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Abstract This article presents model predictive control-

lers (MPCs) and multi-parametric model-based controllers

for delivery of anaesthetic agents. The MPC can take into

account constraints on drug delivery rates and state of the

patient but requires solving an optimization problem at

regular time intervals. The multi-parametric controller has

all the advantages of the MPC and does not require

repetitive solution of optimization problem for its imple-

mentation. This is achieved by obtaining the optimal drug

delivery rates as a set of explicit functions of the state of

the patient. The derivation of the controllers relies on using

detailed models of the system. A compartmental model for

the delivery of three drugs for anaesthesia is developed.

The key feature of this model is that mean arterial pressure,

cardiac output and unconsciousness of the patient can be

simultaneously regulated. This is achieved by using three

drugs: dopamine (DP), sodium nitroprusside (SNP) and

isoflurane. A number of dynamic simulation experiments

are carried out for the validation of the model. The model is

then used for the design of model predictive and multi-

parametric controllers, and the performance of the con-

trollers is analyzed.
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1 Introduction

Adequate general anaesthesia can be defined as a reversible

pharmacological state where it is guaranteed that the triad

of anaesthesia, given by muscle relaxation, analgesia and

hypnosis, is achieved and the vital functions such as mean

arterial pressure (MAP), heart rate and cardiac output

(CO), are monitored and maintained within the desired

ranges.

Note that not all the vital functions can be measured

directly, and hence are inferred indirectly and are main-

tained by the anaesthesiologist by regularly infusing vari-

ous anaesthetic drugs and/or intravenous fluids. It must be

emphasized that a tight control of these vital functions has

paramount consideration; otherwise, it may lead to fatal

situations [27]. Automation of anaesthesia for monitoring

of vital functions is desirable as it will provide more time

and flexibility to the anaesthesiologist to focus on critical

issues, monitor the conditions that cannot be easily mea-

sured and overall improve patient’s safety. Also, the cost of

the drugs will be reduced, and shorter time will be spent in

the post-operative care unit. An efficient implementation of

automation strategies for biomedical systems relies on
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developing models [9] and model predictive controllers

(MPCs) for such systems.

For anaesthesia, some of the models that have been

reported in the open literature are: (i) pharmacokinetic and

pharmacodynamic model of Zwart et al. [34] for uptake of

halothane, a volatile anaesthetic, and its influence on CO

and MAP, (ii) five-compartment model of Yasuda et al.

[29–31] for the distribution of isoflurane, a volatile anaes-

thetic, and (iii) circulatory model of Yu et al. [32] for

haemodyanmic repsonses to intravenous agents, dopamine

(DP) and sodium nitroprusside (SNP), in case of an acute

heart failure.

The controllers for anaesthesia can be broadly classified

based upon their application for: (i) regulation of hemo-

dynamic variables [2, 8, 12, 13, 16, 18, 26, 28, 32–34] and

(ii) simultaneous regulation of haemodynamic and other

states of anaesthesia [1, 11, 17, 20]. Control of anaesthesia

is based upon reliable measurements and estimation of

state variables. Recently Huang et al. [15] proposed using a

heart rate variability parameter for estimating anaesthetic

depth for isoflurane infusion.

The recent study in the area of modelling and control of

anaesthesia can be summarized as follows. Caruso et al. [4]

modelled the effect of remifentanil on breathing and

showed that their controller maintains CO2 set point in the

presence of disturbances. Gentilini et al. [11] proposed a

model for the regulation of mean arterial pressure (MAP)

and hypnosis with isoflurane—it was observed that con-

trolling both MAP and hypnosis simultaneously with iso-

flurane was difficult. Yu et al. [32] proposed a model for

regulating MAP and cardiac output (CO) using dopamine

(DP) and sodium nitroprusside (SNP), but the control of

hypnosis was not considered. In this article, a compart-

mental model is proposed, which allows the simultaneous

regulation of MAP, CO and the unconsciousness of the

patients. This model acts as a basis for the derivation of

model predictive and multi-parametric controllers. Three

major aspects characterize the model:

(1) pharmacokinetics which describes the uptake and dis-

tribution of the drugs

(2) pharmacodynamics which is concerned with the

effect of the drugs on the vital functions

(3) baroreflex which accounts for the reaction of the central

nervous system to changes in the blood pressure.

The model involves choice of three drugs, isoflurane,

DP and SNP. This combination of the drugs allows

simultaneous regulation of MAP, CO and hypnosis. The

rest of the article is organized as follows. The proposed

modelling and control methodology is presented in the next

section, and the results for model validation and control are

presented in Sect. 3. A discussion of results is given in

Sect. 4.

