
 

An adaptive multi-critic neuro-fuzzy control framework for
intravenous anesthesia administration
Citation for published version (APA):
Khodaei, M. J., Balaghi I., M. H., Mehrvarz, A., & Jalili, N. (2019). An adaptive multi-critic neuro-fuzzy control
framework for intravenous anesthesia administration. IFAC-PapersOnLine, 51(34), 202-207.
https://doi.org/10.1016/j.ifacol.2019.01.066

DOI:
10.1016/j.ifacol.2019.01.066

Document status and date:
Published: 08/02/2019

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1016/j.ifacol.2019.01.066
https://doi.org/10.1016/j.ifacol.2019.01.066
https://research.tue.nl/en/publications/e65b2b6c-bbc5-497b-be16-d153929a4d19


IFAC PapersOnLine 51-34 (2019) 202–207

ScienceDirect

Available online at www.sciencedirect.com

2405-8963 © 2019, IFAC (International Federation of Automatic Control) Hosting by Elsevier Ltd. All rights reserved.
Peer review under responsibility of International Federation of Automatic Control.
10.1016/j.ifacol.2019.01.066

© 2019, IFAC (International Federation of Automatic Control) Hosting by Elsevier Ltd. All rights reserved.

10.1016/j.ifacol.2019.01.066 2405-8963

 
 

 

 

An Adaptive Multi-critic Neuro-fuzzy Control Framework for Intravenous 

Anesthesia Administration

Mohammad Javad Khodaei 1 M. Hadi Balaghi I.2 Amin Mehrvarz 1 Nader Jalili 3 


1 PhD Student, Piezoactive Systems Laboratory, Department of Mechanical Industrial Engineering,  
Northeastern University, Boston, MA, 02115 USA 

2 PhD Student, Department of Mechanical Engineering,  
Eindhoven University of Technology (TU/e), Eindhoven, the Netherlands  

3 Professor and Author of Correspondence, Department Head of Mechanical Engineering,  
The University of Alabama, Tuscaloosa, AL, USA; email: njalili@ua.edu  

Affiliate Professor, Department of Mechanical Industrial Engineering, Northeastern University,  
Boston, MA, USA; e-mail: n.jalili@northeastern.edu  

Abstract: Development of closed-loop control strategies for drug infusion and delivery is one of the 
most recent efforts of control engineers and clinicians.  This can be used especially in anesthesia during 
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1. INTRODUCTION 

Anesthesia can be defined as the loss of awareness and the 
lack of response to noxious stimuli. This is the desired state 
in surgical conditions for both patients and surgeons, which 
provides patients with no pain response and limits 
movements during surgery. In intravenous anesthetics, drugs 
are injected as continuous injections or repeated bolus doses 
directly to veins by anesthesiologists. Hypnosis, analgesia 
and immobility are three different types of general 
intravenous anesthesia. This category is based on their 
different drug types and their rules on anesthesia. Hypnotic 
drugs make patients unconscious during surgery, while 
analgesia drugs eliminate pain sensation in patients. 
Neuromuscular blocking drugs also make muscle movements 
inactive and consequently cause immobility in a patients’ 
body. Anesthesiologists define induction, maintenance and 
emergence phases as three important steps in general 
anesthesia and especially hypnosis. In the induction phase, 
anesthesiologists reduce the consciousness of patients to the 
desired level by drug injection before the surgery starts and 
keep patients at this conscious level by repeated bolus doses 
when patients are under surgery. The emergency phase 
happens when the surgery is finished and consequently 
anesthesiologists stop drug infusion. 

The depth of anesthesia is quantified based on bispectral 
analysis of the electroencephalogram (EEG) signal, which 
records electrical activities in the cerebral cortex. The BIS 
index is scaled from 0 to 100, where the value of 100 
represents the fully conscious state while increasing drug 
infusion decreases BIS value. General anesthesia is accepted 
at 50 with a tolerance between 60-40 in BIS index scale 

(Bailey et al., 2006). In traditional and conventional 
anesthesia, anesthesiologists monitor BIS index and clinical 
signs such as heart rate and blood pressure, then decide about 
the time and amount of drug administration. The accuracy of 
this approach is strongly dependent on the expertise of 
anesthesiologists and increases the probability of incidence of 
awareness during surgery (Bruhn et al., 2006).    

