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ABSTRACT  

Interpatient and Intra-Patient Variability Compensation in Regulation of 

Hypnosis based on Modern Control of Propofol Anaesthesia 

Administration  

 

Regulation of hypnosis level on bispectral index monitor (BIS) during surgical procedure in 

Propofol anesthesia administration is a challenging task for anesthesiologist in multi-tasking 

environment of operation theatre. As the surgical procedure gets prolonged due to medical 

complications, the responsibility of anesthesiologist is increased due to variations in the 

physiological conditions of the patient. Patients of different age, height, weight and gender 

shows different responses to anesthetics due to sensitivity and medical disorders. Manual 

administration of anesthetics causes severe medical issues due to overdosing and underdosing of 

these drugs during surgery. If the amount of drug infusion exceeds beyond the certain limits, it 

causes increase in heart rates, blood pressure variation and glucose level distress. Similarly in 

case of insufficient infusion causes vomiting, anxiety and consciousness during surgery. All 

these variations beyond the certain limit are intolerable for successful conduction of surgery.  

In the current thesis control strategy is developed to keep the hypnosis level between required 

bounds on BIS and to compensate different challenges like interpatient and intra-patient 

variability as well. The designed control mechanism is based on a set of states equations derived 

from pharmacokinetic and pharmacodynamic models, which describes different behaviours and 

responses of the patient to propofol infusion. Induction and maintenance of anesthesia in 

feedback control system depends on the wavelet anesthetic value for central nervous system 

(𝑊𝐴𝑉  ).  The first order SMC is designed and shows considerable performances and their 

limitations is discussed in term of steady state error.  

 Super-twisting sliding mode control (STSMC) is applied due to its less sensitivity towards 

patient parameters. Second advantage of STSMC is its robustness as compared to other control 

techniques such as predicative control in the presence of bleeding, which is a surgical stimulus. 

STSMC shows optimum results and removes the chattering problem in hypnosis level on BIS. 

The performance of STSMC is investigated to achieve the desired hypnosis level during 
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induction, maintenance and emergence phase of anesthesia. The metabolism shown in results 

presents the plasma drug concentration in different compartment of the body. The controller 

input is analyzed clinically for different silico patient shows pulsating behaviour. The states of 

the system in three compartmental models are the plasma drug concentration not measurable 

parameters. The luenburger observer is designed based on different algorithems provides 

optimum results to estimates the states of compartmental model accurately. Performance of 

observer is analyzed in terms of error convergence based on gain scheduling mechanism.    

Intra-patient variability consists of surgical stimuli is perturbation occurred during surgery 

reduces the depth of anesthesia directs to consciousness of the patient including skin incision, 

surgical diathermy and larnogscopy. The achieved results are evaluated and analyzed clinically 

considering all complications as well as limitations during regulation of the hypnosis level in the 

presence of surgical stimuli by designing STSMC. The depth of hypnosis level is maintained to 

50 on BIS level in maintenance phase after improving the induction phase to 40 seconds with 

STSMC. Moreover, the surgical stimuli direct the hypnosis level toward the state of 

consciousness, stimulates the controller to provide continuous drug infusion in interval 80 to 90 

seconds. Simulation results witness that an oscillatory behaviour is observed in drug infusion to 

ensure the moderate level of hypnosis (40-60) for general surgery. The results achieved in 

presence of surgical stimulus being compared with BIS level investigated in open loop surgical 

procedure conducted in Hayatabad Medical Complex.     
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 In this modern technological era the applications of closed loop systems and automation are 

limitedly applied in the field of biomedical engineering. The relative hesitancy of medicine to 

embrace closed loop systems belies their true safety. Indeed, one area in which closed loop 

control system has been integral to successful operation in engineering sector, but on the other 

hand they are limitedly used at medical side. General anesthesia is a broad term including the use 

of drugs to induce and maintain the following three states during surgery: hypnosis (depth of 

unconsciousness), analgesia (absence of pain) and areflexia (lack of movement). Most surgeries 

use multiple anesthetic drugs in order to achieve all these states [1]. 

The main objective of this chapter is to study all aspects of anesthesia in general surgical 

procedures in an operation theatre. The overview and history of clinical anesthesia with different 

complications are reviewed and analyzed during manual execution of surgical procedure with 

role of anesthesiologist in operation theatre. In ancient times surgical procedure needed fast 

execution due unavailability of anaesthetics agents. The main objective of anesthesia including 

hypnosis, analgesia and areflexia are discussed in detail. The surgical procedure is consists of 

three main phases including induction phase, maintenance phase and emergence phase. This 

chapter covers the significance of different anaesthetics used and applied to achieve optimum 

requirements needed for surgeon to execute the procedure smoothly. Different monitoring 

sensors including pulse oximeter, infusion pumps to monitor the physiological conditions of the 

patient as well as their limitations are discussed in detail. The last segment of this chapter covers 

the detail review of different control mechanism like TCI, PID, MPC and SMC and their 

advancement in anesthesia infusion system. All these control mechanisms developed in different 

decades specially 19th century to equip the operation theatre with modern instruments and their 

usage in the field of anaesthesiology. 

1.1 Chronicle of Anesthesia  

 Before the advent of anesthesia, surgical operations needed fast execution. Different techniques 

such as cold and hot treatment were used to provide slight relief from pain. The discovery of 

inhaled gases, which stimulate patients to the state of unconsciousness made invasive surgeries 

possible [1]. The first anesthesia process was performed by Crawford Williamson using diethyl 

ether by inhaling ether, he realized, that it has the ability to provide insensitiveness against pain. 

The term anesthesia was later proposed by Morton means lack of esthesia, i.e. sense. Due to 
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increasing complexities of administration and management of anesthesia, it was clear that it 

requires expertise and specialties of anesthesiologists. Approximately 150 people die every year 

due to complications in anesthesia in United State of America [2]. The first dental surgery was 

conducted by G.Colton and Horace using nitrous oxide as anesthetic agent with successful 

execution in 1844, but another most reliable procedure was introduced by William Morton 

during 1846 called  ‘etherization’  which is accepted by clinical professionals worldwide [3]. 

1.2 Role of anesthesiologist 

In manual administration system of anesthesia infusion, anesthesiologist manages and works in 

multi-tasking scenario. As the surgical procedure gets prolonged due to medical complications 

the responsibility of anesthesiologist increases due to variations in the physiological conditions 

of the patient. Patients of different age, height, weight and gender may have different responses 

to anesthetics due to sensitivity and medical disorders [4]. 

Optimum infusion of drugs is obligatory to carry out the surgical procedure smoothly. If the 

amount of drug infusion exceeds beyond a certain limits, it causes to increases in heart rate, 

blood pressure variation and glucose level distress. Similarly insufficient infusion causes 

vomiting, anxiety, awareness during surgery. All these variation above the certain limit are 

intolerable and unaffordable for successful conduction of procedure [5, 6].   

1.3 Main objective of anesthesia  

There are three main objectives of anesthesia i.e. hypnosis, analgesia and areflexia.  

1.3.1 Hypnosis  

Hypnosis shows the consciousness level of the patient to investigate the cortical activity of the 

patient. The induction of hypnotic agent causes to suppress the cortical activity of the brain up to 

desired extent, which is feasible for the general surgery. It is the main functional component of 

anesthesia and has the ability to bring the patient to a state, which prevents the perception and 

recall of noxious stimuli. Although an acceptable hypnotic state prevents the patient from 

perceiving or evoking noxious stimuli. The cortical activity of patient is measured through 

bispectral index monitor. Propofol is a hypnotic agent referred as inducer in medical terminology 

[7]. 

1.3.2 Analgesia 
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It means lack of pain or removal of pain during surgical procedure. Before inducer, analgesic is 

given to patient. Small amount of analgesic is continuously administrated to patient during 

surgical procedure. After completion of surgical procedure analgesic are administered to the 

patient in the intervals [8]. 

1.3.3 Immobility 

Immobility is the third main purpose of anesthesia means lack of movement. Certain muscles, 

mostly abdominal ones, show reflex activity. This activity is natural and not blocked in an 

acceptable hypnotic and analgesic state, which provokes the use of paralyzing drugs, creating a 

neuromuscular blockade, during some surgical processes. The resulting immobility component 

of anesthesia is completely decoupled from hypnosis and analgesia, which permits separate 

treatment from a control perceptive [9].  

1.4 Temporal phases of anesthesia 

Three temporal phases of anesthesia i.e. induction phase, maintenance phase and emergence 

phase of anesthesia. 

1.4.1 Induction phase  

The induction phase of anesthesia is a transient phase where the patient passes from awake state 

to desired hypnotic state. In manual administration of drug infusion appropriate amount of drug 

is administered according to the age, height and weight of the patient to achieve the desired level 

of hypnosis. In induction phase the drug will be distributed and metabolized within the body in 

exponential fashion [10, 13].     

1.4.2 Maintenance phase  

Attaining the desired hypnosis level marks the transition from induction phase to maintenance 

phase. In this phase the surgical procedure is performed by clinical professionals. As the surgical 

procedure gets prolonged due to medical complications, the hypnosis regulation becomes 

challenging for anesthesiologists in manual drugs administration system. The desired level of 

hypnosis for surgical procedure in maintenance phase is from 40-60 on BIS. The reference level 

of hypnosis in surgery is 50 for controller design. The fluctuations in hypnosis level may occur 

due to different medical complications like bleeding and sugar level variation [14]. 
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1.4.3 Emergence phase 

When surgical procedure is near to completion or at time of skin closure, emergence phase starts. 

This phase is not significant with control perspective. The control signal is disabled during this 

phase and DoH level move towards100 indicating complete awake state [15]. 

1.5 Anesthetic agent 

Different anesthetic agents are applied to induce three states of anesthesia including hypnosis, 

areflexia and analgesia. Propofol is the primary hypnotic agent intravenously administered 

during induction phase of anesthesia in general surgical procedure. Different volatile drugs like 

nitrous oxide are used as inhaler and its action is not purely hypnotic. Propofol has the ability to 

metabolize faster and has no side effects to the patient. The recovery from propofol is quite faster 

in emergence phase of anesthesia and has no post operating affect. Due to all these features 

propofol is recommended by clinical professionals since 1990 [14].      

Similarly analgesic is used as a pain killer and administered to the patient in order to achieve the 

painless feeling during procedure. Table 1.1 presents different ingredients of anesthetics 

including propofol, remifentanil and their dosage levels at different surgical procedures [16]. 

Table 1. 1: Required effect site concentration for commonly used closed loop anesthesia 

Drug Effect Required effect site 

concentration 

Propofol Sedation 2-3  𝜇𝑔. 𝑚𝑙  

 Anaesthesia 4-6 𝜇𝑔. 𝑚𝑙  

Remifentanil Laryngoscopy 2-3 𝑛𝑔. 𝑚𝑙  

 Analgesia for superficial  surgery 3-4 𝑛𝑔. 𝑚𝑙  

 Analgesia for laparotomy 6-8 𝑛𝑔. 𝑚𝑙  

 Analgesia for cardiac surgery 10-12 𝑛𝑔. 𝑚𝑙  

Alfentanil Analgesia for major surgery 75-100 𝑛𝑔. 𝑚𝑙  

 Analgesia for cardiac surgery 150-220 𝑛𝑔. 𝑚𝑙  

Sufentanil Analgesia for major surgery 0.1-0.4 𝑛𝑔. 𝑚𝑙  

 Analgesia for cardiac surgery 0.6-1.0 𝑛𝑔. 𝑚𝑙  
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Table 1.1 shows the different ingredient of anesthesia including propofol, remifentanil as 

hypnotic as well as analgesic components respectively. The selection of different analgesic 

depends on type of surgery. 

1.6 Monitoring sensors  

To monitor the physiological conditions of the patient different monitoring sensors are utilized in 

operation theatre. Expertise of different clinical and technical professionals is obligatory to carry 

out the surgical procedure smoothly. Anesthesiologist monitors the blood pressure, breathing, 

oxygen saturation, drug infusion level, sedation level, sugar concentration etc with assistance of 

different medical equipments including BP-set, pulse oximeter, infusion pump, BIS monitor etc 

[17]. The following sensors are being utilized for different objectives including pulse oximeter, 

Continuous Glucose Monitoring (CGM), Electro Encephalo Graphy (EEG), Neuro-sense 

monitor. 

1.6.1 Pulse oximeter 

It is a device used to measure the breathing and oxygen saturation of human body. It shows the 

functionality of the lungs by indicating the oxygen saturation in the human body. Monitoring of 

pulse rate and oxygen saturation is obligatory during surgical procedure [18].  

1.6.2 Continues Glucose Monitoring (CGM) 

In CGM, the glucose sensor is inserted under the skin to measure the glucose level in the fluid of 

the tissues. This sensor is administered through a needle, which is removed after insertion. It 

consists of tiny electrode connected to transmitter, which sends information through wireless 

radio frequency. It has the capability to detect the glucose showing the higher and lower limits. 

In continual surgical procedure monitoring of glucose is essential to sustain them in certain limits 

[19].  

1.6.3 Electro Encephalo Graphy (EEG)  

EEG shows the cortical activity of the brain, electrodes are placed to the forehead of the patient 

to measures variations in the ionic activity of the brain in form of voltage. Such investigations 

are recorded in response to infusion of different anesthetics in form of propofol, remifentanil. It 

is one of the main tools to find the consciousness level of the patient during general surgical 

procedure [20]. 
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1.6.4 Neuro-sense Monitor  

In 1990 with application of wavelet analysis new signal processing technique were developed to 

monitor the real time activity of brain in time and frequency domain. This practice proves 

productive in biomedical applications and considered well suited to measure the spontaneous 

EEG activity. The index used for neuro sense monitor is called  𝑊𝐴𝑉  [21, 22]. 

1.6.5 Bispectral Index Monitor 

BIS is a device that measures the hypnotic state of the patient indicating the cortical activity of 

the brain. BIS extract this data form EEG signal and scale it between 0 to 100. The fully awake 

state is presented by 100 and 0 shows the dead state of the patient. The standard range for 

general surgery is 40-60. Accurate monitoring of hypnotic state is quite essential for execution of 

general surgical procedure smoothly [23]. 

1.6.6 Intra-operative awareness of the patient 

Intra-operative awareness shows the awareness of the patient during surgical procedure. 

Anesthesia management is quite challenging, when surgical procedure gets prolonged due to 

medical complications and causes problem like intra-operative awareness during procedure. 

Intra-operative are mostly occurs, when there is presence of pain. It is estimated through survey 

being conducted by clinical professional that intra-operative awareness occurred amongst the 

patients between the range of 0.2% to 1.6%   [24, 25]. Based on study of 4183 individuals, it is 

estimated that intra-operative awareness in women is higher as compared to men [25]. The 

analysis to minimize the error of awareness is shown in table 1.2 [26].  