2 Methods

2.1 Modelling anaesthesia

The model is based on the distribution of isoflurane in the

human body [30, 31] and on the studies of [11, 32]. It

consists of five compartments organized as shown in

Fig. 1. The compartments stand for: Lungs, Vessel Rich

organs (e.g. liver), Muscles, Other organs and tissues and

Fat tissues respectively. Isoflurane is a volatile drug that

first enters the respiratory system and then the lungs

whereas SNP and DP are intravenous drugs. These drugs

are distributed to the compartments via the circulatory

system and, therefore, the heart can be considered as if it

belongs to the central compartment. The transfers from the

central compartment to the peripheral compartments i.e.

compartments 2–5 occur via the arteries and the transfers

from the peripheral compartments to the central, via the

veins. The introduction of drugs can be related to the first

compartment as shown on Fig. 1.

2.1.1 Pharmacokinetic modelling

Assuming that all the compartments are well-stirred, the

differential equations resulting from mass balances for a

generic ith compartment can be written as

Vi
dCi;j

dt
¼ Qi Ca;j �

Ci;j

Ri

� �
� ki;jCi;j

where Vi is the volume of compartment i, Ci,j is the

concentration of the drug j in the compartment i, Qi is the

blood flow to the compartment i, ki,j is the relevant rate

constant, Ca,j is the drug concentration in the arterial pool

and Ri is the partition coefficient between blood and tissues

RESPIRATORY SYSTEM

2

43

5

1

Isoflurane
uptake

Injection of DP and 
SNP

Fig. 1 Compartmental model: compartment 1 is the central com-

partment and refers to the heart and compartments 2–5 are the

peripheral compartments referring to vessel rich organs, muscles,

other organs and tissues and fat tissues
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in compartment i. The partition coefficient Ri defines the

ratio of blood, which will be kept by the living tissue

constituting the ith compartment. Its role is not to modulate

the concentration of drug, but the flow rate of blood

according to the following relation:

Qi;out ¼
Qi;in

Ri

where Qi,in is the inlet flow rate of blood (i.e. Qi), and Qi,out

is the outlet flow rate of blood. Considering the

organization of the compartment, the concentration of the

drug in the arteries is equal to the concentration in the

outlet flows from compartment 1, i.e. the concentration of

drug within this well-stirred compartment. Thus, the above

equation becomes

Vi
dCi;j

dt
¼ Qi C1;j �

Ci;j

Ri

� �
� ki;jCi;j

2.1.1.1 Respiratory system The uptake of isoflurane in

central compartment occurs via the respiratory system.

Considering a well-stirred system, this is modelled as

V
dCinsp

dt
¼ QinCin � ðQin � DQÞCinsp � fRðVT � DÞ

ðCinsp � CoutÞ

where Cinsp is the concentration of isoflurane inspired by

the patient (g/ml), Cin is the concentration of isoflurane in

the inlet stream (g/ml), Cout is the concentration of isoflu-

rane in the outlet stream (g/ml), Qin is the inlet flow rate

(ml/min), DQ are the losses (ml/min), V is the volume of

the respiratory system (ml), fR is the respiratory frequency

(1/min), VT is the tidal volume (ml) and D is the physio-

logical dead space (ml).

2.1.1.2 Central compartment The distribution of isoflu-

rane within the central compartment is governed by

V1

dC1

dt
¼
X5

i¼2

Qi
Ci

Ri
� C1

� �� �
þ fRðVT � DÞðCinsp � C1Þ

where Ci is the concentration of the drug in compartment i

(g/ml), Ri is the partition coefficient between blood and

tissues in compartment i and Qi is the blood flow in

compartment i (ml/min).

The infusion of intravenous drugs DP and SNP in the

central compartment is modelled as follows:

V1

dC1

dt
¼
X5

i¼2

Qi
Ci

Ri
� C1

� �� �
þ Cinf �

1

s1=2

C1V1

where Cinf is the flowrate of the drug infused (g/min), Vi is

the volume of compartment i (ml) and s1/2 is the half life of

the drug (min).

2.1.1.3 Peripheral compartments Elimination of isoflu-

rane by exhalation and metabolism in liver, the 2nd com-

partment, is given by

V2

dC2

dt
¼ Q2 C1 �

C2

R2

� �
� k20C2V2

where k20 is the rate of elimination of isoflurane in the 2nd

compartment (min-1). The concentration of isoflurane in

compartments 3–5 is given by

Vi
dCi

dt
¼ Qi C1 �

Ci

Ri

� �
; i ¼ 3; . . .; 5:

DP and SNP naturally decay in the body, and hence the

equations for compartments 2–5 are:

Vi
dCi

dt
¼ Qi C1 �

Ci

Ri

� �
� 1

s1=2

CiVi; i ¼ 2; . . .; 5:

2.1.1.4 Blood flows The average change in regional

blood flows under the uptake of isoflurane can be computed

from the literature [5]. These flows depend on the con-

centration of this anaesthetic agent.