In the recent decades, automation in anesthesia has been 
given attention by both control engineers and 
anesthesiologists for example (Kenny and Mantzaridis, 1999, 
Dumont et al., 2009, da Silva et al., 2011, Soltesz et al., 2013, 
Mendez et al., 2018, Nașcu and Pistikopoulos, 2017). An 
efficient closed-loop control of anesthesia reduces the risk of 
patient awareness or death, pain sensing during surgery, side 
effects of drugs as well as decreasing workload of clinicians 
and anesthesiologists, which results in a more efficient 
anesthesia. Control engineers have been faced with a lot of 
challenges in designing an appropriate controller for 
anesthesia, such as intra and inter patient parameter 
variability, the presence of nonlinear terms and time delays in 
the conventional mathematical models and noise effect of 
current measuring devices as well as surgical stimulations. 
Besides these challenges, the closed-loop controller should 
follow two main missions: (i) depth of anesthesia 
determination and (ii) anesthetic depth control. The 
determination of the depth of anesthesia happens in induction 
phase and means the controller should provide the best 
control action (drug infusion rate) to achieve the desired level 
of unconsciousness in a reasonable time with minimum 
overshoot value. However, anesthetic depth control is in 
maintenance phase when system needs disturbance rejection.  
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estimators, offset-free and state output correction strategies 
(Ingole et al., 2017, Nașcu et al., 2017) and online estimation 
of model parameters (Krieger and Pistikopoulos, 2014). Also, 
several fuzzy controllers (Doctor et al., 2016, Marrero et al., 
2017, Wang et al., 2017) , adaptive controllers (Navarro‐
Guerrero and Tang, 2017), and positive state observer 
controllers (Nogueira et al., 2016) have recently been 
employed to improve the closed-loop control of anesthesia. 
However, there is still the lack of an optimal controller with 
low computational cost which can deal with all of the 
aforementioned challenges.  

Here, a new control structure named “adaptive multi-critic 
based neuro-fuzzy controller” (AMCNFC) is utilized to 
improve an automated drug delivery system in general 
anesthesia. This controller is presented by (Vatankhah et al., 
2012) and previously evaluated in biomedical applications by 
(Balaghi E et al., 2016) to control the end point of a human 
arm model. The ability of this controller to follow a set point 
value with a sub-optimal control action, and its independence 
from model parameters, make it a preferable closed-loop 
controller of anesthesia. In the current paper, this controller is 
used to control the depth of hypnosis (DoH) by providing the 
infusion rate propofol, which is the most common type of 
intravenous hypnotic drugs.   

This paper is organized as follows. A brief mathematical 
modeling of the drug delivery system in anesthesia is 
presented in Section 2 while the controller structure is 
described in Section 3. In Section 4, the results are discussed 
and concluded in Section 5. 

2. MATHEMATICAL MODELING 

To simulate general anaesthesia, in this paper, a conventional 
pharmacokinetic/pharmacodynamic (PK/PD) model is 
employed. A pharmacokinetic model describes the evolution 
of the drug concentration in various compartments. PK model 
in anesthesia has three compartments and is derived by 
solving a balancing problem between these compartments 
(Bailey and Haddad, 2005) and defines the amount of drug in 
each compartment based on the drug infusion rate. The 
parameters of this model are different for each person 
(Schnider et al., 1998) and change by variations of weight, 
height, age and sex (Hallynck et al., 1981).   
What the drug does to the body is defined as 
pharmacodynamics, which describes how drug 
concentrations in various compartments affect changes in the 
target process. This is the second and the target step in 
mathematical modeling of anesthesia. The PD model has two 
parts. First is a compartment called the effect site, which was 
first introduced by (Sheiner et al., 1979). The effect site 
compartment is assumed to have a negligible size in 

