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Abstract

A multivariable fuzzy controller developed for
simultaneous administration of the anaesthetic
(propofol) and the analgesic drug (remifentang)presented.
The controller was designed in order to achievieady state
level of depth of anaesthesia (DOA) and to redheeatmount
of drug infused. The multivariable fuzzy controlier based
on linguistic rules that interact with three deaistables, one
of which represents a fuzzy PI controller. Optirtiza using
genetic algorithms was used to determine the spdiintors
of the fuzzy Pl controller. According to the diféet
possibilities for the DOA level and for the surdicimuli,
the multivariable controller defines the requirdthiege in the
infusion rates of the two drugs. A patient modehifentanil
was used to test the multivariable controller. Toatroller
was able to adjust the remifentanil infusion ratecading to
the stimulus intensity, and takes advantage ofstmergistic
interaction to the change adequately the propafélsion
rate. The multivariable fuzzy controller was testedder
different simulations, and responded efficiently different
induction profiles, set point changes and distuckean

1 Introduction

“Anaesthesia” and “depth of anaesthesia” are twitemint
entities that are frequently confused becauseettaring of
a common word. Anaesthesia can be defines as theofa
response and recall to noxious stimuli. It inclugesalysis
(muscle relaxation), unconsciousness (depth of sithesia)
and analgesia (pain relief). Anaesthesia involVes use of

since it affects the pharmacodynamics of the ahatist The
analgesic and anaesthetic drugs are interconnesitexd they
interact with each other so as to achieve an adedewel of
depth of anaesthesia (DOA) and analgesia.

thel'he anaesthetic and analgesic drugs may havedtifféypes
dra§ interactions, increasing or decreasing the &fet each

drug, potentiating the different side effects orerv
introducing new side effects [8]. The anaesthetistds to be
aware of the interactions between the drugs forstfety of

the patients. These drug interactions provide aigit into

the mechanism of general anaesthesia and a ptactica
guideline for the optimal drug dosing during anhesia
[2,13].

Propofol is the most used intravenous anaesthgéntaand it
is usually combined with one of the synthetic ogigos0 as to
provide analgesia. However, the optimal propofdusion
rate and concentration are largely affected bydheice of
opioid, and in some cases, by the duration of infu$l6].
An opioid with a rapid onset of action (such as ifermanil)
allows for a rapid response to the stimulus effed®sopofol
and remifentanil have a synergistic relationshipe Effect of
the combination of these two drugs is greater thizet
expected as based on the concentration-effectaeddips of
the individual agents. The use of remifentanillesdnalgesic
drug requires more attention than when using atheigesics
[14]. Remifentanil is a potent short acting opioahd the
optimal propofol concentration is much lower when
combined with remifentanil compared to other ansilge
[17]. The unique properties of remifentanil maka isuitable
analgesic for use with propofol, and adequate @otrol in
anaesthesia.

A closed-loop control system of DOA will help the

three drugs, a muscle relaxant, an anaesthetic @md ypaesthetist in the operating theatre, adjustireg itffusion
analgesic. However, the muscle relaxant will not Bgies of the anaesthetic and analgesic drugs. Ejerity of
considered in this research, since it has no inflteeon the o researches in the area are mainly concernell th
degree of hypnosis, which is the main concern 8 thomatic control of the anaesthetic drug, wheréaes
operating theatre. The analgesic drug is of mongoiance analgesic is controlled manually by the anaesthtig,9].



However, in this research the objective is a matiable
control structure for simultaneous administratioh bmth
drugs (i.e. propofol and remifentanil).

The rest of this paper is organised in five se&idn Section
2, the structure of the proposed closed-loop sysiachthe
patient model used in the simulations are preseniéa

structure of the multivariable fuzzy controllerdescribed in
Section 3. The results regarding different simaoladi are
presented in Section 4. Finally, in Section 5 aesented the
overall conclusions of the study.

2 Closed-Loop Structure

The closed-loop patient system links a patient Ma®OA
classifier and the control algorithms. Figure 1vgtohe block
diagram comprising of the different components bé t
closed-loop system during the maintenance phase
anaesthesia. The fuzzy relational classifier for AD@
presented in [10]. This classifier uses a set afuiees from
the auditory evoked potentials (AEP), the changecart rate
(AHR) and the change in systolic arterial pressiu®AP) to
determine the level of DOA.
according as: 1-Awake; 2-OK/Light; 3-OK; 4-OK/Degmd
5-Deep. OK is when no patient response is obseweter
surgical stimulus, i.e. the patient is under thecadte level
of DOA.
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Figure 1. Block diagram of the closed-loop simaatsystem.