Qi ¼ Qi0 � 1þ Dflowi � Cinð Þ; i ¼ 2; 3; 4; 5f g

Q1 ¼
X5

i¼2

Qi

where Dflowi is the ratio of flow rate change in the ith

compartment and Cin is the concentration of isoflurane in

the inlet flow of the respiratory system.

2.1.2 Pharmacodynamic modelling

2.1.2.1 Effect of DP and SNP on MAP DP and SNP

indirectly affect MAP via two of the heart’s characteristic

parameters—Maximum Elastance (Emax, the heart’s con-

tractility, maximum pressure/volume ratio in the left ven-

tricle) and Systemic Resistance (Rsys, resistance of tissues

to blood flow)—and Cardiac Output (CO) (blood volume

injected by the heart on a minute basis, l/min). The equa-

tion dictating the relationship between blood pressure and

cardiac output is

MAP ¼ Rsys � CO:

These physiological variables MAP and CO, the

so-called haemodynamic variables, are considered to be

highly interconnected in many ways. SNP is a vasodi-

lator drug, administered to control hypotension during

anaesthesia in surgery. It causes relaxation of arterial and

venous smooth muscles, leading to a rapid and predictable

decrease in blood pressure and providing a nearly bloodless

surgical field. More specifically, it is known to act principally

on Rsys, causing an important reduction in it, while it causes a

mild reduction on CO, thus leading to an overall decrease in
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MAP. DP is an inotropic agent, infused to cure ‘‘septic

shock’’, i.e. hypotension, systemic vasodilation and low

cardiac output. Consequently, DP increases CO and Rsys,

indirectly leading to an overall increase in blood pressure.

The action of these two drugs on these parameters is

given by

dEff

dt
¼ k1CN Effmax � Effð Þ � k2Eff

where Eff is the measure of the effect of drug on the

parameters of interest, k1, k2 are the rate constants, N is the

non-linearity constant and C refers to the concentration of

either DP or SNP.

The affected parameters are related to different aspects

of the distribution of drugs in the circulatory system: Emax

is linked to the concentration of DP in the large arteries,

whereas Rsys is linked to the concentration of DP and SNP

in the small ones. However, considering the compartmental

model and the fact that the compartments are considered

well-stirred, those two concentrations are equal to the

concentration of DP in the central compartment:

dEff

dt
¼ k1CN

1 Effmax � Effð Þ � k2Eff :

Emax and Rsys are related to the previous equation as

follows:

Emax ¼ Emax;0 1þ EffDP�Emax
ð Þ

Rsys ¼ Rsys;0 1� EffDP�Rsys
� EffSNP�Rsys

� �
where Rsys is the systemic resistance (mmHg/(ml/min)), Emax

is the maximum elastance (mmHg/ml), Emax,0 is the nominal

maximum elastance, Rsys,0 is the nominal systemic resistance,

EffDP�Emax
is the effect of DP on Emax, EffDP�Rsys

is the effect of

DP on Rsys and EffSNP�Rsys
is the effect of SNP on Rsys.

2.1.2.2 Relationship between Emax, Rsys and MAP

Applying Bernoulli’s equation to the heart, a relation

between CO and MAP can be obtained. As Emax is the

maximum pressure to volume ratio in the left ventricle, it

can be related to CO by Bernoulli’s equation for two points

on the same streamline:

Pþ 1

2
qu2 ¼ constant

where P is the pressure, q is the density and u is the

velocity.

It is assumed that gravity effects are negligible, blood

density is constant and the flow is steady. The equation

should provide a good approximation of the relationship

between Emax and CO. Also, Emax applies to the systolic

elastance of the heart, which is the pressure–volume ratio

at the height of contraction. This will determine the pres-

sure at which blood is expelled from the left ventricle and

can, therefore, be used in this analysis. If the first point on a

streamline is in the left ventricle and the second point in the

aorta, just after the heart, then for this system

VLVEmax þ
1

2
q

CO

ALV

� �2

¼ MAPþ 1

2
q

CO

Aaorta

� �2

where MAP is the mean arterial pressure (mmHg), Aaorta is

the cross-sectional area of the aorta (cm2), ALV is the cross-

sectional area of the left ventricle (cm2), VLV is the mean

volume of the left ventricle (ml) (averaged on a complete

cardiac cycle) and q is the blood density (g/ml). Rearranging

the above equation,

CO ¼ K 2VLVEmax � 2MAPð Þ1=2

where K ¼ AaortaALVffiffi
q
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2
LV
�A2

aorta

p .