comparison with the central compartment (Shafer, 1998). 
The second part in the PD model is presented by the Hill 
equation (sigmoid function) as: 
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e
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In (1), 𝐸𝐸0 indicates the baseline value (awake state without 
propofol); 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚  is the maximum effect achieved by the drug 
infusion; 𝐶𝐶𝑒𝑒 is plasma drug concentration; 𝐸𝐸𝐶𝐶50 denotes the 
drug concentration at half maximal effect, and represents the 
patient’s sensitivity to the drug and should be measured 
experimentally; 𝛾𝛾 defines the slope of the curve (the 
receptiveness of the patient to the drug). In (1), 𝐸𝐸 is 
addressed to be the BIS index scale. Table 1 shows the most 
prevalent values of these parameters for 12 patients, which 
are mostly used for the anesthesia control design and 
simulation purposes, while some other values are also 
reported in (Bibian, 2006). The last patient data is the average 
of these 12 patient’s data called the nominal patient.  

Table 1. Characteristic variables for the Hill equation (for 
propofol) (P: Patient, A: Age, L: Length (cm), W: Weight 

(kg) , G: Gender) (Nino et al., 2009) 

P # A L W G EC50 E0 Emax 𝛾𝛾 

1 40 163 54 F 6.33 98.8 94.1 2.24 
2 36 163 50 F 6.76 98.6 86 4.29 
3 28 164 52 F 8.44 91.2 80.7 4.1 
4 50 163 83 F 6.44 95.9 102 2.18 
5 28 164 60 M 4.93 94.7 85.3 2.46 
6 43 163 59 F 12.1 90.2 147 2.42 
7 37 187 75 M 8.02 92 104 2.10 
8 38 174 80 F 6.56 95.5 76.4 4.12 
9 41 170 70 F 6.15 89.2 63.8 6.89 

10 37 167 58 F 13.7 83.1 151 1.65 
11 42 179 78 M 4.82 91.8 77.9 1.85 
12 34 172 58 F 4.95 96.2 90.8 1.84 
13 38 169 65 F 7.42 93.1 96.6 3 

3. CONTROLLER DESIGN 

In this section, an adaptive multi-critic based neuro-fuzzy 
controller is employed to address the common challenges in 
the closed-loop control of anesthesia, such as intra and inter 
patient variability and noise effects. This controller is model 
independent and avoids excess drug injection by considering 
a quadratic cost function of both BIS error and injected drug 
values. The controller is designed to minimize or eliminate 
overshoot in the induction phase and reject the disturbances 
in the maintenance phase. The configuration of this controller 
is presented in Fig. 1. The controller has two major parts. The 
first part is a TSK fuzzy system where its input is the BIS 
error and its output is the control input. The second part is 
called a critic which tries to regulate the parameters of the 
TSK fuzzy system based on a performance index. The 
following sections investigate these parts thoroughly.    

 
Fig. 1. Schematic of the closed-loop system. 
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3.1. Neuro-fuzzy controller 

Fuzzy systems are knowledge-based or rule-based systems 
consisting of fuzzy IF-THEN rules in which some words are 
characterized by continuous membership functions (Soliman 
and Mantawy, 2011). These rules can be obtained through 
human experts and mathematical models. In this paper, a 
single-input single-output TSK type fuzzy system (2) is 
employed to combine these IF-THEN rules 

 ( ) ( )i i i iIF e is F THEN C e a e b    (2) 

where 𝑒𝑒 = (𝐸𝐸𝑑𝑑 − 𝐸𝐸)/100 is the error between the measured 
and the desired BIS value, 𝑖𝑖 represents the rule number for all 
 𝑖𝑖 ∈ {1,𝑁𝑁}, 𝐹𝐹𝑖𝑖 is related to its membership function 𝜇𝜇𝐹𝐹𝑖𝑖 , 𝐶𝐶𝑖𝑖 
denotes the output of the rule i, and 𝑎𝑎𝑖𝑖 and 𝑏𝑏𝑖𝑖 express the 
constant coefficients. If the triggering value of each rule is 
𝜇𝜇𝑗𝑗(𝑒𝑒), then the net output of the TSK system is 
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Fig. 2. Membership functions for TSK controller 