The DOA is classifiec

wavelet extracted AEP features and the cardiovascul
parameters from the effect concentrations and thgical
stimulus, according to the drugs interaction araldffects of
the different stimuli intensity. The patient mod&las
developed in [11] using data collected in the ofiega
theatre.

Figure 2 shows the block diagram of the maintengitwese
patient model. Only the maintenance phase is medlell
because the interaction between propofol and reraifél is
of crucial importance during this phase, due todbwetinuous
presence of stimulus and the properties of the dmags.
Overall, the cardiovascular paramet&tdR andASAP, and
the wavelet extracted AEP features are the re$uheodrugs

concentration, the surgical stimulus and the p#sen
individual parameters [11,12].
1
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Figure 2. Block diagram of the patient madel

3 Multivariable Fuzzy Controller

Control systems should deliver a minimum amountthaf
drug, and avoid costly delays from failing to kebp patient
in a desired state. A fuzzy controller provides aams of
converting a linguistic control strategy based axpest
knowledge into and automatic control strategy [6,7]

During general anaesthesia, the anaesthetist ifrorded

The AEP are the responses in the EEG to clicksepps the With the dilemma of whether to vary propofol or tbpioid
ear. This signal detects the changes that occtireircentral (in this case remifentanil). The anaesthetist'siedge and
nervous system relating to DOA [5,15]. The AEP afXperience can be incorporated into the fuzzy cbsystem
processed by averaging and filtering, after whic® @ set of Imgws‘qc rules_,. In addition, _the fetion between
multiresolution wavelet analysis is used to extracset of Propofol and remifentanil introduces informatioratteould
features. The AEP and the cardiovascular paramaterased b€ used to determine the adequate combination eoftvilo

to establish the level of unconsciousness of thiema

The DOA level in addition to the information abotkte

drugs.

A multivariable fuzzy controller was developed withe

surgical stimulus (introduced to the system by traesthetist coordination. The controller for DO#mprises

anaesthetist), are used to determine the adequatan rate
of the two drugs. In other words, a multivariabtentoller
maintains and adequate DOA level by adjusting tifiesion
rates of propofol and remifentanil, which are thptits to the
patient model.

2.1 Patient M od€l

The patient model used in the simulations is didideto
pharmacokinetic and pharmacodynamic models.

population parameters, determine the plasma coratem of

both drugs independently. The pharmacodynamic model _

comprises the effect compartments of the two draigd a
structure of fuzzy models. This fuzzy structure eisdthe

three different blocks, corresponding to the thpmssible
values of DOA, i.e. the DOA level is the targetde(.e. OK
level), or the DOA is lighter than the desired.(OK/Light or
Awake level), or the DOA is deeper than the desifieel
OK/Deep or Deep level). The controller will actfdiently
according to these three stages.

Considering the three different possibilities foe tlevel of
DOA, the structure of the multivariable fuzzy callier is as

Tedlows:
compartmental pharmacokinetic models, which use nmea

If DOA is OK thenno change

If DOA is light and if:

stimulus thenincrease remifentanil(Remifentanil
Rule-Base 1);



- no stimulusthen increase propofol(Fuzzy PI

Controller);
* IfDOAis deep and if:

- no stimulus and remifentanil high thetecrease
remifentani

- no stimulus and remifentanil normal and prfopdigh
thendecrease propofol

- no stimulus and remifentanil normal and pfopaormal
thendecrease remifentanil

- stimulus and propofol high thelecrease propofdFuzzy
Pl Controller) and increase remifentanil(Remifentanil
Rule-Base 2);

- stimulus and propofol normal thdacrease remifentanil

It is important to note that a minimum effect comcation of
propofol and remifentanil is required at all timés,order to
ensure unconsciousness and prevent arousal. THenummn

wheree(k)is the erroru(k) is the propofol infusion rate amd

is the number of simulation samples. The weighting
parameterd; andA, were chosen to place more emphasis on
the error or on the infusion rate, so that an ideglance
between both can be reached. A simple GA was used t
minimise the Pindex The GA was implemented using
MATLAB for a population of 40 strings each of lehg0,
with a probability of crossover of 0.95 and a prabty of
mutation of 0.06. The optimisation was run with the
parametersi;=0.4 and A,=0.6, which were found to be
representative of the specifications for the cdnsiystem,
giving a bigger weight to the infusion profile. Thatient
model was used during the optimisation with a fixedfile

of remifentanil as set by the anaesthetist accgrttira typical
surgical procedure. The constant infusion rateedfifentanil
results is a steady effect concentration duringnt@tenance

values were established as 2250 ng/ml and 3.5 negml phase, which provides a constant level of analgd$ia GA

propofol and remifentanil, respectively. If the centrations
reach these minimum values, then the infusion rmafte
propofol will be increased by 0.2 mg/sec and rentéail will
be increased by 0.02f/Kg/min.