Since, MAP ¼ Rsys � CO; MAP can be expressed as a

function of Emax and Rsys as:

MAP2 1

R2
sys

þ 2K2MAP� 2K2VLVEmax ¼ 0:

2.1.2.3 Effect of isoflurane on MAP The equation

describing the haemodynamic effect of isoflurane has been

obtained from the modelling structure derived by [29] for

halothane, where Ohm’s law is applied to the circulatory

system, as shown in Fig. 2. Each compartment presents a

certain conductance to blood flow, which can be related to

MAP and CO as follows:

MAP ¼ COPn
i¼1 gi

where where gi is the conductance of the ith compartment

and n is the total number of compartments. Since,

CO ¼
Xn

i¼1

Qi and

gi ¼ gi;0 � 1þ bi � Cið Þ

where gi,0 is the base conductivity of the ith compartment

and bi is the coefficient of action of isoflurane on the

conductivity of the ith compartment, isoflurane affects

MAP as follows:

MAP ¼
P5

i¼2 QiP5
i¼2 gi;0 � 1þ bi � Cið Þ
� �

i.e. MAP ¼ Q1P5

i¼2
gi;0� 1þbiCið Þð Þ:

2.1.2.4 Effect of isoflurane on BIS There is experimental

evidence supporting that a transportation delay exists

between the lungs and the site of effect of isoflurane. In

order to model this, an effect compartment is linked to the

central compartment. Assuming that this new compartment

has negligible volume, the mass balances derived so far

remain the same. The concentration of isoflurane within
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this compartment is related to the central compartment,

which is given by:

dCe

dt
¼ ke0ðC1 � CeÞ

where Ce is the concentration of isoflurane in the effect com-

partment (g/ml) and ke0 is the equilibration constant (min-1).

The action of isoflurane can be then expressed as follows:

DBIS ¼ DBISMAX

Cc
e

Cc
e þ EC

c
50

DBIS ¼ BIS� BIS0

DBISMAX ¼ BISMAX � BIS0

where BIS0 is the baseline value of BIS (assumed to be

100), BISMAX represents the minimum value of BIS

(assumed to be 0), EC50 is the patient’s sensitivity to the

drug and c is the measure of the degree of non-linearity.

2.1.3 Baroreflex

Yu et al. [32] described baroreflex as a set of transfer functions

relating the mean arterial pressure to the maximum elastance,

the systemic resistance, the heart rate and the unstressed

ventricular volume as given by the following equation:

bfc ¼ ecðMAP�MAP0Þ

1þ ec MAP�MAP0ð Þ

where c is the empirical constant (mmHg). In this model,

only maximum elastance and the systemic resistance are

involved, and hence the baroreflex is limited to its action

on them. The regulatory mechanism of the baroreflex may

vary with the depth of anaesthesia and several other fac-

tors. However, the parameters involved in the transfer

functions are assumed constant. The values of the param-

eters used in this model are summarized in Table 1 and are

taken from [5, 11, 13, 31].

2.2 Model-based control

For designing the controllers, the model in the previous

section was linearized at the nominal values of inputs:

0.6 vol% of isoflurane, 2 lg/kg/min of DP and 4 lg/kg/

min of SNP to obtain a state–space model of the following

form:

xtþ1 ¼ Axt þ But

yt ¼ Cxt þ Dut

ð1Þ

subject to the following constraints:

xmin� xt� xmax

ymin� yt� ymax

umin� ut� umax

ð2Þ

where xt 2 Rn; yt 2 Rl; ut 2 Rm; are the state, output and

input vectors, respectively, and the subscripts min and max

denote lower and upper bounds, respectively; the cor-

responding values of outputs at the linearization point are:

57.38 mmHg of MAP, 61.1 BIS and 1.21 l/min of CO. Model

predictive control [10] problem can then be posed as the

following optimization problem:

min
U

J U; xðtÞð Þ ¼ xT
tþNyjtPxtþNyjt

þ
XNy�1

k¼0

xT
tþkjtQxtþkjt þ uT

tþkRutþk

h i

s:t:xmin� xtþkjt � xmax; k ¼ 1; . . .;Nc

ymin� ytþkjt� ymax; k ¼ 1; . . .;Nc

umin� utþk � umax; k ¼ 1; . . .;Nc

xtþkþ1jt ¼ Axtþkjt þ Butþk; k� 0

ytþkjt ¼ Cxtþk þ Dutþk; k� 0

ð3Þ

CO

Heart 

MAP 

gi

gn

Q1

MAP 

g2

g3

g4

g5

1
Fig. 2 Electrical analogy of the

circulatory system [33] and its

application in this study
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where U ¼ uT
t ; . . .; uT