Table 1. 2: Precautionary measures to minimize the error of awareness 

Intra-

operative 

period  

Use multiple modalities to assess aesthetic depth  

1. Clinical signs – Masked with use of muscle relaxant  

2. Conventional monitoring – BP, HR, end-tidal agent 

3. Brain function monitoring- Consider amnestics for 

unintended consciousness 

Postoperative 

Period 

1. Assess patient reports of awareness  

2.  Provide patient with appropriate follow-up care  

3.  Report occurrence for quality assurance purposes 

1.7 Drug delivery devices 
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There are different types of infusion devices including medfusion syringe pump, infusion pump, 

used for various types of surgical procedures. 

1.7.1 Medfusion Syringe Pump 

Medfusion syringe pump delivers small amount of dose of medicine depends on the setting of 

the syringe. The major advantage of this equipment is to ensure the patient safety for all ages by 

providing accurate medication in critical care. 

 

                                        

 

 

 

 

 

                                            

                                     

                                Figure 1. 1: schematic of Medfusion Syringe Pump 

The figure 1.1 shows the syringe pump for vaso-active infusion applied in operating and 

intensive care unit (ICU). The figure shows the stopcock manifold with small bore tubing 

consists of two ending proximal and distal ending. The proximal end is connected to large 

volumetric pump and distal end is connected to central venous system [27].  

1.7.2 Infusion pump 

The most common problem in syringe infusion occurs, when the syringe is not properly scaled. 

A frequent error occurs, when syringe pump is rotate at 90 degrees and finger grips miss place 

the clamp of syringe in upward direction and reflect it away from the barrel of the syringe. This 

increment in displacement of the syringe clamp will cause the unit of the syringe pump to 

become larger than their actual size [28]. The sensor applied at syringe clamp will alarm, if the 

syringe is loaded beyond certain limit or incorrectly loaded [29]. There are different types of 

Large Volume Pump 

Critical Care Syringe Pumps 

Central Venous Access  
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infusion including patient controlled analgesia (PCA), syringe, insulin pumps and elastomeric 

etc. In 2010 FDA announced several steps shown in table 1.3 to ensure the patient safety [30]. 

Table 1. 3: FDA safety standards 

FDA Safety 

Standards   

Descriptions  

1 Awareness in clinical professional about the usage of the medical 

equipments. 

2 Continual improvements in devices. 

3 New research work for industry. 

 

Based on all discussions and research work, it is clear, that infusion pump provides high level of  

accuracy with control objective, reducing the medication errors to ensure the patient safety and 

care.  

1.8 Types of anaesthesia  

There are different types of anaesthesia including general anesthesia, regional anesthesia, 

combined general with epidural anesthesia and intravenous anesthesia applied for smooth 

conduction of surgery. The selection of infusion drugs depend on the type of the surgery, age of 

patient and medical history of the patient observed by clinical professionals. The 

anaesthesiologist monitors the patient throughout the surgical procedure and focuses on the 

physiological conditions of the patient.  Different types of anaesthesia are discussed in detail in 

section below. 

1.8.1 General anaesthesia 

General anaesthesia induced the patient to achieve the complete unconsciousness state require 

for general surgery.  Some of the medications are applied through intravenous infusion and some 

are administered through breathing mask. The side effect of general anaesthesia is sore throat, 

vomiting, shivering etc [31].  

1.8.2 Regional anaesthesia 

Regional anesthesia is a local anaesthesia in which specific portion of the body gets anesthetized. 

There are various types of regional anesthesia including epidural anesthesia as well as spinal 

anesthesia. In all this types patient be sedated, or put to sleep for surgical procedure. In epidural 
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anesthesia the injection of local anesthetics combine narcotics into epidural space through a 

needle or catheter as shown in figure 1.2. [32]. 

 

                         Figure 1. 2: Epidural anesthesia in spinal of the human body 

1.8.3 Combined general with Epidural anesthesia  

Combined general with epidural anesthesia is consists of the additive effect of combined 

anesthetics and epidural anesthesia that put the patient to sleep not only during the procedure, but 

also after the execution of surgical procedure to provide the patient relief after surgery. This type 

of anesthesia administration occurs probably in chest and major abdominal surgery. The catheter 

may be left in place for several days after surgery.  

1.8.4 Monitored anesthesia care with conscious sedation  
In this case the combinations of sedative and narcotic medications are used to induce the 

sensations of insensitiveness to pain to avoid the discomfortness. The surgeon applies local 

anesthetics at the site of procedure for pain control. In this case patient can respond to the 

questions, but sleepy during the procedure [32]. 

1.9 Intravenous anesthesia   

Intravenous anesthesia is a technique of general anesthesia in which total drug administration is 

carryout through intravenous route without using inhalation of gases. The inhalational anesthesia 

process is problematic as compared to total intra venous anesthesia (TIVA). The use of TIVA 

makes the process quite efficient and advantageous for the patient. TIVA has rapid recovery and 

less post operating effect like nausea, vomiting, and reduced risk of oxygen toxicity as compared 

to inhalational anesthesia. In recent years TIVA is widely acceptable due to many reasons. 

Primarily the induction of propofol with pharmacokinetic and pharmacodynamic properties with 
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new short acting opioids.  Secondly the mathematical model of pharmacokinetic couple with 

infusion pump allowing the use of new algorithm of TCI [33]. 

1.9.1 Pharmacokinetic and TIVA  

The science of pharmacokinetic describes, that how the body metabolizes the specific drug. The 

relationship between the administered drugs and their concentration at plasma of the blood can 

be described mathematically. The main objective of TIVA is to initialize the smooth conduction, 

reliable and accurate maintenance as well as rapid emergence.  

1.9.2 Selecting TCI  

 The desired clinical results can be achieved by maintaining the effect site concentration through 

low remifentanil and high propofol concentrations. Moreover for high remifenatanil and low 

propofol concentrations causes apnea and need more recovery time. Remifentanil is 

recommended for the majority of patients with minimum effect site propofol concentration of 

2𝝁𝒈𝒎𝒍 𝟏 for the age of patient greater than 50 years and 3𝝁𝒈𝒎𝒍 𝟏 for less than 50 years. 

Suggested effect site concentration for TIVA in adult patients is shown in table 1.4 for 

spontaneous breathing [34]. 

Table 1. 4: Suggested effect site concentration for total intravenous anesthesia 

Age 

years 

Propofol (μg.ml−1) Remifentanil (ngml−1) 

<50 4-6 1-3 

>50 2-4 1-2 

1.9.3 Setting up and use of TIVA devices  

Safe anaesthesia liaison group and NAP5 investigators have been reported, that anaesthetic 

awareness using TIVA occurs due to technical failures of TCI devices. It is essential to check the 

TCI devices thoroughly before and during surgical procedure as shown in table 1.5 [35]. 

Table 1. 5: List of Safety precautions for targeted control infusion devices 

Sr.no Checklist 

1 Use of TCI infusion pump only. 

2 Ensure the technical expertise of user regarding the pump and PK model.  

3 Check all plugs of pumps. 
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4 Ensure the charging level of batteries.  

5 Clarify the drug dilation level and entered correctly into the pimp. 

6 Ensure the syringe size and if they are mounted correctly or not. 

7 Ensue the programming status of pump correctly and drug actually attached to it 

8 Verify the low and high infusion alarms. 

9 Verify that correct patient data are entered. 

1.9.4 Potential problem with TIVA 

The most vital problem occurs during TIVA is ‘awareness’ of the patient during surgical 

procedure. The report published by NAP5 describes that technical errors and poor knowledge is 

major problem in anaesthesia administration and documented, that 75% such cases can be 

avoided by suitable knowledge and training [36, 37].    

1.9.5 Morbid obesity 

Morbid obesity is a challenging problem, but regularly practiced, although the existing models 

are not validated for such patients. The manufacturer of infusion pumps put the limit of the 

patient weight to 150kg using Marsh Model. Such limitation can be eliminated by using suitable 

software to update their programming [38].       

1.10 Literature survey  

The impact of anesthetics on EEG has been known to neurophysiologist since 1940. They 

observed that anesthetized men have slower wave with higher amplitude. They used different 

algorithms to extract the information from EEG [39]. BIS markings range from 0(no action in 

cerebral cortex) to 100 (fully conscious state), as shown in Figure 1.3. Desired region for general 

surgery is 40 to 60 [40]. 

 

                           Figure 1. 3: BIS levels shows the cortical activity for general surgery. 
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Compartmental model are used to divide the human body into different parts. It has two main 

parts including PK and PD. PK describes how the drug is absorbed and metabolized by the body 

and PD predicts how the drug affects the depth of hypnosis at the effect side including brain.  

The basic terms of pharmacokinetic are clearance and volume [41]. Absorption and distribution 

of the drug depends on metabolism level of the body. Young patients can easily dissolve the drug 

and will hypnotize more rapidly. Infusion drugs are metabolized within human body in an 

exponential fashion [42].   

PD describes how the drug affects the DoH. This standard PK/PD model is a compartmental 

model. The effect of drug is measured on the brain side shows the level of unconsciousness. 

Infusion of hypnotic agent in human body reduces the cortical activity of patient[43]. 

TCI is an open loop control system, in which the reference point is set by anesthesiologist and 

controller maintains the reference level. However, such controller is not immune to   

uncertainties and has no robustness. If a change occurs in DoH levels, during skin incision, the 

controller has no ability to adjust them and to attain the desired level [44-46]. TCI administers 

the optimized level of drug dosage. TCI pump uses algorithm based on pharmacological data 

obtained from healthy volunteers. Such schemes may be less accurate, when applied during 

extreme situation of surgery including considerable loss of blood. Various control mechanisms 

are applied in literature for the automation in anesthesia with considerable limitations.  

In closed loop control of anesthesia administration system, BIS signal is used as feedback signal 

for the controller as shown in figure 1.4[41]. 

 

Figure 1. 4: Closed loop drug infusion in anesthesia 
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Amongst the linear control algorithm PID controller is widely used and its results are clinically 

accepted with fewer limitations. PID controller is a classical control technique that is generally 

used in chemical process industry. Its importance lies in its fast transient response and greater 

capability to reduce the steady state error. Closed loop control of anesthesia was introduced by 

Chao Dong in 2003[43], in which he derived the compartmental model of the patient and 

linearized it by using linear regression. He applied PID control technique on hypothetical patient 

and achieved the desired hypnosis level. However, by linearizing the nonlinear sigmoid model, a 

lot of data can be lost and accurate results cannot be achieved [47]. 

Slotesz worked on the same procedure to control hypnotic and analgesic component of 

anesthesia. He developed a closed loop system using hypnotic drug propofol and analgesic 

component remifentanil. Slotesz used the PID control technique having adaptive behaviour in 

which the controller tracked the desired hypnosis level. For remifentanil, he applied the P 

controller and patient model was derived from the clinical data. The drug infusion was controlled 

during the maintenance and induction phase of anesthesia [48]. The limitation of TCI is due to 

the interpatient variability including height, age, weight and age of the patients. These variables 

are change values from patient to patient and each patient shows different response to the drug 

infusion. Closed loop control system has the ability to reduce the effect of interpatient variability 

and reduces the workload of anesthesiologist. Such study has been observed for 6-16 year old 

children to measure the depth DoH level after the drug infusion with monitoring tool, which was 

neuro sense monitor. The controlled designed for propofol and remifentanil are multi-input but 

remifentanil metabolizes faster than propofol. A robustly tuned PID controller performs well to 

bring the hypnosis level to a desired value for different patients. Moreover, such controller is 

based on identified patient parameters and shows little ability for disturbance rejection, such as 

surgical stimuli. This scheme was validated for a dataset of 44 patients from clinical trials [41]. 

Implementation of PID is simple, but its tuning is quite difficult and relies on different tuning 

algorithm [49-50]. 

Propofol is an intravenously administered anesthetic agent that is commonly used for induction 

and maintenance of anesthesia. SMC controller is designed based on a set of state equations 

derived from PK and PD model that describe different behaviour and responses of the patient to 

Propofol infusion. Inducing and maintaining of anesthesia in feedback control system depends 
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on the 𝑊𝐴𝑉 . The major advantage of SMC is its less sensitivity towards patient parameters. 

Second advantage of SMC is reduction of chattering as compared to other control techniques 

such as predicative control, in the presence of bleeding which is a surgical stimulus during a 

surgical procedure [51]. 

A robust control strategy is needed for smooth execution of surgical procedure, while handling 

the interpatient variability and external disturbances [52]. 

MPC algorithm is an optimal control algorithm, which is also used for propofol anesthesia 

administration. It has a number of features, such as BIS tracking, noise rejection and disturbance 

handling capability. MPC is also recognized as a moving horizon control scheme. It has a 

number of applications in process industry and greater capability of handling critical applications 

like anesthesia control or glucose control. Performance of linear model predicative controller 

(LPMC) is comparable to PID considering the time delay introduced by BIS monitor, while 

anesthesia control. LMPC has been found robust against interpatient and intra-patient variability 

and towards noise handling and disturbance compensation. The nonlinearity of the patient model 

causes nonlinear gain during a controller design, which also varies with respect to interpatient 

variability. LMPC ensures stability and propofol administration accurately, resulting in keeping 

the hypnotic level in a desirable range. The performance of robust predictive controller has been 

clinically accepted [53]. 

Backstepping control is recursive control algorithm used for stabilizing non linear dynamical 

system. Here the high order system is reduced into lower order system [54]. This method shows 

that output tracks the desired reference level of hypnosis during surgery. The most vital 

performance of backstepping control algorithm is to handle the useful non-linearities instead of 

cancelling them [55]. 

Compartmental model is used to divide the human body into different parts. It has two main 

parts including PK and PD.  PK describes how the drug is absorbed and metabolized by the body 

and PD predicts how the drug affects the depth of hypnosis at the effect side including brain.  

The basic terms of pharmacokinetic are clearance and volume [41]. Absorption and distribution 

of the drug depends on metabolism level of the body. Young patients can easily dissolve the drug 

and will hypnotize more rapidly. Infusion drugs are metabolized within human body in an 

exponential fashion [42].   



16 

 

PD describes how the drug affects the DoH. This standard PK/PD model is a compartmental 

model. The effect of drug is measured on the brain side shows the level of unconsciousness. 

Infusion of hypnotic agent in human body reduces the cortical activity of patient.  

Anesthesiologist also focuses on the clinical signs and physiological conditions of the patient 

during a surgical procedure [43]. 