The multivariable controller is based on linguistides that
interact with three decision tables, two of whiate aule-
bases for a change in remifentanil infusion ratde(base 1
and rule-base 2) and the other represents a fuzegriroller
for a change in propofol infusion rate.

3.1 Fuzzy PI Controller

A fuzzy PI controller is designed to control theanbe in the
infusion rate of propofol. The fuzzy PI controllases the
error (target DOA minus measured DOA) and the chaofg
error as inputs. The controller’s rule-base isspreed in

Table 1.

DOA Change of DOA error

Error NB NS ZE PS PB
NB NB NB NB NS ZE
NS NB NS NS ZE PS
ZE NB NS ZE PS PB
PS NS ZE PS PS PB
PB ZE PS PB PB PB

Table 1. Rule-base of the fuzzy PI controller f@& The inputs
are the error and the change of error, and theubigpghe change in
propofol infusion rate. The membership functiors labelled:
Negative Big (NB), Negative Small (NS), Zero (ZBpsitive Small
(PS) and Positive Big (PB).

optimisation led to the value of 0.3754 for theoerscaling
factor and 7.7713 for the change of error scalauydt.

3.2 Fuzzy Rule-bases for Remifentanil

The remifentanil rule-base 1 and rule-base 2 deterrthe
change in the remifentanil infusion rate accordiogthe
stimulus intensity and the change in DOA error. eTh
presence of stimulus is established accordingegtrceived
stimulus intensity (labelled between 0 and 1). Augabelow
0.25 was considered as no stimulus, because algimu
intensity below this value has very little, if arigfluence in
the cardiovascular parameters [11]. Note that thainm
function of an analgesic is to inhibit the surgictimulus
from reaching the central nervous systems.

The remifentanil rule-base 1 determines the increnrethe
remifentanil infusion rate when the DOA level ight in the
presence of stimulus. The rule-base is shown iferapand
uses the stimulus and the change in DOA error @sts$n The
change in remifentanil infusion rate is normalideetween
[0,1], however, the maximum value of the variablasw
established as 0.0@g/Kg/min. If the DOA is light, higher
changes in remifentanil infusion rate are requiredrder to
respond to stimulus and increase the level of DOA.

Change in DOA error
Stimulus | Negative Zero Positive | Positive
Small Big
Low Small Small Medium Big
Medium Small Medium Medium Big
High Medium Big Big Big

The variables are normalised between [-1,1] and thF’able 2. Rule-base 1 describing the change in ezn@hil infusion

membership functions are Gaussian. The maximum lefve

change in the infusion rate was set to 4000 mgshsidering
the maximum conditions pre-set by the anaesthats.input
scaling factors of the controller were optimisethgggenetic
algorithm (GA) with a performance index [3]. Thdldaving

formula was used for the performance index:

N-1 N-1
Pindex= 4, Y_ Kle(k)| + A, Y u(k) (1)
k=0 k=0

rate using the stimulus level and the change in OAr.

The remifentanil rule-base 2 is used when the D&Adep,
however, there is stimulus present and an increraanthe
remifentanil infusion rate is necessary. Rule-bass shown
in Table 3. The perceived stimulus level and thancfe in
DOA error are used to determine the change in entahil
infusion rate, similarly to rule-base 1.

The differences between rule-base 1 and rule-bassit@
respect to the membership functions of the changpQA



error, are due to the pre-defined fact that the Diével is
lighter or deeper than the target level. In rulseb@, the
smaller increment in the infusion rate is predomtnaince
the DOA is deep and the remifentanil is increased ifs
analgesic properties. In rule-base 1, the DOAghtJihence,
remifentanil is increased as a response to stimamgsfor its

synergistic properties in order to increase the O&#AI.

Change in DOA error
Stimulus | Negative Negative Zero Positive
Big Small
Low Small Small Small Small
Medium Small Small Medium Medium
High Small Medium Medium Big

Table 3. Rule-base 2 describing the change in esahil infusion
rate using the stimulus level and the change in 2@Ar

4 Results and Discussion

The multivariable fuzzy controller was tested undiferent
simulations with the patient model described int®ac2.1.
Note that the controller only acts during the mai@nce
phase of anaesthesia (i.e. after 1500 seconds)intietion
phase of anaesthesia, during which the patientilisrsthe
anaesthetic room, is manually controlled by theeatteetist.