tþNu�1

h iT

; Q and R are constant

symmetric and positive definite matrices, P is given by the

solution of the Riccati or Lyapunov equation, Ny, Nu and Nc

are the prediction, control and constraint horizons,

respectively, and the superscript T denotes transpose of the

vector. Problem (3) is solved at the current time t for the

current state xt to obtain the vector of predicted state

variables, xt?1|t,…..,xt?Ny|t and the control actions ut,….,

ut?Ny-1 are obtained. This linearized state–space form of

the model is then adapted for designing MPC using the

MATLAB [19].

The on-line computational requirements of MPC can be

reduced to simple function evaluations by designing multi-

parametric controllers [3, 6, 7, 21–25]. Multi-parametric

controllers provide control variables as a set of explicit

functions of the state variables, and the polyhedral regions

in the space of the state variables where these functions

are valid leading to much simpler implementation of the

controller.

3 Results

3.1 Model validation

A number of dynamic simulations were performed using

gPROMS [14] to validate the model proposed in Sect. 2.1.

First, a simulation was carried out to see the effect of

isoflurane on MAP and BIS. Figure 3a shows the profile of

MAP when subjected to an uptake of 1 vol% of isoflurane.

Figure 3b shows the drop in BIS when there is an uptake of

1 vol% of isoflurane, and then an increase in BIS at

1000 min when there is no uptake of isoflurane. It is

observed that BIS drops to 40 for an isoflurane uptake of

1 vol%.

Another simulation was performed to see the effect on

BIS when subjected to an uptake of 0.5 vol% of isoflurane.

Figure 3c shows the performance where it is observed that

BIS reaches a value of 65. General anaesthesia corresponds

to BIS value between 40 and 65. Hence, this range can be

maintained by an uptake of isoflurane between 0.5% and

1 vol%.

In order to see the effect of dopamine on MAP, a sim-

ulation was performed, where the model was run at steady

state for the first 10 min, then a drop of 20 mmHg in MAP

was induced and finally 10 min after the drop, 5 lg/kg/min

of dopamine was infused. Figure 4a shows that MAP

decreases to 70 mmHg after the drop, and then increases to

approximately 82 mmHg due to the baroreflex and then

Table 1 Model parameters

Model parameters Value Units

Aaorta 4.15 cm2

Alv 12 cm2

b1 0 ml/g

b2 435.2574 ml/g

b3 4194.299 ml/g

b4 3205.077 ml/g

b5 -1345.34 ml/g

BIS0 100

BISMAX 0

c 0.06263 mmHg

EC50 6.15E-5 g/ml

Effmax (DP on Emax) 1.3

Effmax (DP on Rsys) 0.5

Effmax (SNP on Rsys) 0.635

Emax,0 2.12 mmHg/ml

fR 14.5 1/min

g1,0 0 ml/(min mmHg)

g2,0 24.456 ml/(min mmHg)

g3,0 8.412 ml/(min mmHg)

g4,0 4.667 ml/(min mmHg)

g5,0 1.247 ml/(min mmHg)

k20 0.0093 min-1

ke0 0.948 min-1

K 4.316 cm7/2 g-1/2

MAP0 90 mmHg

R1 1.59

R2 1.4

R3 2.92

R4 44.9

R5 44.9

Rsys,0 0.0258 mmHg/(ml/min)

V 5000 ml

V1 2310 ml

V2 7100 ml

V3 11300 ml

V4 3000 ml

V5 5100 ml

Vlv 85 ml

VT 500 ml

D 150 ml

DQ 300 ml/min

c 1.6

q 1.05 g/ml

s1/2 (DP) 2 min

s1/2 (SNP) 0.25 min
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finally reaches the steady state after the infusion of

dopamine.

Similarly, simulations were performed to see the effect

of SNP on MAP. It was observed that 1 lg/kg/min of SNP

results in a drop in MAP from 90 mmHg to 83 mmHg

(Fig. 4b) and 10 lg/kg/min of SNP decreases MAP to

approximately 69 mmHg (Fig. 4c).

