(obj.Nu);
obj.Q = inv(obj.G'*o0obj.G+obj.lambda*I)*obj.G";
K = Q(1,:);
obj.Hg=0bj.G'*obj.G+obj.lambdax*T;
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Glossary of medical terminology

Airway instrumentation refers to the use of medical devices to establish and maintain a
patient’s airway for breathing purposes.

Analgesia refers to the reduction or absence of pain sensation.
Antiemetic is a drug used to treat nausea and vomiting.

Bispectral Index Scale (BIS) is one of the most widespread and clinically accepted in-
dicator of depth of hypnosis. It is based on the bispectral analysis of a frontal elec-
troencephalogram and it provides an estimation of the depth of hypnosis by means of
a dimensionless number which varies from 0 (absence of brain activity) to 100 (patient
fully awake). During general anesthesia this index should be kept inside the range 40-60
for most kinds of surgeries.

Blood pressure (BP) refers to the force exerted by circulating blood against the walls of
the arteries.

Body mass index (BMI) is a numerical value calculated based on a person’s weight and
height.

Bolus refers to a single, large drug dose that is administered rapidly to produce a quick and
powerful clinical effect.

Bradycardia is a medical condition characterized by an abnormally slow heart rate. It can
lead to inadequate blood flow which can cause organs damage.

Burst suppression (BS) refers to a pattern in electroencephalography readings, where
bursts of high-frequency activity are followed by periods of electrical silence or sup-
pression. It can be an indicator of anesthetic overdose.

Burst suppression ratio (BSR) is a measure that quantifies the degree of suppression in
the electroencephalography readings. It is the ratio of the duration of the suppression
period to the total time of the recording.

Cardiac output (CO) refers to the amount of blood pumped by the heart in a minute.

Curare is a drug used to induce paralysis.
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Depth of hypnosis (DoH) refers to the level of consciousness and responsiveness of a pa-
tient who is undergoing anesthesia.

Diastolic blood pressure (BP,;) refers to the lowest level of pressure exerted on the walls
of the arteries when the heart is relaxed between beats and refilling with blood.

Electrocautery device is a medical device that uses the heat generated from an electric
current to control bleeding during surgery.

Endotracheal tube is a medical device used to maintain a patient’s airway during general
anesthesia. It consists of a tube that is inserted through the mouth or nose into the
trachea.

Ephedrine is a vasopressor drug that can be used to treat hypotension during surgery. It
works by stimulating the sympathetic nervous system, which increases heart rate and
blood pressure.

Etilefrine is a cardiac stimulant used to treat hypotension during surgery.
Fentanyl is a potent synthetic opioid that is used as analgesic drug.

General anesthesia is a pharmacologically induced, temporary and reversible state that
provokes on the patient the inhibition of sensitivity, consciousness, and pain.

Hemostasis refers to the control of bleeding during surgery to prevent excessive blood loss,
to maintain a clear surgical field and to reduce the risk of complications.

Hypertension is a medical condition characterized by high blood pressure levels in the
arteries. It can lead to damage of the arteries and other organs.

Hypotension is a medical condition characterized by low blood pressure levels in the arter-
ies. It can lead to inadequate blood flow which can cause organs damage.

Infusion pump is a medical device used to deliver intravenous drugs in a controlled manner.

Intubation is a medical procedure in which an endotracheal tube is inserted into a patient’s
airway through their mouth or nose.

Laryngeal mask is a medical device used to maintain a patient’s airway during general
anesthesia. It consists of a tube with a cuff that is inserted into the patient’s throat
and positioned over the larynx.

Lean body mass (LBM) refers to the total weight of a person’s body minus the weight of
their fat stores.
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Mean arterial pressure (MAP) is the average pressure exerted by the blood on the walls
of the arteries over the entire cardiac cycle, taking into account both the systolic and
diastolic pressures as well as the length of time that the blood spends in each phase.
MAP is calculated as the diastolic pressure plus one-third of the difference between the
systolic and diastolic pressures.