In the proposed controller, as shown in Fig. 2, we can assume 
three triangular membership functions (N=3) named as 
Negative (Ne), Positive (Po) and Zero (Ze) for the input of 
the TSK fuzzy system (e). This results in three rules for the 
TSK controller of anesthesia, which is presented in Fig. 3. 
Using (3), the vector form of the TSK fuzzy system can be 
rewritten as:  

 u X   (4) 

where 
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The control law in (4) is composed of two main parts. The 
first part is a linear proportional term of the BIS error and the 
second part is a constant term. In the next section, we discuss 
the regulation of the constant and the coefficient of the 
proportional terms. 

 

3.2. The Critic 

In this controller, as can be seen in Fig. 1, the parameters of 
the neuro-fuzzy controller are updated by a reinforcement 
signal 𝑟𝑟. The critic agent produces this signal, which is a real-
valued signal determined by evaluating the plant’s output and 
used for adapting the tunable parameters of the TSK 
controller. The goal of the critic is to force the controller to 
minimize the critic signal (r) so that it reaches zero value 
(Hatami et al., 2014) and at the same time minimize the 
control input (u). Therefore, the cost function is defined as: 

 2 21 1
2 2

J kr Ku    (8) 

where 𝑘𝑘 and 𝐾𝐾 are constant values and  

 r e   (9) 

As seen, the cost function has two parts. The first part tries to 
minimize the reinforcement signal while the second part’s 
goal is to optimize the action, which is drug infusion rate in 
this application.  

 
Fig. 3. TSK controller structure. 

3.3. Emotional Learning 

In this section, the steepest descent algorithm is employed to 
update the tuneable parameters of the neuro fuzzy controller 
(matrix a) based on the cost function (8) to reduce the critic 
and the control input. This procedure is called emotional 
learning which is as follows: 

 
J 

  


  (10) 

where 𝜂𝜂 is the learning rate of the controller. Using partial 
differentiation, it will be simplified as follows 

 
J r E J u

r E u u
 


 
 
 

    
   

    
  (11)    

and since in this application the system is minimum phase, 
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
≈ 1 and Δ𝛼𝛼 is obtained as: 

   T Tkr Ku X         (12) 

This is the variation of \alpha matrix which is a function of 
the BIS error and the control input. Based on that, the 
constant term of the control input finds the role of an 
integrator which can omit the steady state error of the system. 
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4. SIMULATION RESULTS 

In this section, the effectiveness of the adaptive multi-critic 
based neuro-fuzzy controller on the PK/PD compartment 
model of anesthesia is evaluated numerically. The controller 
is designed based on the nominal patient model and its 
performance is evaluated through its responses to the 12 
patient’s parameters, which is shown in Table 1. Here, the 𝑒𝑒𝑚𝑚 
in Fig. 2 is selected as 0.5 and the initial values of the TSK 
parameters (matrix a) are selected randomly in the range of [-
2, 2]. The simulations are presented in both the induction and 
maintenance phases. The sampling rate is selected as 1 
second and the drug infusion rate is in the range of [0, 50] 
(Nașcu and Pistikopoulos, 2017).  

4.1. Induction Phase     

In this section, the controller is applied to the PK/PD model 
to achieve the desired DoH (BIS=50) by a sub-optimal drug 
infusion rate profile and minimize the overshoot and the 
undershoot values values in a reasonable settling time. 
Achieving a desired settling time is one of the effective and 
important decisions in closed-loop control of anesthesia. A 
shorter settling time can be obtained by increasing the 
learning rate. However, it increases the amount of drug 
usage, which is not cost-effective and desirable from the 
clinical point of view. A short settling time in closed-loop 
control of anesthesia can cause a sudden shock in human 
bodies and probably harms different physiological systems of 
the patients (Das et al., 2014). This results in a tradeoff 
between the physiological ill-effects and the amount of drug 
usage. In this paper, the desired settling time is defined to be 
between 2-4 minutes according to recent literature, while in 
common practices is 15 minutes (Nașcu and Pistikopoulos, 
2017). Fig. 4 shows the BIS value for the nominal patient 
while Fig. 5 represents the corresponding control action. As 
can be seen in Fig. 4, the desired DoH is obtained with no 
undershoot in the defined settling time. 