1.11 Aims and Objectives  

In manual administration of anesthetic infusion, if not enough anesthetic is delivered, the patient 

may remain conscious during a surgery, which causes trauma, anxiety and vomiting. If anesthetic 

drugs exceeds beyond certain limits it causes the patient to stop breathing and could stimulate to 

cardiovascular collapse, both of this states are unaffordable throughout the surgery. This research 

work proposes non linear and robust control algorithm for regulation of hypnosis in uncertain 

environment with interpatient and intra-patient variability compensation. The interpatient 

variability dynamics include height, weight, fat, age etc and intra-patient variability includes 

surgical stimuli. A robust control mechanism can regulate the desired hypnosis level in presence 

of interpatient and intra-patient variability. To regulate the hypnosis level on BIS during surgery 

in propofol anesthesia administration is challenging task for anesthesiologist in multi-tasking 

environment of operation theatre. Patients of different age, height, weight and gender shows 

different responses to anesthetics due to sensitivity and medical disorders. In proposed research 

work Schnider three compartmental model of silico patients including (PK), which shows the 

metabolism of drug within the body and (PD) indicates the affects of the drug on the (DoH) is 

developed and derived. Three compartments PKPD model is a plant in closed loop control of 

anesthesia. The analysis of three compartments PKPD model based on clinical parameters are 

also investigated and analysed with three compartment model developed in simbiology. 

Hypnosis is the key functional component of anesthesia based on information extracts from the 

cortical activity of the brain and is shown on BIS monitor. The DoH is scaled from 0 to 100 

indicates the EEG and complete awake sate respectively. Hypnosis level on BIS in the range of 

40-60 is the moderate band defined as a standard for general surgery by clinical professionals. 

TCI is an open loop control of Propofol anesthesia administration is not immune to immune to 

uncertainties and has no robustness. If changes occur in DoH during skin, the controller has no 

ability to adjust them and to achieve the desired level. In current research work control 
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mechanism is devolved to keep the hypnosis level between required bounds on BIS and to 

compensate different challenges like interpatient and intra-patient variability as well. Based on 

the state equations, SMC is applied to derive the system on particular sliding surface. SMC keeps 

the states on or near to the chosen sliding surface. The first order SMC is designed and shows 

considerable performances and their limitations is discussed in term of steady state error. The 

major limitation of conventional SMC is to compensate the interpatient and intra-patient 

variability. The interpatient variability dynamics including height, age and weight of patient 

varies from patient is investigated in chapter 6 of current research work. The control law based 

on STSMC is designed for three compartmental PKPD with sigmoid model in cascaded. The 

output taken from sigmoid model as BIS and applied back to controller to track the reference 

level of BIS required for general surgery. The analytical analysis of STSMC is performed and 

investigated based on lypnove candidate function. The compensation of interpatient variability 

dynamics for different silico patients is obtained and investigated based on variance and standard 

deviation of those parameters including height, weight and age of the patients. The plasma drug 

concentration of different compartment including primary compartment, rapid peripheral 

compartment, slow peripheral and effect site compartment. All these parameters not measurable 

and luenburger observer is applied to estimates the states of PKPD model applied in closed loop 

fashion. The results of the observer are being compared and investigated as a actual states and 

estimated states. Chapter 7th   focuses on all those clinical variations of different parameters in 

terms of intra-patient variability dynamics. These variations are occurred due to different 

medical issue like bleeding during surgical procedure is challenging for control algorithems to 

compensate it. All these perturbations occurred during surgical procedure intervene the smooth 

conduction of surgery including skin incision, surgical diathermy and laryngoscopy. The model 

of surgical stimulus is developed and investigated their effects on hypnosis during closed loop 

control of anesthesia based on ISTSMC. The simulation results being compared with open loop 

surgical procedure conducted in Hayat Abad Medical Complex Peshawar with assistance of BIS 

monitor. 

1.12 Thesis outline/ contributions  

In current research work chapter first and second focuses on the literature review based on 

current research work related to automation in anesthesia. The history of anesthesia and different 
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techniques to ensure smooth conduction of surgical procedure in different decade are reviewed 

from the latest research work in literature. Three compartment PKPD model is developed and 

derived in chapter three and four. The analysis of PKPD model is added in all five publications 

especially paper four with their block diagram based on open loop control of propofol anesthesia 

administration. The application of conventional SMC for closed loop control of anesthesia is 

discussed in chapter five with results published in paper first based on comprehensive review and 

assessment of other techniques including PID, MPC etc. Chapter five consists of basic concept of 

SMC considering the different twisting algorithm. Controller is designed for patient model and 

discussed with simulation results in terms of drug infusion, plasma drug concentration and 

hypnosis level regulation for different patients. The major challenges and clinical issues 

including interpatient and intra-patient variability are disused and investigated in paper second. 

Surgical issue is the perturbations occurred during surgical including skin. Chapter 6th 

completely covers the design of STSMC and conventional for regulation of hypnosis in Propofol 

anesthesia administration. STSMC shows optimum results and removes the chattering problem 

in hypnosis level on BIS and investigated the results obtained for different patient ensuring the 

interpatient variability compensation is discussed in paper three. The observer is designed to 

estimate the states of three compartmental PKPD model. Chapter 7 of the thesis work define all 

clinical complications occurred during normal surgical procedure referred as surgical stimulus 

including surgical diathermy, skin incision, laryngoscope and burst suppression. All clinical 

measures are modeled and linked with their effect on hypnosis level regulation is discussed in 

paper 5th. STSMC and conventional SMC is designed for handling the surgical stimulus and 

investigates the simulation results with clinical evaluation and also compare it with open loop 

administration of anesthetics of surgical procedure being conducted in Hayatabad Medical 

Complex Peshawar, Pakistan. 

1.13 Summary  

In this chapter detail introduction of anesthesia is discussed and reviewed from the latest research 

work regarding anesthesia and automation. The history of anesthesia and initial practices of 

anesthesia using different techniques are elaborated. Three main objectives of anesthesia 

including hypnosis, analgesia and areflexia are studied considering different anesthetics like 

propofol during all three phases of anesthesia including induction, maintenance and emergence 
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of anesthesia. As the nature of surgery gets changed then type of anesthesia infusion also 

changed depends on the requirement of the patient. To monitor the depth of anesthesia is quite 

challenging and important for the smooth execution of surgical procedure. Different monitoring 

sensors including BIS, neuro-sense monitor, pulse oximeter are used to find the depth of 

anesthesia. The drug infusion to the patient is being provided through infusion pump depends on 

the experience of anesthesiologist in conventional anesthesia management. The usage of advance 

equipment like TCI is reviewed and analyzed with FDA precautionary measures. The last 

segment of this chapter gives the detail overview of the all control schemes introduced and 

applied in closed loop control of anesthesia. 
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In the previous chapter, different aspect of anesthesia administration and control including 

history of anesthesia process and techniques, anaesthetics agents with their monitoring sensors 

applied in open and closed system are explained. Different control mechanisms applied for 

automation in anesthesia based on the types of the surgery is defied and reviewed. The current 

chapter shows that after infusion of drugs within human, how the drugs are metabolized, 

absorbed, eliminated and execrated from the body. The phenomena of PK and PD model is 

explained theoretically, mathematically and applied one compartmental model in MATLAB 

tools to differentiate amongst all the terms mentioned above. The last segment of this chapter 

focuses on monitoring sensor BIS used for measuring the cortical activity of the brain. The 

mathematical expression used for sigmoid model is defined with clinical parameters.        

2.1 Pharmacokinetic and Pharmacodynamic  

The major objective of pharmacokinetic is to study the absorption, distribution, metabolism and 

excretion of anesthetics within body with the passage of time. The primary goal of 

pharmacokinetic is to increase the efficacy and decrease the toxicity of drugs therapy to the 

patient. The strong correlations between the drug concentrations and pharmacological responses 

motivates the clinical professional to apply these principles to real patients. The predictable 

relationship between the plasma drug concentration and the drug concentration at the receptor 

site is described by kinetic homogeneity as shown in figure 2.1 [58]. There is a direct 

relationship between plasma drug concentration and drug concentration at the tissue sites as 

shown in figure 2.2 [58]. 

 

 
  

 
 

 Figure 2.1: Sample removed for drug concentration determination. 
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Figure 2. 2:  Relationship between plasma drug concentration and concentration of drug in tissue. 

2.1.1 Main functions of pharmacokinetics 

There are four main functions of pharmacokinetic including absorption, distribution, metabolism 

and excretion of drugs effects through kidneys. 

2.1.1.1 Absorption  

Diffusion of drugs to the cell membrane occurs in two ways called active diffusion and passive 

diffusion. Passive diffusion occurs through membrane of lipid cell by dissolution in membrane, 

while active transport of drugs is facilitated by energy dependent carrier mechanism in which 

diffusion or transport will occur through concentration gradient mechanism.   

2.1.1.2 Distribution  

Distribution occurs most frequently in tissue with high blood flow like liver, kidney, brain and 

slowly with tissue having least blood flow including fats. 

2.1.1.3 Elimination of drugs 

Drugs may be bio-transformed or eliminated by reactions at several sites of the molecule or 

tissue. The rate of the reaction depend on the chemical structure based on first order Michaelis-

Menten kinetics at therapeutic drug concentration.  

2.1.1.4 Excretion of drugs 

The main route for the excretion of drugs is the urine [59]. 

𝐂𝐥𝐫 =
𝐄𝐱𝐜𝐞𝐫𝐭𝐢𝐨𝐧 𝐫𝐚𝐭𝐞 𝐢𝐧 𝐮𝐫𝐢𝐧𝐞

𝐏𝐥𝐚𝐬𝐦𝐚  𝐝𝐫𝐮𝐠 𝐜𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧
                                                                                                  (2.1) 

The clearance (𝑪𝒍𝒓) shows the rate of removal of drug effect from the human body.  

Concentration of drug in Tissue 

      Plasma Drug 
concentration  
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2.2 Pharmacokinetic Principle 

 PK shows, how the drug is absorbed by the body, and PD describes how the drug affects the 

depth of hypnosis. The standard PK/PD model is a compartmental model. The basic terms of 

pharmacokinetic model are clearance and volume [60]. Metabolism is ability of blood to dissolve 

the drug within plasma of blood. Greater the flow of blood within the body greater will be the 

metabolism rate. In figure 2.3, 𝑥 shows the amount of drug poured into glass and 𝑣 is the volume 

of glass, then concentration of drug within glass. 

 

  𝐶𝑜𝑛𝑐𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑥/𝑣 

 

 

 

 
 

Figure 2. 3: Concentration of drug 
2.2.1 Clearance 

Clearance is the ability of body to remove the drug from plasma. It is the flow of blood and unit 

is volume/time. In mathematical modeling of patient clearance is represented by 𝐶𝑙. The rate at 

which drug effect is nullified from the body depends on the concentration of drug [61]. 

2.2.2 Elimination 

Elimination is the rate at which the drug is eliminated or diminished from the body. Drug 

elimination depends on concentration and clearance [62]. 

Mathematically,  𝑄 = 𝑘𝑉                                                                                                          (2.2) 

𝑘 is the rate constant and 𝑉is the volume. 

2.2.3 One compartment PK model 

 

 

 
Figure 2. 4: One compartmental PK model 

 
 
 

Volume of the Glass (v) 

 
x 

        Central compartment 𝑥  

𝑄 = 𝑘𝑉 
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Figure 2.4 shows the whole body as one compartment. It has one volume and concentration 

where,  𝑥 is the amount of drug [44]. The mathematical expression for figure 2.4 is based on the 

concentration of the drug can be stated as,  

xk
dt

dx


                                                                                                                                     (2.3)  

Where 𝑘 is the rate constant.  

𝑥(𝑡) = 𝑥 𝑒                                                                                                                             (2.4) 

The amount of drug decays exponentially. Here  𝑥   represents the amount of drug at time is 0.  

1/2t

  0.693  
 = k

 

𝑡 /  is the time it takes for 𝑥 to fall by 50% then, [44]. 

k

  0.693  
 = t1/2

                                                                                                                          (2.5)          

2.2.1 One Compartmental model in Simbiology MATLAB 

Step 01: <<enter the “Simbiology “in command window of the MATLAB. 

 

 Figure 2. 5: Simbiology window in Matlab 
 

Step 02: click on the “create PK Model”  



25 

 

Set all the parameters including one compartment, dosing level and elimination rate of drug 

within the body. One compartmental model is selected for study of pharmacokinetic model. 

 

Figure 2. 6: One compartmental PK model 

Step 07: Now simulate the defined one compartmental model of PK. The figure 2.7 shows the 

distribution of the drug within human body. As the drug flows from the source to the body, it 

exponentially decays within human body. The rate of metabolism or distribution depend on the 

inter compartment parameter which rely on the age, height and weight of the patient.  

 
Figure 2. 7: Plasma drug concentration compartmental PK model 
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The main objective of pharmacodynamic is to show the relationship between the drug 

concentrations at the site of action including brain. The effect of drugs at the brain can be 

determined by drugs binding ratio with receptor. The receptor at the target site present in central 

nervous system is to develop the pain, movement free sensation as shown in figure 2.8. 

 

  

 

 
 
 
 
 
 
  

 

 
Figure 2. 8: Relationship of drug concentration to drug effect at the receptor side. 

PD describes, how the drug affects the depth of hypnosis. The standard PK/PD model is a 

compartmental model. The effect of drug is measured at brain side, which shows the level of 

unconsciousness. Inducing hypnotic agent in human body reduce the cortical activity of patient. 

Anesthesiologist also focuses on clinical sign and physiological conditions of the patient during 

surgical procedure [58-62]. 

2.4 Higher order spectra  

The effect of anesthetics is measured through cortical activity of the brain. The human brain 

consists of billion of neuron generates the biological activity in the brain cells indicating the 

information represented in EEG waveform, which shows non linear dynamics. The depth of 

anesthesia can be measured through variations occurred in EEG signal, which shows the cortical 

activity of brain. Moreover, by using spectral analysis the EEG signal can be decomposed into 

smaller components and amplitudes. EEG derive power spectral variables like spectral edge 

frequency (SEF), median frequency (MF) are the main indicators used to measure the depth of 

anesthesia [63]. 

2.4.1 Median Frequency 
 

Altered receptor  

Cell signal   

Gene regulation    

Regulation of protein production  

Receptor     

Drug     
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Median frequency is the frequency below, which occupy the half of power the EEG signal of 

human. Moreover, with application of Fourier transform, the total power of EEG signal can be 

easily computed. According to Schuttler investigation the median frequency can be cantered at 

10Hz, but after the completion of surgical procedure the median frequency level was found to 6 

Hz [63]. 

2.4.2 Auditory Evoked Response (AER) 

The evoked response is the response of the patient to sound stimulus included in EEG waveform. 