4.1 Simulation 1

In the first simulation, a typical infusion profitd both drugs
was used for the induction phase. The DOA level tfos
simulation is shown in Figure 3. The OK DOA lev&rfet
level) is achieved at 1740 seconds. Figure 4 shtws
infusion rates of propofol and remifentanil forglimulation.
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OKiDesp 4
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Figure 3. DOA level using the multivariable conkeolin simulation

as determined by the multivariable controller dgrithe
maintenance phase. The DOA level is shown in Figure
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Figure 4. Propofol and remifentanil infusion raéssdetermined by
the controller in simulation.1
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Figure 5. Propofol and remifentanil infusion raéssdetermined by
the controller, during the maintenance phase. D&g#et chante to
OK/Deep at 3000 seconds.
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Figure 6. DOA level using the multivariable conkeo] during the
maintenance phase. DOA target change to OK/De8@Git
seconds.

The OK/Deep DOA level is reached at 3060 seconelspnly
60 seconds after the set point change. The mubivier
controller reacts to the set point change by irgirepthe
remifentanil infusion rate, due to the high stinmllevel
present in the system at this time. This increasethie

L remifentanil infusion rate, increases the leveho#lgesia and
The OK DOA level was rapidly achieved, and the pdigr also potentiates the effect of propofol. A deepmrel of
maintained efficiently a stable DOA level by keapihoth depression is achieved, hence the multivariabldrolber is
infusion rates constant. The multivariable comgroleacts to taking advantage of the synergism between propafa
changes in the system output, i.e. the DOA leviemthe set remifentanil for an efficient control of DOA.
point has been reached and the subsequent comtioha
maintained a zero error, then it is not necessaghainge the
control output.

In order to analyse the response of the contralieder
different conditions, a set point change to the Qé€p level
at 3720 seconds was considered. Figure 7 showsrtipafol

Next, the same conditions as in simulation 1 wersitlered, and remifentanil infusion rates during this simigdat At

but with a set point change to OK/Deep level atB8Econds. 3720 seconds the stimulus intensity is very lowrefore, the
Figure 5 shows the infusion rates of propofol agmifentanil controller reacts by increasing the propofol infursiate.



The DOA level for this simulation is shown in Figu8. The
OK/Deep DOA level is reached at 3870 seconds, 4.b.
minutes after the set point change. The contrafieable to
achieve the OK/Deep level in both situations irekatively
short time.

In the first case, i.e. an increase of the remifmiftinfusion
rate, the OK/Deep level is reached faster due & rdpid
onset of action of remifentanil, a subsequent rédndn the
perceived stimulus, and a synergism with propofol.the
second case, i.e. an increase of the propofolioriuste, the
OK/Deep level is the response to the increasedmtiopofol
effect concentration.
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Figure 9. DOA level using the multivariable conkeolin simulation
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Figure 7. Propofol and remifentanil infusion radéssdetermined by
the controller, during the maintenance phase. D&get change to
OK/Deep at 3720 seconds.
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Figure 8. DOA level using the multivariable conkeolduring the
maintenance phase. DOA target change to OK/De8p2it
seconds

4.2 Simulation 2

Simulation 2 considers a different propofol infusiprofile
during the induction phase, hence, different ihitianditions
for the controller. The remifentanil infusion piefiduring
induction is the same as for simulation 1. The Diével for
this simulation is shown in Figure 9.

At the beginning of the maintenance phase the D&#llis
at the OK level (i.e. the target level), hence, pihepofol and
remifentanil infusion rates are kept constant ke/¢bntroller.

However, at approximately 1900 seconds the DOA lle

increases to OK/Deep. The multivariable controtlesponds
with a decrease in the remifentanil infusion ratimce the
propofol effect concentration is within the normange.
Therefore, there is no change in the propofol iiclugate.
Figure 10 shows the decrease in the remifentafuision rate.
The decrease in the remifentanil infusion ratedsyvsmall,
but it is proved sufficient in order to achieve & DOA
level

Figure 11. DOA level using the multivariable cotieo
(maintenance phase only). Disturbance to the OKALIROA level
at 3600 seconds.
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Figure 12. Propofol and remifentanil infusion ratistng the
controller, during the maintenance phase. Disturbda the
OK/Light DOA level at 3600 seconds.

Considering the same conditions as for simulatigna2
jsturbance to the OK/Light DOA level was introddcat
600 seconds. In a real situation, this could be éor
instance to a high stimulus interference. Figuresidws the
DOA level for this simulation. The first OK/Deep [2Qevel
(at approximately 1900 seconds) is the same asgiuré-9.
Figure 12 shows the propofol and remifentanil ifdasrates
for this simulation. The propofol infusion rate kept at a
constant level from the start of the simulation.heTfirst



decrease in the remifentanil infusion rate is e as in the References
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