 
Fig. 4. BIS output for nominal patient in induction phase 

 
Fig. 5. Drug Infusion for nominal patient in induction phase. 

In order to investigate the inter and intra patient variability 
challenge, the controller is applied to patient 9, which is 
selected as the most critical patient in (Nașcu and 
Pistikopoulos, 2017), and other patients. As can be seen in 

Fig. 6 and Fig. 7 the responses do not have significant 
changes in different patients. Fig. 6, Fig. 7, Fig. 8 and Fig. 9 
prove the robustness of the proposed controller against the 
parameter variations and a band-limited white noise due to its 
independence from the model and online optimization of the 
controller action. 

 
Fig. 6. BIS output for all patients in induction phase (patient 

9: dash line) 

 

Fig. 7. Drug Infusion for all patients in induction phase 
(patient 9: dash line) 

 

Fig. 8. Noise effect on BIS output for all patients in induction 
phase. 

 
Fig. 9. Drug Infusion for all patients in induction phase in the 

presence of noise. 

4.2. Maintenance Phase 

In this section, the performance of the closed loop controller 
is evaluated in the presence of surgical stimulations and 
noises in the maintenance phase. In order to simulate the 
surgical stimulations, a standard profile is presented by 
(Struys et al., 2004). In Fig. 12, different stimulus steps (red 
line) simulate different practical such as the arousal due to 
laryngoscopy/intubation, surgical incision followed by a 
period of no surgical stimulation, the withdrawal of 
stimulation during the closing period and other effective 
stimuli, which are described completely in (Struys et al., 
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2004). Fig. 10 and Fig. 11, shows the BIS and drug infusion 
rate values in the presence of the proposed surgical 
stimulations in the maintenance phase for the nominal 
patients and all other patients. The results show satisfying 
disturbance rejection by a sub-optimal drug infusion rate. Fig. 
12 and Fig. 13 also indicate the robustness of the proposed 
controller against a band-limited white noise, which 
simulates the BIS measurement device noise. 

 
Fig. 10. BIS output for all patients in the maintenance phase 
(patient 9: orange dash line, nominal patient: blue dash line) 

 
Fig. 11. Drug Infusion for all patients in the maintenance 

phase. 

 
Fig. 12. Noise effect on BIS output for all patients in the 

maintenance phase. 

 

Fig. 13. Drug Infusion for all patients in the maintenance 
phase in the presence of noise. 

5. CONCLUSIONS 

In this paper, a new control structure, named adaptive multi-
critic based neuro-fuzzy controller, has been used to provide 
the drug infusion rate profile in the closed-loop control of 
anesthesia to achieve the desired DoH. In the critic part of the 
controller, the cost function has been defined as a weighted 
summation of the reinforcement signal and control action to 
minimize them both by updating the parameters of the neuro 
fuzzy controller. The performance of this controller has been 
investigated by applying to the PK/PD compartment model of 

anesthesia for different patient parameters. The results in the 
induction phase are showing a smooth and sub-optimal drug 
infusion rate and DoH with no overshoot in a reasonable 
settling time for each patient. The robustness of the controller 
against uncertainties has been validated by adding surgical 
stimulations and measurement devices noise. The results of 
this phase show a suitable performance in case of lower 
maximum overshoot, drug infusion rate and faster 
disturbance rejection in comparison with recent PID and 
MPC proposed controllers such as Nașcu et al., 2017, Nașcu 
and Pistikopoulos, 2017, Padula et al., 2017 and Merigo et 
al., 2017.    
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