AER has three basic stages in sequence including early cortical response, late cortical response 

and brain stem response. AER is also the key parameter to find the depth of anesthesia. AER 

works as a tool, which shows the switching from conscious state to unconscious state. The 

functionality of AER can’t correlate with blood concentration of propofol in the emergence of 

anesthesia [64]. 

2.4.3 Bi-spectral Index Scale  

In the above discussion EEG shows the cortical activity of the brain, but no scaled information to 

measure the hypnosis level. In such case the hypnosis level can be determined from different 

clinical signs including pupil movement, responses to touch and voices. To measure the hypnotic 

state from the EEG waveform is the better way of patient care. BIS is based on bi-spectral 

analysis of the patient EEG waveform, which explains all the details to measure the depth of 

anesthesia. BIS monitor was formulated and designed by aspect medical systems (AMS) [65]. 

BIS monitor was primarily studied by Bamett and Dummermuth et al for EEG analysis to 

measure the anesthetic level of the patient. Due to extreme computational requirements the 

advances in this method were quite slow, but with passage of time and development of high and 

low cost microprocessor systems make the researchers active to work on EEG signal based on 

bispectral analysis. The most focal area of research on EEG signal was its non linear behaviour 

addressed with different sources. The major of this research is to define, how the meaningful 

information in bi-spectrum related with variations involved in the EEG waveform during period 

of altered cerebral function occurred due to anesthetics infusion. 

The bispectral index was created from bi-spectral analysis using complex algorithm. This 

numerical index is scaled with variations in cerebral state and it measures the spectral 

characteristic like frequency, phase and power over complete frequency range. The numerical 



28 

 

value of BIS is scaled between 0 and 100 is shown in figure 2.9 [66]. It was observed that BIS is 

directly correlated with concentration of Propofol. On BIS scale, 0 shows no activity in cerebral 

cortex and 100 shows completely awake stage. The suitable range for general surgery is 40 to 60. 

BIS monitor level can be related to effect site by the following formula through sigmoid model 

equation 2.9. Sigmoid model is the nonlinear equation and maps the output from 0 to 100 can be 

referred as  

( 𝐵𝐼𝑆(𝑡) = 𝐸 − 𝐸 ×
( )

     (2.9)). 𝐸  indicates the fully awake stage without inducing 

drug or hypnotic agent. 𝐸  shows effect achieved using hypnotic agent and 𝐶  is half of the 

maximum effect. 𝛶  is steepness of sigmoid curve which presents the slope of the sigmoid curve 

[67]. 

 

Figure 2. 9: BIS scaling band to indicate DOH level 

2.5 Summary 

The current chapter is focused on the PK and PD principles and their application in simbiology. 

PK shows that drug is distributed, metabolized and observed within different organs of the 

human body. One compartment PK model is derived and also implemented in simbiology. It is 

validated from the simulation results, that drug is metabolized and distributed exponentially with 

time. The last segment of the chapter focuses, how to monitor the effect of the drug using 

different devices like BIS. BIS scales the depth of the hypnosis between 0 and 100 indicates the 

cortical activity of the brain.  
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The previous chapter focused on the one compartmental PK model with analysis of different 

parameters including metabolism, distribution, absorption and elimination of drugs with 

assistance of simulations results. The current chapters describe three compartmental model 

including primary compartmental, rapid peripheral compartment, slow peripheral compartment 

and effect site compartment. Three compartment PKPD model is derived and their clinical 

parameters are reviewed. 

3.1 Compartmental Model   

One compartmental model is not sufficient to determine the absorption, distribution and 

elimination of drug. To address this problem the current one compartmental model is extended to 

three compartmental PK-PD models. The overall three compartmental model consists of central, 

rapid peripheral, and slow peripheral compartment as well as additional effect site compartment 

[68]. 

3.1.1 Central compartment 

The central compartment consists of well perfuse tissues like blood, liver. The blood acts carrier 

in TIVA represented by plasma drug concentration. As blood flow increases, the amount of drug 

is rapidly distributed across the whole body. The distribution of drug occurs at different rates in 

age of the different people with different weight, height and lean body mass (LBM) of the body.  

3.1.2 Rapid peripheral compartment  

The rapid peripheral compartment consists of adipose and skeletal muscle, which are less perfuse 

tissues. Distribution and redistribution from one compartment to another alter the duration effect 

at the target tissue.  

3.1.3 Slow peripheral compartment 

The slow peripheral compartment consists of fats and bones tissues with little access of blood 

capillaries as compared to rapid peripheral compartment. The distribution amongst the different 

compartments occurs exponentially. Here the drug metabolism and absorption occurs very 

slowly as compared to rapid peripheral compartment [69]. 

3.2 Three compartmental model 

 The compartmental model discussed in chapter two consists of one compartment considering the 

whole body. However in this section compartmental model is applied to divide the human body 

into different sections. It has two main parts PK and PD.  PK describes how the drug is absorbed 
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and metabolize by the body and PD predicts, how the drug affect the depth of hypnosis at the 

effect side including brain. Figure 3.1, shows the three compartmental PK-PD model with 

additional effect site compartment at brain side of the human body. V1 shows the central 

compartment (intravascular blood) with rapid peripheral and slow peripheral compartment V2 

and V3 respectively. [70]. Drug infusion is provided to the primary compartment containing 

intravascular blood. The drug is distributed from primary compartment to other compartment 

exponentially. The output taken from the effect site compartment consists of brain, shows the 

cortical activity measured through BIS and scaled in terms of DoH  level [71]. In figure 3.1, 𝑢(𝑡) 

shows the drug infusion to the primary compartment consist of intravascular blood. 

The 𝑘 , 𝑘 , 𝑘 , 𝑘  shows the weighed rate constants from one compartment to other. The 

labelled states 𝑥 (𝑡),  𝑥 (𝑡),  𝑥 (𝑡) presents the amount of drug the primary, rapid peripheral and 

slow peripheral compartment. Moreover  𝑥 (𝑡)  shows the amount of drug in effect site consist 

of brain. 

 

                                             Figure 3. 1: Three compartmental  PKPD Model 

 
𝑥̇ = −(𝑘 + 𝑘 + 𝑘 )𝑥 (𝑡) + 𝑘 𝑥 (𝑡) + 𝑘 𝑥 (𝑡) + 𝑢(𝑡)                                               (3.1) 

𝑥 ̇ = 𝑘 𝑥 (𝑡) − 𝑘 𝑥 (𝑡)                                                                                                         (3.2) 
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𝑥 ̇ = 𝑘 𝑥 (𝑡) − 𝑘 𝑥 (𝑡)                                                                                                         (3.3) 

The above mentioned from (3.1-3.3) shows the amount of drug concentration in primary 

compartment, rapid peripheral compartment and slow peripheral compartment respectively. All 

these three variables including 𝑥 , 𝑥 , 𝑥  are mentioned in figure 3.1. The distribution and 

metabolism of drug amongst different compartment take place through weighted rate constants 

called (𝑘 , 𝑘 , 𝑘 , 𝑘 ) as shown in figure 3.1. While u(t) is the drug infusion to primary 

compartment measured in mg/sec.  

The laplace transform of the above equations (3.1-3.3) as stated as, 

𝑠𝑋 (𝑠) = (𝑘 + 𝑘 + 𝑘 )𝑋 (𝑠) + 𝑘 𝑋 (𝑠) + 𝑘 𝑋 (𝑠) + 𝑈(𝑠)                                       (3.4) 

𝑠𝑋 (𝑠) = 𝑘 𝑋 (𝑠) − 𝑘 𝑋 (𝑠)                                                                                                (3.5) 

𝑠𝑋 (𝑠) = 𝑘 𝑋 (𝑠) − 𝑘 𝑋 (𝑠)                                                                                                (3.6) 

The description of different clinical parameters from the figure 3.1 is given in table 3.1. Table 

3.1 also shows how to calculate all these parameters in equations (3.1-3.3). 

                                  Table 3.1: Clinical parameters with formula 

Clinical parameter Formula 

LBM Male LBM=1.1 × W − 128 ×  

Female LBM=1.07 × 𝑊 − 148 ×  

Weighted rate constants  𝑘

=
𝐶

𝑉
 

𝑘 =
𝐶

𝑉
 

𝑘

=
𝐶

𝑉
 

𝑘

=
𝐶

𝑉
 

Volume of Compartment       𝑉 = 4.27[𝑙] 
𝑉 = 18.9 − 0.391(𝐴𝑔𝑒 − 53)[𝑙] 

𝑉 = 238[𝑙] 
Clearance                 𝐶 = 1.89 + 0.0456(𝑊 − 77) − 0.0681(𝐿𝐵𝑀 − 59)

+ 0.0264(𝐻 − 177) 

𝐶 = 1.29 − 0.024(𝐴𝑔𝑒 − 53) 

𝐶 = 0.836 

By simplifying the inter compartmental parameter to simple alphabet as, 

𝑚 = 1 

𝑚 = (𝑘 + 𝑘 + 𝑘 + 𝑘 + 𝑘 ) 

𝑚 = (𝑘 𝑘 + 𝑘 𝑘 + 𝑘 𝑘 + 𝑘 𝑘 + 𝑘 𝑘 ) 
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𝑚 = 𝑘 𝑘 𝑘  

From numerator  

𝑛 = 1 

𝑛 = 𝑘 + 𝑘  

𝑛 = 𝑘 𝑘  

Finding the value of 𝑋 (𝑠)  from equation (3.5) and 𝑋 (𝑠) from equation (3.6) and putting their 

value in equation (3.1) and the simplifying the equation 3.1 as  

  the value of  𝑎 , 𝑎 , 𝑎  , 𝑎  and  𝑏 , 𝑏 , 𝑏 , 𝑏 . 

𝑋 (𝑠)

𝑈(𝑠)
=

𝑛 𝑠 + 𝑛 𝑠 + 𝑛

𝑚 𝑠 + 𝑚 𝑠 + 𝑚 𝑠 + 𝑚
                                                                                              (3.7) 

𝐷 (𝑠)  is the disposition rate constant. 

𝐷 (𝑠) =
𝑛 𝑠 + 𝑛 𝑠 + 𝑛

𝑚 𝑠 + 𝑚 𝑠 + 𝑚 𝑠 + 𝑚
                                                                                                 (3.8) 

𝐷 (𝑠)  is referred as PK model. 

3.3 Pharmacodynamic model 

PD model shows, how the drug shows impact on the hypnosis level indicates, the cortical 

activity of the brain function. Brain is the integral part of the human body show the 

consciousness level of the human body. After the infusion of anesthetics into the human body the 

cortical activity of the brain is changed and anesthesiologist focuses on the clinical sign of the 

patient [72, 73]. 

𝑥 ̇ = 𝑘 𝑥 (𝑡) − 𝑘 𝑥 (𝑡)                                                                                                                 ̇     (3.9) 

Applying Laplace transform on the following equation (3.9). 

𝑠𝑋 (𝑠) = 𝑘 𝑋 (𝑠) − 𝑘 𝑋 (𝑠)                                                                                                         (3.10)  

Considering the that 𝑘  𝑎𝑛𝑑 𝑘  𝑎𝑟𝑒  equal in value because of its negligible volume of the 

effect site compartment, so 

𝑋 (𝑠) =
𝑘

(𝑠 + 𝑘 )
× 𝑋 (𝑠)                                                                                                                  (3.11) 

As we can define the relation between 𝑋 (𝑠)  and 𝑋 (𝑠) such as in (3.12), 

𝐷 (𝑠) =
𝑋 (𝑠)

𝑋 (𝑠)
                                                                                                                                        (3.12) 
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𝐷 (𝑠) =
𝑘

(𝑠 + 𝑘 )
                                                                                                                                 (3.13) 

The whole patient model consists of  𝐷 (𝑠) 𝑎𝑛𝑑  𝐷 (𝑠)   is PK and PD model are in cascaded.  

ℎ (𝑠) = 𝐷 (𝑠) × 𝐷 (𝑠)                                                                                                                        (3.14) 

Putting the value of  𝐷 (𝑠) and 𝐷 (𝑠) in equation (3.15). 

ℎ (𝑠) =
𝑘

(𝑠 + 𝑘 )
×

𝑛 𝑠 + 𝑛 𝑠 + 𝑛

𝑚 𝑠 + 𝑚 𝑠 + 𝑚 𝑠 + 𝑚
                                                                         (3.15) 

While  𝑥 (𝑠) is the effect site concentration, it can be measure in terms of depth of hypnosis 

level, which indicates the level of unconsciousness. BIS monitor based on sigmoid model has 

scaling range from 0 to 100 and 0 shows no activity in cerebral cortex and 100 shows completely 

awake stage.  

𝐵𝐼𝑆(𝑡) = 𝐸 − 𝐸 ×
𝑥

(𝑥 + 𝐶 )
                                                                                            (3.16) 

  Table 3.2:  Sigmoid model parameters 

      Parameter  Description  

𝐸  Indicates the fully awake stage without inducing drug or hypnotic agent 

𝐸  Effect achieved using hypnotic agent 

𝐶  Half of the maximum effect  

𝛶 Steepness or slope of sigmoidal curve. 

The. sigmoid model is cascaded with three compartmental model PK and PD model during 

closed loop control of propofol anesthesia administration. 

3.4 Summary  

The chapter current focused on three compartment model including primary, rapid peripheral, 

slow peripheral compartment and additional effect site compartment representing the blood, 

muscle, fat and brain of the human body respectively. Three compartmental PK, PD model is 

applied and also derived in ‘𝑆’.  All the clinical parameters involved in modeling of the human 

body being tabulated from the latest work in literature with their units. 
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Three compartment PKPD model of human body is derived in previous chapter and its acts as 

plant in open loop control of anesthesia. The current chapter focuses on open loop administration 

of anesthesia. Open loop anesthesia infusion system has no sensory feedback mechanism to 

measure the depth of anesthesia. The anesthesiologist selects the specific amount of drug based 

on the age, height and weight of the patient and monitors the patient status continuously to focus 

on the physiological conditions. The experience of anesthesiologist play considerable role in 

manual infusion of drug delivery system. TCI is open loop control of anesthesia administration. 

Different TCI model including Schneider TCI, Marsh TCI model and remifentanil TCI model are 

analysed with their pitfall and advantages. Three compartmental model also analysed in 

simbiology MATLAB tools and simulink as well.  

4.1 Open loop control of anesthesia administration system.  

TCI is an open loop and feed forward control mechanism. The reference point is set by 

anesthesiologist and controller maintains the reference level. However such controller is not 

immune to uncertainties and has no robustness. If there is a change occurs in DoH levels, during 

skin incision, the controller has no ability to adjust them and to attain the desired level [74, 75]. 

TCI administrates the optimized level of drug dosage to the human body in open loop fashion. 