In order to validate the model’s general behaviour, an

anaesthetic procedure has been simulated, which consists

of five parts. For the first 10 min, it is assumed that the

patient is awake. Then, 0.8 vol% of isoflurane is infused

alongwith 0.7 lg/kg/min of SNP to attain the anaesthetic

state and lower the blood pressure to 60 mmHg. After

800 min, when the steady state is reached, a drop of

20 mmHg in MAP is induced. It was assumed for the sake

of simulation that the anaesthesiologist would react only

after 5 min of the drop by giving an infusion of 4.5 lg/kg/

min of DP to counteract the drop. Then after 60 min, MAP

does not drop, and hence DP infusion was stopped. After

another 40 min, the uptake of isoflurane and SNP was

Fig. 3 Pharmacodynamic response to isoflurane infusion: a MAP

response to an uptake of 1 vol% of isoflurane; b BIS response to an

uptake of 1 vol% of isoflurane; and c BIS response to an uptake of

0.5 vol% of isoflurane

Fig. 4 MAP response: a DP infusion in response to a drop in MAP; b
MAP response to a continuous injection of 1 lg/kg/min of SNP after

10 min; and c MAP response to a continuous injection of 10 lg/kg/

min of SNP after 10 min
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stopped, and it was observed that the patient smoothly

wakes up. Figure 5a and b shows the results of this simu-

lation. It must be stressed that this procedure is oversim-

plified. First, the anaesthesiologist would give high dosages

of drugs at the beginning of the procedure to induce quick

response from the patient and then gradually adjust the

infusions to keep BIS, MAP and infusion rates within safe

ranges. Also, the patient would be subjected to greater

number of disturbances starting with the intubation at the

beginning of procedure, which was not considered in this

simulation. Despite these simplifications, it was observed

that the accuracy of the model is not altered by multiple

drug infusions.

A number of dynamic simulation studies have been

carried out to validate the applicability of the model to

simultaneously regulate MAP, CO and hypnosis. The

quantitative and qualitative trends of the plots presented in

this section are similar to those observed in clinical trials

[11, 12, 26].

3.2 Control of anaesthesia

As described in Sect. 2.2, the model was linearized and

MPC problem was formulated. The model consists of 23

states, three outputs and three inputs. Figure 6a and b

depict a comparison between the behaviour of two outputs

(MAP and BIS) with respect to time in two different cases:

when simulating the nonlinear model and the linearized

one. It is apparent that there is a difference in behaviour

between the two models, especially during the first period

of simulation (0–50 min). It seems that the linearized

model ‘‘overestimates’’ the Bispectral Index. However, the

two models have the same steady behaviour, and their

trends overlap after the first period of simulation. Similarly,

in the case of MAP, there is some deviation initially, but

the same trend is observed after a while.

For designing the MPC controller, the following

constraints— input: 0 B DP B 7 lg/kg min, 0 B SNP B

10 lg/kg min, 0 B Isoflurane B 5 vol%, and output: 40 B

MAP B 150 mmHg, 40 B BIS B 65, 1 B CO B 6.5 l/

min—are used. A prediction horizon of 5, control horizon of

3 and sampling time of 0.5 min are considered. A set point of

[20 -10 1]T deviation from the nominal point of the output

variables is given, and the performance of the controller is

shown in Fig. 7. It is observed that the MPC tracks the set

point quite well. From the above, it can be inferred that the

model predictive control technology provides a promising

platform for the automation of anaesthesia.

For the design of multi-parametric controller a reduced

form of the model, corresponding to the infusion of iso-

flurane regulating MAP and BIS is considered. The model

has seven states x1-x7, representing the concentration of

Fig. 5 Simulation of anaesthesia: a Simulation of the regulation of

MAP during anaesthesia; and b Simulation of the regulation of BIS

during anaesthesia
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Fig. 6 Pharmacodynamic responses from linearized and nonlinear

models: a Profile of BIS for linear and nonlinear models over time;

and b Profile of MAP for linear and nonlinear model over time
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isoflurane in the five compartments and its effect on Emax

and Rsys and the input variable is given by the inlet con-

centration of isoflurane. Prediction and control horizons of

3 and equal weightings on state and control variables are

used resulting in 48 regions in the space of the state vari-

ables. The profile of the multi-parametric controller in one

of the regions is given byu = [-359.64 -717.4 -166.32

-57.109 -15.711 -5.5925 0.77529] x ? 0.077971and the

corresponding region by

�0:501 �1 �0:231 �0:079 �0:021 �0:007 0:001

0:501 1 0:231 0:079 0:021 0:007 �0:001

0:1853 �1 0:085 0:210 0:100 0:027 �0:002

�0:057 �1 �0:026 0:238 0:335 0:130 �0:014

2
6664

3
7775

x�

0:0000639

0:0000059

�0:0000215

�0:0003263

2
6664

3
7775

x4;x5�0

where x is the vector of deviation state variables. The

performance of the multi-parametric controller was tested

for a given input, and the profile of the state variables is

shown in Fig. 8. It was observed that the profiles match

closely with those obtained from the simulation of the

nonlinear model by using gPROMS [14]. Uncertainty in

model parameters due to inter- and intra-patient variability

can be addressed using the robust MPC approach similar to

that discussed for type 1 diabetes in Dua et al. [6], and the

same will be addressed in future study.