Mean blood pressure (BP,,) is the average pressure exerted by the blood on the walls
of the arteries over the course of one complete cardiac cycle, calculated as the sum of
the systolic pressure and twice the diastolic pressure, divided by three. It represents an
overall measure of blood pressure in the arteries during a single heartbeat.

Mechanical ventilation refers to the use of a medical device, such as a ventilator, to assist
or replace a patient’s breathing.

Peripheral oxygen saturation (SpO3) isa measure of the amount of oxygen being carried
in the bloodstream.

Post-operative delirium is a side effect of anesthesia. It is a form of delirium that mani-
fests in patients between one and three days after anesthesia.

Post-operative nausea and vomiting (PONYV) is a common side effect of anesthesia.
It refers to the feeling of sickness and vomiting that some patients experience after
undergoing anesthesia.

Post-operative pain is the pain perceived by the patient after surgery.

Post-operative sedation is a common side effect of anesthesia. It is a residual sedation
that affects the patient after the anesthesia emergence phase.

Propofol is a short-acting intravenous hypnotic drug. It has a rapid onset that produces a
quick loss of consciousness and a short duration of effect.

Ramsay Agitation Sedation Score (RASS) is a medical scale used to measure the agi-
tation or sedation level of a patient.

Remifentanil is a potent, short-acting intravenous analgesic drug. It acts quickly, with a
rapid onset of action and a short duration of effect.

Systolic blood pressure (BP;) refers to the highest level of pressure exerted on the walls
of the arteries when the heart contracts and pumps blood out to the rest of the body.

Tachycardia is a medical condition characterized by an abnormally fast heart rate. It
can lead to heart muscle damage and it can increase the risk of bleeding and other
complications during surgery.

Total intravenous anesthesia is an anesthesia technique in which drugs are delivered en-
tirely through an intravenous access.
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Vasoactive medications are drugs that have an effect on the blood vessels, causing them
to either dilate or constrict. They are commonly used in the treatment of hypotension
and hypertension.

Vasopressors are drugs that cause the blood vessels to narrow, which increases blood pres-
sure and can improve blood flow to vital organs.
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List of abbreviations

BIS: bispectral index scale

BIS-NADIR: lowest observed BIS value
BIS-NADIRn: lowest observed BIS value to negative step disturbance
BIS-NADIRp: lowest observed BIS value to positive step disturbance
BMI: body mass index

BP: blood pressure

BP,: diastolic blood pressure

BP,,,: mean blood pressure

BP,: systolic blood pressure

BS: burst suppression

BSR: burst suppression ratio

CO: cardiac output

CV: coefficient of variation

DoA: depth of anesthesia

DoH: depth of hypnosis

EEG: electroencephalogram

GA: genetic algorithms

GPC: generalized predictive control

GUI: graphical user interface

HR: heart rate

[AE: integrated absolute error

[AU: integrated absolute value of the control variable
IQR: interquartile range

LBM: lean body mass

MAP: mean arterial pressure

MDAPE: median absolute performance error

MDPE: median performance error

MIMO: multiple-input-multiple-output
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MISO: multiple-input-single-output

MPC: model predictive control

NMB: neuromuscular blockade

NRS: numeric rating scale

PC: personal computer

PD: pharmacodynamic

PID: proportional-integral-derivative

PK: pharmacokynetic

PONYV: post-operative nausea and vomiting
PSD: power spectral density

PSO: particle swarm optimization

QP: quadratic programming

RASS: Ramsay Agitation Sedation Score
SISO: single-input-single-output

SNP: sodium nitroprusside

SpO,: peripheral oxygen saturation

SQI: signal quality index

SS: sedation score

ST10: settling time at 10%

ST20: settling time at 20%

TCI: target controlled infusion

TIVA: total intravenous anesthesia

TT: time-to-target

TTn: time-to-target to negative step disturbance
TTp: time-to-target to positive step disturbance

TV: total variation
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