TCI pump uses algorithm, which is based on pharmacological data obtained from healthy 

volunteers. Such algorithems may be less accurate, when applied during extreme situation of 

surgery including considerable loss of blood [76]. Different control mechanisms have been used 

in literature for automation in anesthesia with considerable limitations. The Propofol 

concentrations required at different compartment is shown in table 4.1 [77]. 

Table 4. 1:  Propofol concentration level required at different compartments of the patients 

including blood and brain. 

Drug dosage  Concentration of drug  concentration of drug 

at effect 

 Target site  Effect site 

   

Loading dose  1.7 5𝑚𝑔. 𝑘𝑔  5.7 𝑚𝑔. 𝑘𝑔  

Maximum blood target 

reached  

5 𝑚𝑐𝑔. 𝑘𝑔  12 5𝑚𝑐𝑔. 𝑘𝑔  
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Total Propofol infused 

after 60 min 

23.25𝑚𝑔. 𝑘𝑔  23.3 5𝑚𝑔. 𝑘𝑔  

Time to achieve effect site 

target of 5𝑚𝑐𝑔. 𝑚𝑙  

17.5 min 45 min 

 
4.2 Conventional anesthesia system  
During surgical procedure the level of surgical stimulation can change very rapidly and it 

requires very accurate and rapid titration to measure the drug effect. The manual infusion of 

drugs cannot enhance the drugs concentration to handle the variation in hypnosis level and to 

maintain it in desired surgical procedure band. TCI system can rapidly tune the concentration of 

the drugs to desired level by incorporating PK model. It is a big challenge for clinicians to 

measure the drug effect accurately [78, 79]. 

4.2.1 Working principle of TCI 

The bolus infusion is administered typically in milligram or micrograms 𝑚𝑔/𝑘𝑔 or 𝜇𝑔/𝑘𝑔. 

However, TCI using different approaches rather than drugs administration rate. Primarily TCI 

system models the plasma drug concentration in the human body by incorporating the tissue drug 

concentration to achieve the desired drug effect. Moreover to estimate the drug concentration 

within human body computer use PK and PD model in TCI system. The TCI anesthesia infusion 

system based on multi-compartmental PK-PD model. Overall calculations are performed by 

microprocessor based system, which controls the infusion pump [78, 80]. 

4.2.2 Approved TCI system 

Primarily the TCI pumps are used by U.S military anesthesiologists, which are purchased in 

Europe. The TCI system set up by the tri-service anaesthesia research group (TARG) [80]. 

4.2.3 First generation TCI system 

Three medical equipment manufacturing companies including Graseby, Fresenius, and Alaris 

Medical Systems developed the first generation TCI system. The Diprufusor module referred as 

first generation TCI system with mathematical model being developed by the Glasgow group 

and incorporated with Marsh PK model. After the approve 25000 modules have been provided to 

medical companies. All three original companies stopped the marketing of TCI system of first 

generation from 2004 to 2013. The major reason was their usage limitation to Propofol only [81]. 
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4.2.4 Regulation and education of TCI system 

There is no strict regulation and framework defined for the usage of the TCI system. TCI devices 

deliver only drugs and agents according to the detail provided and set. Real time information 

being displayed on user interface measured in millilitre per hour and also in mass units. 

Regarding to education of TCI devices few countries introduced courses in anaesthesiology 

examination. The Royal collage of anaesthetics introduced training regarding TCI system. 

Specific topics included in the examinations as follows in table 4.2. 

Table 4. 2: Specification of TCI pumps 
 

Topic  Description  

PK  Modeling  3-comparmtental Modeling, physiological modeling  

PK parameter Volume of distribution, half life, clearance  

Drugs  Propofol, Fentanyl and Remifentanil 

TCI performances  Accuracy, applicability, cost, variations   

4.2.5 TCI model specifications  

 Which models will apply for which drugs? Model parameter applied in your product.  

 To program the pump with patient characteristics. 

 How your pump will calculate the LBM. 

 Which algorithm approach to calculate the plasma and effects site concentration. 

 Does your product validate the infusion rate [82]. 

4.2.6 Pitfall of TCI system  

The main drawback of TCI system is open loop nature. The system cannot identify the specific 

conditions of the patient to adjust the infusion profile. The TCI system adjusts the target 

concentration of the patient with assistance of prediction algorithms. Autopilot acting develops 

the closed loop nature, which is used to measure the drug effect and then adjust the drug 

infusion. The research regarding automation in anaesthesia suggests, that closed loop system is 

feasible both technically and practically [83-84].    

4.3 Pharmacokinetic of target controlled infusions 

PK model shows the relationship between dose and plasma drug concentration with respect to 

time. It is a mathematical model used to predict the blood concentration profile of drug after 
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infusion. This model is derived from venous plasma drug concentration after the infusion in 

different individuals using statistical data approaches and computer software models. In 1968, 

Kruger -Theimer derived, that how PK model can be used to design efficient regimens [86]. 

4.3.1 Effect site targeting 

The main effect of the anaesthetics is sedative and hypnotic effects and the site, where the drugs 

exert this effect is brain. Conversely this is not possible to measure the drug concentration at 

brain. However the effect can be measured using sensor monitor including BIS and neuro sense 

monitor. Patient pharmacokinetic and pharmacodynamic vary with the age, height, weight, 

cardiac output, co-existing disease, body temperature etc. The name of different model is shown 

in table 4.3 [85]. 

Table 4. 3: Types of TCI model 

S.no TCI models 

1 Marsh model used by Diprufusor. 

2 Schüttler and White-Kenny (WK) models for Propofol.  

3 Schnider model for Propofo.l  

4 Kataria and Paedfusor model in children.  

5 Minto model for Remifentanil.  

4.4 Propofol TCI models  

The most familiar model used by anesthetics are marsh model, schneider model and TCI model. 

4.4.1 Marsh Model 

Marsh model is based on diprufusor software introduced by Astra Zenca. This model need the 

age of the patient to be programmed in the pump, because the infusion drugs are the function of 

age. Alaris IVAC TIVA TCI pump used the marsh model. 

 4.4.2 Schneider Model 

Pharmacokinetic model applied for propofol infusion used in alaris asena TCI pumps. It requires 

height, weight, age of the patient as input for programming. The most vibrant feature of this 

model is to calculate the LBM of the patient and set the drugs infusion accordingly. The formula 

for male and female is different to calculate the LBM. 
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Males:  

LBM = 1.1 X weight - 128 X (weight/height)²                                                                        (4.1) 

Females:  

LBM = 1.07 X weight – 148 X (weight/height)²                                                                      (4.2) 

The  major difference between Marsh Model and the Schneider model is the size of the central 

compartment , which is 4.27 L in Schnider  and 15.9L  in marsh model.  

4.4.3 Remifentanil TCI models 

Remifentanil is opioids, which act as a pain killer. Minto model is a pharmacokinetic model used 

for Remifentanil consists of three compartments. When the surgical procedure gets started, then 

target concentration is adjusted according to the level of the surgical stimulus and other clinical 

responses [86]. 

4.5 PK and PD model in Simbiology  

PK and PD model play significance role in drug delivery system and show the relation between 

drug dosing concentrations and predicts the drug effect with respect to time. The following key 

features must be considered before designing PK model [87]. 

 Import data and visualize the time course data. 

 Estimate PK parameter and select PK model form library.  

 Create PK and PD model. 

 Estimate PK and PD model parameter. 

 Import PK and PD parameter. 

 Simulate dosing strategies. 

Figure 4.1 shows stepwise procedure to design three compartment model in simbiology 

MATLAB based tool. It shows after opening the simbiology tools in MATLAB click on the icon 

with create PK model. Then adjust the different parameter including numbers of compartment,  

drug infusion types and other reaction rates [87].The main advantage of using Simbiology model 

is investigate the drug metabolism and distribution in primary, rapid, slow and effect site 

compartment to Schneider three compartment PKPD model. Simbiology model illustrates the 

tissue study of different parameters.     
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Figure 4. 1:  Flow chart for PK, PD model in SimBiology 

The three compartmental model is shown in figure 4.2, which consists of three compartments 

including central compartment, rapid peripheral compartment, slow peripheral compartment and 

additional effect site compartment. The rate constant shown between two compartments 

represents the reaction rate. The elimination of the drug from the central compartment is also 

labelled and shown in figure 4.2.  

 

Figure 4. 2: Three compartmental model in simbiology 
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4.5.1. Plasma drug concentration  

The figure 4.3 shows the plasma drug concentration of central, rapid peripheral, slow peripheral 

compartment and effect site compartment. Initially the plasma drug concentration is maximum in 

primary compartment and exponentially increases in other compartments as the drug flow from 

it. The rate of decay of drugs within human body depends on age, height and weight of the 

individual.  

 

Figure 4. 3: Three compartmental model plasma drug concentration 

4.6 Open loop administration of anesthesia   

For three compartmental model discussed in chapter three, where the drug infusion is provided to 

the primary compartment contains intravascular blood. The drug is distributed from primary 

compartment to other compartment exponentially. The output taken from the effect site 

compartment consists of brain showing the cortical activity measured through BIS and scaled in 

terms of DoH level is shown in figure 4.4. 
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Figure 4. 4: Block diagram of PK and PD model 

4.6.1 Block diagram of open loop anesthesia infusion system    

Figure 4.5 shows the block diagram of open loop control of anesthesia infusion system with step 

input 𝑢(𝑡) cascaded with PKPD model and sigmoid model. The sigmoid model actually map the 

cortically activity of the brain on BIS from 0 to 100.  𝐸  shows the fully awake state of patient. 

 

  

 

 

 

                                             Figure 4. 5:  Open loop control of propofol anesthesia 
4.6.2 Simulation results  

The figure 4.6.a shows the open loop response or manual administration of Propofol to the 

patient. The input drug infusion is provided in pulsating form with amplitude 2  and the period 

of the pulse is 30 second and duration of the pulse is 5 seconds. The figure 4.6.b shows the 

plasma drug concentration in different compartment of the body. The primary compartment is 

𝑋 (𝑠)

𝑈(𝑠)
=

𝑘

(𝑠 + 𝑘 )
×

𝑛 𝑠 + 𝑛 𝑠 + 𝑛

𝑚 𝑠 + 𝑚 𝑠 + 𝑚 𝑠 + 𝑚
 𝐵𝐼𝑆(𝑡) = 𝐸 − 𝐸 ×

𝑥

(𝑥 + 𝐶 )
 

𝑢(𝑡)

BIS 
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intravascular blood with acts as carrier of the drug to different parts of the body including 

muscle, fats and brain of the body. Figure 4.6.c shows the hypnosis level on BIS. It is clear from 

the figure 4.6.c, that BIS value is not uniform and unable to achieve the desired level 50 required 

for general surgery in open loop configuration.   

 

Figure 4. 6: Open loop administration of anesthesia administration 
 

Figure 4.7 shows the plasma drug concentration within different organs of the body for the step 

input. The drug exponentially decay in primary compartment and flow to other compartment 

with gradual increase in their amplitude. The plasma drug concentration shows the same fashion 
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of metabolism, distribution in three compartment Schnider model and model developed in 

simbiology in figure 4.7.   

 

Figure 4. 7: Plasma drug concentrations for step input in three compartments PK, PD model 

4.7 Summary  

The present section of the thesis work has focused on the open loop control of anesthesia with 

modern tool and equipment applied in conventional anesthesia management. The conventional 

aesthesia management completely relies on experience of anesthesiologist. The open loop control 

of anesthesia infusion is being supported with TCI devices. Different generation of TCI pumps 

are reviewed from the latest research work. Open loop control of anesthesia consist of plant, 

which is PK, PD model along with infusion pump is implemented in Simbiology Matlab tools. 

The simulation results show that drug is exponentially decayed within different compartment of 

the body. The same objective is achieved through using Schnider PK and PD model without 

controller. The result obtained from both techniques are compared and analyzed in this chapter.         
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Chapter 5 

Non Linear Control of Propofol Anesthesia Administration 
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The current chapter focuses on closed loop control of anesthesia with assistance conventional 

SMC. SMC is a nonlinear control algorithm with remarkable features such as accuracy, 

robustness and easy to tune to achieve the desired performance. The first part of this chapter 

shows the simple description of SMC with sliding surface, relative degree of the system. First 

order SMC is derived and their results are discussed in terms of transient response and steady 

state response. The plasma drug concentrations and hypnosis level is analysed and investigated 

for different silico patients. The metabolism and drug distribution are varied from patient to 

patient depends on the height, weight and age of the patient.   

5.1 Sliding Mode Control 

Based on state space model SMC is applied to derive the system on the particular sliding surface. 

Once the state of the system achieves the sliding surface the SMC keeps the states on or near to 

the sliding surface. Since the first part consists of designing the sliding surface to meet the design 

specification and the second part is concerned with selection of control law that, will make the 

switching surface strict to the system states [91]. There are two main significant advantages of 

SMC including the dynamical behaviour of the system may be modified to the desired choice of 

sliding function and the second significant contribution of SMC its insensitivity to particular 

uncertainties, plant disturbances and nonlinearity that are bounded [92-93]. 

5.1.1. Simple description 

The whole description is divided into few steps, which will explain the whole procedure. 

Setp1. First consider the non linear system which is,  

�̇� = 𝑓(𝑥, 𝑡) + 𝑔(𝑥, 𝑡)𝑢                                                                                                              (5.1) 

𝑦 = 𝑑(𝑥, 𝑡)                                                                                                                                 (5.2) 

Where 𝑦 and 𝑢 shows the output and input variable respectively and 𝑥 represents the state vector. 

The objective of the controller is force 𝑦 to track the 𝑦  by reducing the tracking error which is 

𝑒 = 𝑦 − 𝑦 .  SMC comprises two steps to force  𝑦 to track  𝑦 . 

Step 2. Choosing sliding surface  
 
Sliding surface depend on tracking error 𝑒 together with certain number of its derivative. The 

most common way for selecting sliding manifold is the linear combination of the following type. 

𝜎 = �̇� + 𝑐 𝑒             (5.3) 

𝜎 = �̈� + 𝑐  �̇� + 𝑐 𝑒                                                                                                                   (5.4) 
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𝜎 = 𝑒 + ∑ 𝐶 𝑒( )                                                                                                               (5.5) 

The number of derivative, 𝑘 = 𝑟 − 1, where 𝑟 is the relative degree of the system (5.5). The 

most common method to choose the sliding surface can be expressed as given in equation (5.6). 

𝜎 = + 𝑙 × 𝑒                                                                                                                    (5.6) 

For k=1, 

 𝜎 = �̇� + 𝑙𝑒                                                                                                                                 (5.7) 

For k=2,  

𝜎 = �̈� + 2𝑙𝑒 +̇ 𝑙 𝑒                                                                                                                     (5.8) 

The value of the positive parameter 𝑙 is arbitrary and defines the unique pole of resulting reduced 

dynamics of the system during sliding phase. The value of 𝑘 depends on the relative degree of 

the system. 