4 Discussion

Automation of anaesthesia is expected to allow the ana-

esthesiologist to focus more on critical aspects during

Fig. 7 MPC performance

for anaesthesia

Fig. 8 Multi-parametric controller: state profiles

Med Biol Eng Comput

123



surgery and reduce the amount of drugs infused and the

time spent by the patient in the post-operative care unit. A

successful implementation of the automation strategy relies

on a hi-fidelity model, which can capture the dynamic

response of the patient to various drug infusions. In this

study, a compartmental model for anaesthesia, which takes

into account simultaneous regulation of MAP and uncon-

sciousness of the patients has been developed and vali-

dated. Model predictive and multi-parametric controllers

were also derived, and a good controller performance was

observed. This study paves the way for the development of

advanced automation strategies for anaesthesia. The future

study will involve deriving nonlinear multi-parametric

controller to ensure a more robust controller implementa-

tion. Such an implementation will not rely on the online

convergence of nonlinear programming solver, which is

especially important when the model is non-convex. The

developments based upon the derivation of the multi-

parametric controller that were reported in this article can

also be used by the anaesthesiologists to carry out ‘‘what-

if’’ kind of analysis and failsafe analysis for various sce-

narios that may arise during the surgery. This can be

achieved by simulating all the scenarios, corresponding to

the polyhedral regions obtained for the multi-parametric

controller. Execution of optimal drug infusion strategies

and also reduction in the risks involved in surgery under

anaesthesia are expected as a result of the proposed

automation and implementation strategies. Further model

validation, controller testing and exploring drug–drug

interactions in an experimental setting will be addressed in

future study.

References

1. Abbod MF, Linkens DA (1998) Anesthesia simulator: intelligent

monitoring and control of depth of anesthesia. IEE Colloquium

on ‘‘Simulation in Medicine’’, IEE Savoy Place, London 4/(1–5)

2. Behbehani K, Cross RR (1991) A controller for regulation for

mean arterial pressure using sodium optimum nitroprusside

infusion rate. IEEE Trans Biomed Eng 38:513–521

3. Bemporad A, Morari M, Dua V, Pistikopoulos EN (2002) The

explicit linear quadratic regulator for constrained systems.

Automatica 38:3–20

4. Caruso ALG, Bouillon TW, Schumacher PM, Zanderigo E,

Morari M (2009) Control of drug administration during moni-

tored anaesthesia care. IEEE Trans Autom Sci Eng 6:256–264

5. Derighetti MP (1999) Feedback control in anaesthesia. PhD

Thesis, Swiss Federal Institute of Technology (ETH), Zurich,

Switzerland

6. Dua P, Doyle FJ III, Pistikopoulos EN (2006) Model based blood

glucose control for type 1 diabetes via parametric programming.

IEEE Trans Biomed Eng 53:1478–1491

7. Dua P, Doyle FJ III, Pistikopoulos EN (2009) Multi-objective

blood glucose control for type 1 diabetes. Med Biol Eng Comput

47:343–352

8. Frei CW, Derighetti M, Zbinden AM (1997) Modelling for

control of mean arterial blood pressure (MAP) during anesthesia.

In: Proc. 2nd Int Symp Math Mod (MATHMOD), Vienna, pp

395–400

9. Galvanin F, Barolo M, Macchietto S, Bezzo F (2009) Optimal

design of clinical tests for the identification of physiological

models of type 1 diabetes mellitus. Ind Eng Chem Res 48:1989–

2002

10. Garcia CE, Prett DM, Morari M (1989) Model predictive control:

theory and practice—a survey. Automatica 25:335–348

11. Gentilini A, Frei CW, Glattfelder AH, Morari M, Sieber TJ,

Wymann R, Schnider TW, Zbinden AM (2001) Multiasked

closed-loop control in anesthesia. IEEE Eng Med Biol 20:39–53

12. Gentilini A, Schaniel C, Morari M, Bieniok C, Wymann R,

Schnider T (2002) A new paradigm for the closed-loop intraop-

erative administration of analgesics in humans. IEEE Trans

Biomed Eng 49:289–299

13. Gopinath R, Bequette BW, Roy RJ, Kaufman H (1995) Issues in

the design of a multirate model-based controller for a nonlinear

drug infusion system. Biotech Prog 11:318–332

14. gPROMS (2003) Introductory user’s guide, release 2.2. Process

Systems Enterprise Limited, London, UK

15. Haung H-H, Lee Y-H, Chan H-L, Wang Y-P, Huang C-H, Fan S-

Z (2008) Using a short-term parameter of heart rate variability to

distinguish awake from isoflurane anesthetic states. Med Biol

Eng Comput 46:977–984

16. Held CM, Roy RJ (1995) Multiple drug hemodynamic control

by means of a supervisory-fuzzy rule-based adaptive control

system: validation on a model. IEEE Trans Biomed Eng 42:

371–385

17. Linkens DA, Mahfouf M (1994) Generalized predictive control

(GPC) with prespecified set-points in clinical anesthesia. In: Proc

3rd IEEE conference on control applications, vol 3, pp 1669–

1674

18. Mansour NE, Linkens DA (1989) Pole-assignment self-tuning

control in postoperative patients: a simulation study. IEE Proc

Contr Theory Appl 136:1–11

19. MATLAB (2005) The Mathworks Inc., Natick, MA

20. Mortier E, Struys M, De Smet T, Versichelen L, Rolly G (1998)

Closed-loop controlled administration of propofol using bispec-

tral analysis. Anaesthesia 53:749–754

21. Pistikopoulos EN (2009) Perspectives in multiparametric pro-

gramming and explicit model predictive control. AIChE J

55:1918–1925

22. Pistikopoulos EN, Dua V, Bozinis NA, Bemporad A, Morari M

(2002) On-line optimization via off-line parametric optimization

tools. Comput Chem Eng 26:175–185

23. Pistikopoulos EN, Bozinis NA, Dua V, Perkins JD, Sakizlis V

(2002b) Improved process control. European Patent WO 02/

097540 A1

24. Pistikopoulos EN, Georgiadis M, Dua V (2007) Multi-parametric

programming, process systems engineering, vol 1. Wiley-VCH,

Weinheim

25. Pistikopoulos EN, Georgiadis M, Dua V (2007) Multi-parametric

model-based control, process systems engineering, vol 2. Wiley-

VCH, Weinheim

26. Rao R, Aufderheide B, Bequette BW (2003) Experimental

studies on multiple-model predictive control for automated

regulation of hemodynamic variables. IEEE Trans Biomed Eng

50:277–288

27. Simpson PJ, Popat M (2002) Understanding anaesthesia, 4th edn.

Butterworth-Heinemann, Oxford

28. Slate JB, Sheppard LC, Rideout VC, Blackstone EH (1979) A

model for design of a blood pressure controller for hypertensive

patients. In: Proc IEEE Engineering in Medicine and Biology

Conf, Denver, pp 867–872

Med Biol Eng Comput

123



29. Yasuda N, Targ AG, Eger EI (1989) Solubility of I-653, Sevo-

flurane, isoflurane and halothane in human tissues. Anesth Analg

69:370–373

30. Yasuda N, Lockhart SH, Eger EI, Weiskopf RB, Johnson BH,

Freire BA, Fassoulaki A (1991) Kinetics of desflurane, isoflurane

and halothane in humans. Anesthesiology 74:489–498

31. Yasuda N, Lockhart SH, Eger EI, Weiskopf RB, Laster M, Taheri

S, Peterson NA (1991) Comparison of kinetics of sevoflurane and

isoflurane in humans. Anesth Analg 72:316–324

32. Yu C, Roy RJ, Kaufman H (1990) A circulatory model for

combined nitroprusside-dopamine therapy in acute heart failure.

Med Prog Technol 16:77–88

33. Yu C, Roy RJ, Kaufman H, Bequette BW (1992) Multiple-model

adaptive predictive control of mean arterial pressure and cardiac

output. IEEE Trans Biomed Eng 39:765–778

34. Zwart A, Smith NT, Beneken JEW (1972) Multiple model

approach to uptake and distribution of halothane: the use of an

analog computer. Comput Chem Eng 5:228–238

Med Biol Eng Comput

123


	Modelling and multi-parametric control for delivery  of anaesthetic agents
	Abstract
	Introduction
	Methods
	Modelling anaesthesia
	Pharmacokinetic modelling
	Respiratory system
	Central compartment
	Peripheral compartments
	Blood flows

	Pharmacodynamic modelling
	Effect of DP and SNP on MAP
	Relationship between Emax, Rsys and MAP	
	Effect of isoflurane on MAP
	Effect of isoflurane on BIS

	Baroreflex

	Model-based control

	Results
	Model validation
	Control of anaesthesia

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