Step 03. The second phase enables the system trajectories onto sliding manifold. The controller 

is able to steer the variable 𝜎 to zero in finite domain. 

Example: First order SMC 

The control is discontinuous across the sliding manifold 𝜎 = 0, 

𝑢 = −𝐾𝑠𝑖𝑔𝑛(𝜎)                                                                                                                      (5.9) 

While 𝑢 =
−𝐾, 𝜎 > 0,
𝐾, 𝜎 < 0  

, 𝐾  is a large positive constant. The sliding surface for the twisting 

discontinuous SMC is shown in figure 5.1 [94]. 

            

 

 

 

                     Figure 5. 1: Sliding Surface shows the reaching and sliding phase  

t 
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In order to overcome the chattering phenomena the discontinuous function “sign” is replaced by 

continuous smooth approximation, which can be expressed as given in equation (5.10).  

𝑢 = −𝑈sat(𝜎; 𝜀) = −𝑈(
| |

),     for 𝜎 > 0                                                                       (5.1) 

This approach is useful only, when there is no hard uncertainties and the control action can be 

steers to zero in the sliding model as shown in figure 5.2  [94]. 

 

 
 
 
 
 
 
 
                                                     Figure 5. 2 Smooth approximation of SMC 

5.2 First order SMC design 

Figure 5.3 shows the closed loop system with plant model and controller part in cascaded 

manner. Patient model consist of PK and PD model and it is linked with sigmoid model in 

cascade, which scale the output on the BIS. The output taken from BIS is feedback to the 

controller. 𝐵𝐼𝑆  is the reference level for which the controller is set. The overall objective of 

the controller is to minimize the steady state error in term of hypnosis level scaled on BIS. 

 

Figure 5. 3: Block diagram of overall closed-loop system 

In figure 5.3 the control mechanism is based on SMC, which is the most effective and robust 

𝜎 

𝑢 𝑢sign 
𝜎)

-u 
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control algorithm applied for highly non linear systems working in uncertain environment. SMC 

consist of sliding surface typically linear hyper-surface. The states of the system will be derive to 

sliding surface from initial state referred as reaching phase [95]. The state of the system is further 

maintained on the sliding manifold in sliding phase. The most vital advantage of the SMC is its 

low sensitivity to the plant uncertainties and disturbances [96].  

To design the SMC, sliding surface is defined as, 

𝜎 = 𝑎 𝑥 + 𝑎 𝑥 + 𝑎 𝑥 + 𝑎 𝑥  (5.11) 

 Taking derivative of the sliding surface in equation (5.11), 

�̇� = 𝑎 �̇� + 𝑎 �̇� + 𝑎 �̇� + 𝑎 �̇�  (5.12) 

While 𝑎 , 𝑎 , 𝑎  and 𝑎  shows the tuning parameter of the controller. With 𝑎 = 1, numerical 

values of other parameters can be chosen in a way that 𝜎 becomes Hurwitz monic polynomial.  

�̇� = 𝑎 [(−𝑘 − 𝑘 − 𝑘 )𝑥 (𝑡) + 𝑘 𝑥 (𝑡) + 𝑘 𝑥 (𝑡) + 𝑢(𝑡)]

+ 𝑎 [𝑘 𝑥 (𝑡) − 𝑘 𝑥 (𝑡)] + 𝑎 [𝑘 𝑥 (𝑡) − 𝑘 𝑥 (𝑡)]   

+ 𝑎 [𝑘 𝑥 (𝑡) − 𝑘 𝑥 (𝑡)]  

(5.13) 

The overall controller design (𝑢) based on equivalent control (𝑢 ) and discontinuous control 

(𝑢 ) is given by, 

𝑢 = 𝑢 + 𝑢  (5.14) 

𝑢  reflects the system dynamics to the sliding manifold, which depends on the system states  

and state parameters and it forces  the derivative of sliding surface to zero, computed by putting   

�̇� = 0,  along the system dynamics in equation (5.13). Thus,   

𝑢 = −[(−𝑘 − 𝑘 − 𝑘 )𝑥 (𝑡) + 𝑘 𝑥 (𝑡) + 𝑘 𝑥 (𝑡)]

− 𝑎 [𝑘 𝑥 (𝑡) − 𝑘 𝑥 (𝑡)] − 𝑎 [𝑘 𝑥 (𝑡) − 𝑘 𝑥 (𝑡)]

− 𝑎 [𝑘 𝑥 (𝑡) − 𝑘 𝑥 (𝑡)] 

(5.15) 

𝑢 = −𝑘𝑠𝑖𝑔𝑛(𝜎) (5.16) 

Where 𝑘 ∈ 𝑅  is the discontinuity gain matrix. Mathematically, 

𝑠𝑖𝑔𝑛 (𝜎) =
1        𝑓𝑜𝑟         𝜎 > 0

−1             𝑓𝑜𝑟     𝜎 < 0
   (5.17) 

To investigate and characterize the performance of the designed controller, clinical data 

including characteristic variables of eight patients is presented in table 5.1 [11]. 

     Table  5. 1: Clinical data set showing patient’s attributes including age, height and weight. 
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Patient Age 
Years 

Height  
Cm 

Weight  
Kg 

Gender 𝐶  𝐸  𝐸  𝛾 

1 40 163 54 F 6.33 98.80 94.10 2.24 
2 36 163 50 F 6.76 98.60 86.00 4.29 
3 34 172 58 F 4.95 96.20 90.80 1.84 
4 28 164 60 M 4.93 94.70 85.30 2.46 
5 37 187 75 M 8.02 92.00 104.00 2.10 
6 42 179 78 M 4.82 91.80 77.90 1.85 
7 38 174 80 F 6.56 95.50 76.40 4.12 
8 43 163 59 F 12.10 90.20 147.00 2.42 

Based on the patient’s attributes, clinical parameters computed using Schneider three 

compartmental model for propofol are given in table 5.3. 

                               Table 5. 2: Clinical parameters with formulas 

Clinical parameter Formula 

LBM 
Male LBM=1.1 × W − 128 ×  

Female LBM=1.07 × 𝑊 − 148 ×  

Weighted rate constants  𝑘

=
𝐶

𝑉
 

𝑘 =
𝐶

𝑉
 

𝑘

=
𝐶

𝑉
 

𝑘

=
𝐶

𝑉
 

Volume of Compartment       𝑉 = 4.27[𝑙] 
𝑉 = 18.9 − 0.391(𝐴𝑔𝑒 − 53)[𝑙] 

𝑉 = 238[𝑙] 
Clearance                 𝐶 = 1.89 + 0.0456(𝑊 − 77) − 0.0681(𝐿𝐵𝑀 − 59)

+ 0.0264(𝐻 − 177) 
𝐶 = 1.29 − 0.024(𝐴𝑔𝑒 − 53) 

𝐶 = 0.836 

 
5.2.1 Results and Discussion 

The figure 5.4 shows the response of the silico patient without employing the controller. Figure 

5.4a shows the input drug infusion to patient 1. The drug metabolized in the primary 

compartment is appearing in oscillating fashion due to pulsating drug infusion is shown in figure 

5.4b. The figure 5.4c shows the output profile, BIS for patient 1, which are deviates from the 

desired hypnosis level (40-60). Open loop or manual administration of drug is totally relying on 

the experience of anaesthesiologist.  
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Figure 5. 4: Open loop administration of anesthetic agent in patient 1  

 

The figure 5.5 shows the response of the patient to the drug infusion in closed loop fashion, 

when robust control scheme is placed in cascaded to the patient model. The figure 5.5a shows 

plasma drug concentration in different compartments of the body of patient 1 and patient 6. 

Moreover, figure 5.5b shows the hypnosis level and drug infusion level of patient 1 and patient 

6. Initially, the concentration of drug is maximum in the primary compartment, but after 

distribution of the drug from the primary compartment to the rapid peripheral compartment, its 

level decays in primary compartment exponentially and increases slowly in rapid and slow 

peripheral compartments. The hypnosis level shown in figure 5.5b clearly demonstrate, that it 

achieves the desired reference level in nearly 100 seconds in induction phase of anesthesia and 

then maintained the reference level in maintenance phase of anesthesia, which is the surgical 

procedure band. The figure 5.5b shows that patient 6 needs greater amount of drug infusion as 

compared to patient 1 due to difference in their weight, which is 78 kg for patient 6 and 64 kg for 

patient 1.The hypnotic level in patient 6 being deeper as compared to patient 1.   
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                                                                      (a) 

 

                                       (b)                                       

 
 

Figure 5. 5: (a) Plasma drug concentration (b) Hypnosis level and input drug infusion 
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The figure 5.6 shows the hypnosis level on BIS in form of DoH for all 8 patients. The whole 

response is divided into two sections including induction phase and maintenance phase. The 

depth of hypnosis is scaled between 100 fully awake state and 0 fully dead state. The steady state 

error is observed for all patients. The reference level required for general surgery is 50 on BIS 

level as compared to the achieved level with 10% steady state error. The induction phase of 

anesthesia administration is the transient phase where patient shift from awake state to hypnotic 

state. The results achieved in figure 5.4, 5.5 can be further improved with assistance of super 

twisting algorithems. Moreover the results achieved in form plasma drug in all compartments, 

drug infusion and hypnosis level on BIS is figure 5.5 is quite better as compared to the open loop 

control of drug infusion as discussed in figure 5.4.      

Figure 5. 6: Simulation results for BIS value for various patients 

The figure 5.7 provides the different rate of propofol infusion corresponding to different patient. 

Initially the controller permits the large amount of drug infusion to bring the patient to 

unconsciousness level in induction phase of anaesthesia.  Once, the desired level is attained 

controller maintains the specific rate of drug infusion. 
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Figure 5. 7: Propofol infusion rate for various patients 

5.3 Summary  

Chapter 5 consists of basic concept of SMC considering the different twisting algorithms. 

Controller is designed for patient model and discussed with simulation results in terms of drug 

infusion, plasma drug concentration and hypnosis level regulation for different patients. The 

hypnosis level achieved for different patient is investigated during induction, maintenance and 

emergence phase of anaesthesia.  
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6.1 Introduction 

SMC is one the most effective control technique to design robust controller for higher order 

nonlinear system in uncertain environments. The main functionality of SMC is moving the state 

trajectory of a plant towards user defined surface. The major benefits of SMC are low sensitivity 

to plant disturbances and uncertainties [95, 96]. Propofol is an intravenously administered 

anesthetic agent that is commonly used for induction and maintenance of anaesthesia. SMC 

controller is designed based on a set of state equations derived from PK and PD models, which 

describes different behaviours and responses of the patient to Propofol infusion. Induction and 

maintenance of anaesthesia in feedback control system depends on the 𝑾𝑨𝑽𝑪𝑵𝑺.  Initially the 

high order sliding mode control(HOSMC) is used for insulin infusion and glucose monitoring in 

diabetic type 1 patients. The major advantage of HOSMC is its less sensitivity towards patient 

parameters. Second advantage of HOSMC is its robustness as compared to other control 

techniques such as predicative control, in the presence of bleeding, which is a surgical stimulus 

during a surgical procedure [97]. The current chapter focuses on types of HOSMC with different 

twisting algorithems. The control law for STSMC is investigated in detail and applied for 

proposed model. The short coming observed in chapter 5 being addressed based on STSMC. The 

analytical analysis of STSMC is performed and investigated based on lypnove candidate 

function. The compensation of interpatient variability dynamics for different silico patient is 

obtained and investigated based on variance and standard deviation of those parameter including 

height, weight and age of the patients.  

6.2 Types of HOSMC 

HOSMC was initially introduced by Levant in 1993 to overcome the chattering phenomena. 

There are several schemes to realize the HOSMC. The second order SMC is applied to zero the 

output with relative degree two. Second order SMC can be applied with terminal SMC, twisting 

and super twisting algorithm. The sliding surface being forced by twisting algorithm to the 

sliding set. The super twisting algorithm does not need �̇� , but the sliding variable has the relative 

degree 1. STSMC is more preferable as compared to classical SMC to address the chattering 

phenomena [98, 99]. 

6.2.1 Twisting algorithm  
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To investigate the behaviour of the twisting controller assuming a simple example consist of 

differential equation. 

𝑥(𝑡)̈ = 𝑎(𝑡) + 𝑏(𝑡)                                                                                                                    (6.1) 

While 𝑎 𝑎𝑛𝑑 𝑏 are unknown parameters and the goal of the controller to make the system 

stabilize at the origin. Defining the sliding surface such as,  

𝛼 = 𝑥 + �̇� 𝑎𝑛𝑑  𝑢 = −3𝑠𝑖𝑔𝑛(𝛼)  (𝑡𝑤𝑖𝑠𝑡𝑖𝑛𝑔 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟)                                                       (6.2) 

By taking the derivative of the sliding surface in equation (6.2). 

�̇� = �̇� + �̈�                                                                                                                                   (6.3) 

�̇� = �̇� + 𝑎(𝑡) + 𝑏(𝑡),                                                                                                                 (6.4) 

�̇� = �̇� + 𝑎(𝑡) − 3𝑏(𝑡)𝑠𝑖𝑔𝑛(𝛼) ) where the |�̇�| < 1,  �̇� 𝑎(𝑡) < 1,  and 𝑎(𝑡)  vanish in finite time 

[99]. 

6.2.2 Super-twisting Controller  

 Now considering the following single input single output nonlinear system such as, 

�̇� = 𝑓(𝑡, 𝛼) + 𝑢                                                                                                                          (6.5) 

Where 𝑓(𝑡, 𝛼) is globally bounded for the some constant. Therefore to eliminate the chattering 

and perturbation the super twisting sliding mode controller is given by, 

𝑢 = −𝑘 |𝛼|𝑠𝑖𝑔𝑛(𝑎) + 𝑣                                                                                                         (6.6) 

�̇� = −𝑘 𝑠𝑖𝑔𝑛(𝛼)                                                                                                                        (6.7)                                                                                                                          

The equation (6.5) can be written as by putting the value of controller from (6.6).   

�̇� = 𝑓(𝑡, 𝛼) − 𝑘 |𝛼|𝑠𝑖𝑔𝑛(𝑎) + 𝑣                  (6.8  

�̇� = −𝑘 𝑠𝑖𝑔𝑛(𝛼)  [100].                                                                                                            (6.9) 

6.2.3 Relative degree  

Relative degree is equal to the no of derivative required to appear the input in output state 

equation. For a non linear system, there will be state dependent relative degree. Considering the 

state equations of ball and beam system for finding relative degree. 

Example of ball and beam, 

𝑥̇ = −2𝑥 + 𝑥 + 𝑢             (6.10) 

�̇� = −𝑥             (6.11) 

𝑦 = 𝑥             (6.12) 

By taking the derive of the output state equation (6.12) such as 
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�̇� = 𝑥 ̇                                     (6.13) 

By putting the value of 𝑥̇  in output state equation (6.13). 

�̇� = −2𝑥 + 𝑥 + 𝑢                                                                      (6.14) 

The relative degree of the above system is one. 

6.3 Integral sliding mode control  

The nonlinear ISMC consists of nonlinear sliding surface with desired properties, such 

robustness to external disturbances. The ISMC delivered better transient response and minimum 

steady state error in the presence of disturbances, which is proved by lyapnove stability theorem 

and LaSalle Invariance theorem [101].     

Example: consider the non linear system defined by three state equations. 

𝑥̇ = 𝑥                                                                                                                            (6.15) 

�̇� = 𝑓(𝑥, 𝑡) + 𝑢(𝑡) + 𝑔(𝑡)                  (6.16) 

  𝑦 = 𝑥 ,                                                                                                                                    (6.17) 

Where 𝑥 ,  𝑥  is the states variable and  𝑢(𝑡) is the input, while 𝑔(𝑡) is the external disturbance.  

Now defining the tracking error for the given system 𝑒 = 𝑦 − 𝑦 . 

In case of perturbation and uncertainty stabilizations the system in finite time is not achievable. 

Moreover it is obligatory to develop the discontinuous control law to handle the uncertainty. 

The traditional SMC surface can be defined as, 

�̇� = 𝑐𝑒 + �̇�                                                                                                                               (6.18) 

But to reduce the steady state error ISMC can be used. 

�̇� = 𝑐𝑒 + �̇� + 𝑐 ∫ 𝑒 𝑑𝑡,    While 𝑐  is strictly positive constant.                                            (6.19) 

By taking the derivative of the above equation �̇� the input can be appear in the above equation. 

6.4 Control law design 

In this section a STSMC has been designed to maintain a desired BIS level. The design is 

carryout out with and without surgical stimulus consists of skin incision, surgical diathermy and 

laryngoscopy. The advantages of using the STSMC are the improve performance and chattering 

reduction as compared to the conventional SMC. Moreover, the STSMC retains the inherent 

robustness properties of SMC.  

In order to achieve the required performance, following sliding surface is selected as, [101].  

𝜎 = �̇� + 𝑛 𝑒                                                                                                                             (6.20)    
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𝑒 = 𝐵𝐼𝑆 − 𝐵𝐼𝑆 ,                                                                                                               (6.21) 

where BIS = 50 is the desired hypnosis level required for general surgery and 𝑛 ∈ ℜ  is a 

design parameter. 

The dynamics of the system under the ideal sliding mode (𝜎 = 0) is governed by 

𝜎 = �̇� + 𝑛 𝑒 = 0                                                                                                                      (6.22) 

The above result implies that 𝑒(𝑡) asymptotically converges to zero as, 

𝑒(𝑡) = 𝑒(0)𝑒                                                                                                                      (6.23) 

The control law is designed by taking the time derivative of equation (6.20), 

�̇� = �̈� + 𝑛 �̇�                                                                                                                             (6.24) 

Now by taking the derivative of the equation (6.21), 

�̇� = 0 − 𝐸 × (
( )

( ( ) )
)                                                                                               (6.25)    

For simplification assume that  𝐾 =  𝐶 ,                   

�̇� = 𝐸  𝑑 𝑑̇ /(𝐾 + 𝑑 ) − (
 ̇

( )
)                                                                         (6.26) 

Now taking the second derivative of the error function in (6.26),  

�̈� = 𝐸  𝑑 𝑑 (𝑢)̈ /(𝐾 + 𝑑 ) − 2 × 𝐸  𝑑 𝑑 ̇ /(𝐾 + 𝑑 ) +        

(2 × 𝐸  𝛾𝑑 𝑑 ̇ )/(𝐾 + 𝑑 ) −
 ( )̈

− (𝛾 − 1) × (
 

̇

)           (6.27)                                          

To ensure, finite time convergence of sliding mode, a super twisting-based reachability law is 

selected, which is given by 

�̇�   = −𝑘 |𝜎| 𝑠𝑖𝑔𝑛(𝜎) − 𝑘 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏                                                                               (6.28) 

Where 𝑘 , 𝑘 ∈ ℜ controller gains, 

𝑘 ≥
4𝜙𝜓 (𝑘 + 𝜙)

𝜓 𝜓 (𝑘 − 𝜙)
 

𝑘 ≥
𝜙

𝜓
 

The bounds of the gain parameter of sliding surface 𝜙, 𝜓are |𝜙| ≤ 𝜙 and 0 ≤ 𝜓 ≤ 𝜓(𝜎, 𝑡) ≤

𝜓  respectively with 𝜙, 𝜓, 𝜓 , 𝜓 𝜖ℜ  [101]. 

Comparing the value of �̇� from equation (6.24) and equation (6.28) to find 𝑢. 
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−𝑘 |𝜎| 𝑠𝑖𝑔𝑛(𝜎) − 𝑘 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏 = [𝐸  𝑑 𝑑̈ (𝑢)/(𝐾 + 𝑑 ) − 2 × 𝐸  𝑑 𝑑 ̇ /(𝐾 +

𝑑 ) + (2 × 𝐸  𝛾𝑑 𝑑 ̇ )/(𝐾 + 𝑑 )   

−
 ( )̈

− (𝛾 − 1) ×
 

̇

]+ 𝑘 �̇�                                                         (6.29) 

𝑢 = [ 2 × 𝐸   𝑑 𝑑 ̇ /(𝐾 + 𝑑 ) − (2 × 𝐸  𝛾𝑑 𝑑 ̇ )/(𝐾 + 𝑑 ) + (𝛾 − 1) ×

 
̇

— 𝑘 �̇�] ×
( )

 ×( ( ) )× . ̇ .
+ ((𝑘 + 𝑘 + 𝑘 )𝑑 −

𝑘 𝑑 − 𝑘 𝑑 ) +[−𝑘 |𝜎| 𝑠𝑖𝑔𝑛(𝜎) − 𝑘 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏]                                                        (6.30)                                    

6.4.1. Existence of Sliding Mode 

In order to prove the existence of sliding mode control following lyapunov function is selected as 

𝑣 = 𝜎                                                                                                                                     (6.31) 

Taking derivative of the following function in equation (6.31). 

�̇� = 𝜎𝜎 ̇                                                                                                                                      (6.32) 

�̇� = −𝑘 |𝜎| 𝑠𝑖𝑔𝑛(𝜎) − 𝑘 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏)                                                                               (6.33) 

Putting the value of  �̇̇� in the above equation (6.32). 

�̇� = 𝜎(−𝑘 |𝜎| 𝑠𝑖𝑔𝑛(𝜎) − 𝑘 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏)                                                                           (6.34)         

�̇� = −𝑘 𝜎|𝜎| 𝑠𝑖𝑔𝑛(𝜎) − 𝑘 𝜎 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏                                                                            (6.35) 

�̇� = −𝑘 |𝜎| × |𝜎| − 𝑘 𝜎 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏                                                                                  (6.36) 

�̇� = −𝑘 |𝜎| − 𝑘 𝜎 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏                                                                                            (6.37) 

The system will be stable if 𝑘 ,  𝑘 >0. 

The overall closed loop system represented by block diagram is shown in figure 6.1. The 

controller adjusts the hypnosis level on BIS monitor by changing the drug infusion level. The 

BIS signal acts as feedback signal represented in figure 6.1 with an arrow head. The patient acts 

as a plant with electrode on their skull is the sensor measuring the cortical activity of the brain.  
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Figure 6. 1: Overall closed loop system for anesthesia drug infusion 

6.5 Results and discussion 

6.5.1 Inter -patient variability Compensation with conventional SMC 

Table 6.1, shows the clinical parameter of 4 silico patients [11]. All the four patients having 

different attributes including age, height, weight and gender. The controller performance is 

monitored and observed for all four patients. For all the above patient the controller parameter 

are nominal considering the patient 1 and  plant parameters are changing from patient to patient 

to ensure the interpatient variability compensation. 

Table 6.1: Clinical dataset showing patient’s attributes 
 

Patient Age 

Years 

Height  

Cm 

Weight  

Kg 

Gender 𝐶  𝐸  𝐸  𝛾 

1 40 163 54 F 6.33 98.80 94.10 2.24 

2 36 163 50 F 6.76 98.60 86.00 4.29 

3 34 172 58 F 4.95 96.20 90.80 1.84 

4 28 164 60 M 4.93 94.70 85.30 2.46 

 

The table 6.2 shows the interpatient varability analysis of the different patients considering the 

variance and standard deviation. The variance, standard deviation are computed considering the 

different variable like age, height and weight of the patients.The desired hypnosis level defined 

by clinical professional is  50  achieved based on conventional SMC and STSMC in figure 6.4, 

figure 6.7  compensates the interpatient variability. The standard deviation are 𝜎 = 4.5, 3.84, 
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3.77 in term age, weight, height of the patient repectively for different patients. The controller 

parameter are considered as nominal, which are not changing from patient to patient. 

Table 6. 2: Parameter analysis based on variance and standard deviation 
 
Patient Age 

Years 
𝝁 =

∑ 𝒂(𝒊)𝟒
𝒊 𝟎

𝑵
 

Variance  

𝝈𝟐 =
∑(𝒂(𝒊) − 𝝁)𝟐

𝑵
 

Standard deviation 

√𝝈𝟐 = 𝝈 

1 40 34.5 

 

20.33 4.5 

2 36 

3 34 

4 28 

Patient  Weight  
𝜇 =

∑ 𝑤(𝑖)

𝑁
 

Variance  

𝜎 =
∑(𝑤(𝑖) − 𝜇)

𝑁
 

Standard deviation 

√𝜎 = 𝜎 

1 54 55.5 14.75 3.84 

2 50 

3 58 

4 60 

Patient  Height  
𝜇 =

∑ ℎ(𝑖)

𝑁
 

Variance  

𝜎 =
∑(ℎ(𝑖) − 𝜇)

𝑁
 

Standard deviation 

𝜎 = 𝜎 

1 163 165.5 14.25 

 

3.77 

2 163 

3 172 

4 164 

Figure 6.2, presents the drug distribution  and metabolism in different compartment of the human 

body after infusion. Primarily drug is administered into the intravascular blood, where it is 

exponentially decays into other parts of the body including muscles, bones and brain. As the 

drug decays in primary compartment of the body, it steadliy rises in rapid and slow peripheral 

compartments. Oscillating behaviour is observed due to drug infusion in varying degree to 

achieve the referecne level of hypnosis. 
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Figure 6. 2: Plasma drug concentration in different compartment of the body 

Figure 6.3, shows the controller drug infusion level. The conventional SMC is applied to achieve 

the desired performances. Controller shows the transient response up to 80 seconds and after 

achieving the desired hypnosis levels a steady state response is initialized. The oscillatory 

behaviour is observed in steady state shows the controller to handle the chattering and variation 

in hypnosis level. Moreover, variations are observed due the difference in age, height and weight 

of all four patients. The patient 4 is comparatively younger to the above three patients in table 

6.1 and shows rapid metabolism. 
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Figure 6. 3: Drug infusion to the human body in three compartmental model 

Figure 6.4, shows the hypnosis level on BIS of all four patients. Hypnosis level divided into two 

phases including induction phase and maintenance phase. The induction phase achieved the 

reference level of hypnosis proposed by clinical professional 50 on BIS in nearly 80 as compared 

to actual surgical procedure shown in figure 7.4 is 90  seconds and then maintenance phases is 

initialized. The duration of induction phase is start from 60 seconds to120 seconds depends on 

the type of the surgery and physiological condition of the patient. As the duration of induction 

being shortened there is chance of variation in hypnosis level on BIS.  
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 All four patients achieved desired hypnosis level ensuring inter-patient variability handling of 

controller. As patient 4 is younger than other three individuals, therefore it rapidly tune to 

desired hypnosis without showing oscillation from the reference value. 

 

                                                    Figure 6. 4: Depth of hypnosis shows the cortical on BIS 

6.5.2 Inter –Patient variability Compensation with STSMC 

 Figure 6.5, shows the plasma drug concentration for the first two patients in different organ of 

the body. As the drug exponentially decays in primary compartment of the body directs the 

increment of drug in other three compartments. The drug elimination and metabolism are 

smoothly occurring in STSMC reducing the sharp oscillating behaviour of drug distribution 

observed in conventional SMC.   
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Figure 6. 5: Plasma drug concentration 
 
Figure 6.6, shows the drug infusion in all four patients with application of STSMC. The infusion 

level is classified into two sections including induction phase and maintenance phase. The 

induction phase is completed in nearly 30 seconds followed by the maintenance phase. The most 

intersecting feature of STSMC as compared conventional SMC is smooth fluctuation in drug 

infusion. The oscillatory behaviour is observed for all four patients compensate the chattering in 

hypnosis level to ensure the robust performance.  
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Figure 6. 6: Drug infusion 

Figure 6.7, presents the hypnosis level on BIS scale marked from 0 to 100. It is observed that 

STSMC have fast transient response that reduces it to 32 seconds as compared to 80 seconds 

observed in conventional SMC in (Figure 6.4). The disadvantage of the rapid induction leads to 

oscillation in hypnosis level and especially deviation is observed for patient 4. Such deviation 

beyond the acceptable level which is 40 to 60 on BIS scale is intolerable to clinical professional. 

Moreover, in present case the deviation is nearly 5% from the reference value (50) proposed by 

clinical professional ensuring inter-patient variability compensation in induction as well as in 

maintenance phases. The advantage of fast transient response can applied, where the clinical 

professional focusing to promptly shift the patient from awake to hypnotic state. It clarifies that 

by using STSMC the desired level of induction time can be achieved with little effect on the 

hypnotic on BIS monitor. Moreover in the applied control algorithems the parameters of 

controller are kept nominal for different patient to ensure the compensation of interpatient 

variability dynamics.    

0 50 100 150 200 250
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 

 

X: 31.64
Y: 0.2136

Time (seconds)

D
ru

g 
In

fu
si

on
 (m

g/
se

c)
Patient 1
Patient 2
Patient 3
Patient 4

Maintenance  PhaseInduction Phase



69 

 

 

Figure 6. 7: Depth of hypnosis on BIS 

6.6 Integral super-twisting sliding mode control design 

ISTSMC is consists of nonlinear sliding surface with desired properties, such robustness to 

external disturbances including input and output disturbance.  

In order to achieve the desired performance, the sliding surface is selected as, [101].  

𝜎 = �̇� + 𝑛 𝑒 + 𝑛 ∫ 𝑒 𝑑𝑡                                                                                                          (6.38) 

𝑒 = 𝐵𝐼𝑆 − 𝐵𝐼𝑆                                                                                                                 (6.39) 

Where, BIS = 50 is the require output for general surgery and 𝑛 ∈ ℜ  is a design 

parameter. 

The dynamics of the patient model under the ideal sliding mode(𝜎 = 0) can be chosen as, 

𝜎 = �̇� + 𝑛 𝑒+𝑛 ∫ 𝑒 𝑑𝑡 = 0                                                                                                   (6.40) 

The above result implies that 𝑒(𝑡) asymptotically converges to zero as, 

𝑒(𝑡) = 𝑒(0)𝑡𝑒                                                                                                                    (6.41) 

The control law is designed by taking the derivative of sliding manifold in equation (6.38), 

�̇� = �̈� + 𝑛 �̇� + 𝑛  𝑒                                                                                                                 (6.42) 

�̇� = 0 − 𝐸 × (
( )

( ( ) )
)                                                                                               (6.43)                                  
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�̈� = 𝐸  𝑥 𝑥 (𝑢)̈ /(𝐾 + 𝑥 ) − 2 × 𝐸  𝑥 𝑥 ̇ /(𝐾 + 𝑥 ) + (2 × 𝐸  𝛾𝑥 𝑥 ̇ )/(𝐾 +

𝑥4)2−𝐸𝑚𝑎𝑥 𝛾𝑥4𝛾−1𝑥4(𝑢)𝐾+𝑥4−𝛾−1×(𝐸𝑚𝑎𝑥 𝛾𝑥4𝛾−2𝑥42𝐾+𝑥4)                                                       

(6.44)                                                                    
Where is assumed as,  𝐾 =  𝐶 , 

Finite time convergence can be obtained by considering reachability law as,    

�̇�   = −𝑘 |𝜎| 𝑠𝑖𝑔𝑛(𝜎) − 𝑘 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏                                                                               (6.45) 

Where 𝑘 , 𝑘 ∈ ℜ    indicates the controller gain, 

Comparing the value of �̇� from equation (6.42) and equation (6.45) to find the 𝑢. 

−𝑘 |𝜎| 𝑠𝑖𝑔𝑛(𝜎) − 𝑘 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏 = [𝐸  𝑥 𝑥 ̈ (𝑢)/(𝐾 + 𝑥 ) − 2 × 𝐸  𝑥 𝑥 ̇ /(𝐾 +

𝑥 ) + (2 × 𝐸  𝛾𝑥 𝑥 ̇ )/(𝐾 + 𝑥 )   

−  ( )̈
− (𝛾 − 1) ×  

̇
]+ 𝑥 �̇� + 𝑥 𝑒                                                (6.46)          

𝑢 =

[ 2 × 𝐸   𝑥 𝑥 ̇ /(𝐾 + 𝑥 ) − (2 × 𝐸  𝛾𝑥 𝑥 ̇ )/(𝐾 + 𝑥 ) + (𝛾 − 1) ×

 
̇

— 𝑛 �̇� − 𝑛 𝑒] ×
( )

 ×( ( ) )×( . ̇ . )
+ ((𝑘 + 𝑘 +

𝑘 )𝑥 − 𝑘 𝑥 − 𝑘 𝑥 ) +[−𝑘 |𝜎| 𝑠𝑖𝑔𝑛(𝜎) − 𝑘 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏]                                       (6.47) 

6.6.1   Results and simulations   

The figure 6.8 shows the plasma drug concentration for the first two patients based on ISTSMC. 

Initially the drug concentration is maximum in primary compartment in induction phase of 

anesthesia. The drug flow from the primary compartment to rapid and slow peripheral 

compartment in maintenance phase of anesthesia.           
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Figure 6. 8: Plasma drug concentration based on ISTSMC 

The figure 6.9 shows the drug infusion level for all four patients based on ISTSMC. As patient 

four has greater weight as compared to other three patients need grater amount of drug infusion 

to bring the patient to the desired hypnotic level. The controller provides the drug infusion in 

continuous fashion as compared to conventional SMC. 

 
Figure 6. 9: Drug infusion based on ISTSMC 
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The figure 6.10 shows the hypnosis level required for general surgical procedure. The complete 

response of hypnosis on BIS divided into two phases including induction phase and maintenance 

phase. The convergence time of ISTSMC is smaller as compared to STSMC. The major 

limitations of observer in figure 6.10 is undershoot which reflect the hypnotic state to deeply 

sedate state. 

Figure 6. 10: BIS based on ISTSMC 

6.7 Observer design for STSMC based hypnotic level regulation in Propofol               
anesthesia administration 

The main objective of the observer design is state estimation, because some states of the linear 

and linear system cannot be measured with assistance of sensors. The input of the observer is the 

non measurable states and the output of the observer is consists of estimated states and estimated 

output. The observer is expected to produce estimate  𝒙(𝒕) of  𝒙(𝒕) [102]. For applied three 

compartmental PKPD model the state of the plasma drug concentration cannot be measured with 

any sensors. Therefore to estimate the states of the applied system the design of observer is quite 

significant.  

The expression for state space representation of system is stated in equation (6.48) as,  
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𝑥 =̇ 𝐴𝑥 + 𝐵𝑢  

𝑦 = 𝐶𝑥                                              (6.48) 

Estimated states of the observer 

�̇� = 𝐴𝑥 + 𝐵𝑢 + 𝐿(𝑦 − 𝐶𝑥) 

𝑦 = 𝑐𝑥                                                                                                                                      (6.49) 

The first part of luenburger observer  𝐴𝑥 + 𝐵𝑢 is the replica of the plant dynamics and  𝐿(𝑦 −

𝐶𝑥) correct the future estimates of the states based on the present estimation errors. 𝐿 is the 

weigh between the actual states and estimated states. 𝐿 can be find through mathematical 

computation or based on MALAB commands. 

�̇� = 𝐴𝑥 + 𝐵𝑢 + 𝐿(𝑦 − 𝐶𝑥) 

�̇� = 𝐴𝑥 + 𝐵𝑢 + 𝐿𝑦 − 𝐿𝐶𝑥 

�̇� = 𝑥(𝐴 − 𝐿𝐶) + 𝐵𝑢 + 𝐿𝐶                                                                                                      (6.50) 

The error function is defined as,  

𝑒 = 𝑥 − 𝑥 

By taking derivative of the above error function𝑒, 

�̇� = �̇� − �̇� 

Now putting the value of  �̇� and �̇�  in error function  

�̇� = (𝐴𝑥 + 𝐵𝑢) − (𝐴𝑥 + 𝐵𝑢 + 𝐿(𝑦 − 𝐶𝑥)) 

�̇� = 𝐴(𝑥 − 𝑥) − 𝐿𝐶(𝑥 − 𝑥)  

�̇� = (𝑥 − 𝑥)(𝐴 − 𝐿𝐶)                                                                                                               (6.51) 

6.7.1. Observer error convergence matrix  

The gain of the observer is chosen as that matrix  (𝐴 − 𝐿𝐶) has eigenvalues is negative. The 

matrix  (𝐴 − 𝐿𝐶) will be negative definite. The error convergence matrix for our applied PKPD 

model with equation (3.1-3.3) and (3.9) is find as 

𝐴 =

 (−𝑘 − 𝑘 − 𝑘 )         𝑘                   𝑘         0
−𝑘                                     − 𝑘                     0           0  
     𝑘                                          0                 − 𝑘         0

            𝑘                                          0                     0      − 𝑘     

 

 
𝐵 = [1   0   0   0] 

 
C matrix depends on the output equation given in (3.16) is defined as 
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 𝐵𝐼𝑆 (𝑡) = 𝐸 − 𝐸 ×
( )

( ( ) )
                                                                                (6.52) 

The output matrix is achieved after linearization of the above equation (6.43)  by optimal 

linearization. C matrix is changed and the (𝐴 − 𝐿𝐶)  is also update by scheduling of L to make 

the system negative definite and converged the error matrix. 

6.7.2. Results and simulations  

Before the observer design it is essential to check the observability and controllability of the state 

matrix. Observability is used to simply examine what happening inside the system as the input 

changes. Moreover controllability shows that output is controllable with change in input. If rank 

of observability matrix is full rank then the system is observable. The observability matrix can be 

stated as, 𝑜 = [𝐶   𝐶𝐴    𝐶𝐴     𝐶𝐴 ] . Similarly controllability matrix is referred as 𝑜 =

[𝐵   𝐴𝐵    𝐴𝐵     𝐴 𝐵], The system is controllable if it has the full rank. The figure 6.11 shows 

the full rank for the observability and controllability matrix of defined system consist of three 

compartmental PKPD model. The order of the system is 4×4 shows the full rank of the system. 

 
Figure 6. 11: Rank of Observability and controllability matrix 

The figure 6.12 shows the eigenvalues of the error convergence matrix [𝐴 − 𝐿𝐶]. All four 

eigenvalues shows negative values. It proves that (𝐴 − 𝐿𝐶) is negative definite and the error is 

converging approaching to zero with time. 
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Figure 6. 12: Eigenvalues of error convergence matrix 

The figure 6.13 shows the plasma drug concentration of different compartments of the body 

including primary compartment, rapid peripheral compartment, slow peripheral compartment 

and effect site compartment with actual and estimated values as well. Initially the drug 

concentration is maximum in primary compartment and exponentially decay to other 

compartments of the body based on the weighted rate constants. As the plasma drug 

concentration is decay in primary compartment leads to gradual increase in the rapid and 

slow peripheral compartments of the body. The observer estimate the actual values very 

accurately based on fast tracking.  
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Figure 6. 13: Plasma drug concentration 

The figure 6.14 shows the hypnosis value on the BIS monitor for actual, linearized and estimated 

output. The induction phase is completed in 70 seconds achieves the desired hypnotic value 50 

on BIS. The surgical procedure is initialized after 70 seconds in maintenance phase of 

anaesthesia. The observer clarify that estimated output is accurately track the actual output of the 

system. The steady state error is maximum initially and decays to zero with time. 
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Figure 6. 14: BIS value for linearized , estimated and actual output 

The figure 6.15 shows the drug infusion level for the patient 1 based on SMC control 

mechanism. Initially the drug infusion is maximum during induction phase of anaesthesia to 

bring the patient desired hypnotic level and then decreases gradually in maintenance phase of 

anaesthesia. The oscillating behaviour shows that controller provides drug infusion in varying 

level to the patient. 

 

Figure 6. 15: Infusion drug of controller 
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6.8 Summary  

 Chapter 6 completely covered the design of conventional SMC, STSMC and ISTSMC for 

regulation of hypnosis in propofol anesthesia administration. STSMC shows optimum results and 

removed the chattering problem in hypnosis level on BIS and investigated the results obtained 

for different patient to ensure the interpatient variability compensation. The simulation results 

investigated to achieve desired hypnosis level during induction, maintenance and emergence 

phase of anesthesia. The controller input is plotted for different silico patient shown pulsating 

behaviour. The achieved results evaluated and analyzed clinically considering all complications 

and limitations.    
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Chapter 7 

Surgical Stimuli in Hypnosis Regulation 

In Closed Loop Anesthesia System 
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7.1 Introduction  

Automation in anesthesia is the standard feedback control problem. The infusion drugs are 

delivered to the patient using computer controlled infusion pump designed on the basis of model. 

The controller signal actually shows the relationship between the drug effects on hypnosis level 

is defined in terms of electroencephalogram (EEG) signal. The controller computes the error 

signal, which is the difference between the measured value of EEG signal and desired value 

required for general surgery [103-104]. Despite the significance of work in the closed loop 

anaesthesia system further improves the need to address the challenges occurred in automated 

anaesthesia management. The maintenance of hypnosis level on BIS in specific range of 40-60 

faced several challenges limits the successful implementation of automation in anaesthesia [105]. 

In closed loop anaesthesia the feedback signal is the measured value of the cortical activity of the 

brain, which can be evaluated through monitoring system including wavelet base depth of 

anaesthesia index, auditory evoked potential index, entropy and BIS monitor mostly used [106]. 

The current chapter focuses on all those clinical variations of different parameters in terms of 

intra-patient variability dynamics. These variations are occurred due to different medical issue 

like bleeding during surgical procedure is challenging for control algorithems to compensate it. 

All these perturbations occurred during surgical procedure intervene the smooth conduction of 

surgery including skin incision, surgical diathermy and laryngoscopy. The model of surgical 

stimulus is developed and investigated their effects on hypnosis during closed loop control of 

anesthesia based on ISTSMC. The simulation results being compared with surgical procedure 

conducted in Hayat Abad Medical Complex Peshawar with assistance of BIS monitor. 

7.2 Entropy measure  

Central Nervous System (CNS) is the main target and effect site of anaesthetic drugs. EEG 

surrogates form the CNS shows the cortical activity of the brain and quantifies the effect of the 

drugs on hypnosis. Using signal processing technique only limited information can be achieved 

from EEG signal regarding DoH. Different algorithems has been applied to achieve the 

information regarding medical complications and different disorders. To find the effect of drugs 

on the brain, different technique including spectral edge, higher order spectral analysis, zero 

crossing frequency etc. Shannon introduced the word entropy in information theory, which 
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identifies the distribution of signal components. Later on numerous algorithms have been 

proposed to measure the cortical activity of the brain [107].   

7.2.1 Auditory Evoked Potential Index (AEPI)  

The evoked potential is measure in term of auditory evoked potential index, which measures the 

level of consciousness and unconsciousness in term of amplitude scale. AEPI works as potential 

indicator to find the depth of anaesthesia during surgical procedure. In human body in response 

to physical stimuli pattern of band energy is received by sensory receptors, which convert this 

energy into nerve impulses to the brain. These impulses are sensed in the cerebral cortex as 

sensations. The evoked potential generally comprises of two components including endogenous 

and exogenous as well [108]. 

7.2.2 Burst suppression  

The burst suppression shows the EEG pattern in which the periodic cycle of the burst of 

electrical activity changed with isoelectric EEG. To maintain burst suppression for long time is 

the actual practice in applied in Intense ICU. In current surgical procedure the coma are induce 

by choosing target level of burst suppression and then adjust the infusion level according to the 

EEG requirement. Closed loop control is the significant solution to maintain the trade off 

between burst suppression and drug infusion. BSR is the ratio between BSR=EEG 

Suppressed/time taken which is scaled between 0 to 1.0 shows no suppression and 1 indicates 

isoelectric EEG [109]. 

7.2.3 Surgical Stimulus  

 The perturbation occurred during surgery called surgical stimuli reduces the depth of anesthesia 

leading to consciousness of the patient. The most prominent surgical stimuli are skin incision, 

surgical diathermy and laryngoscopy. Skin incision initialized after achieving the desired and 

reference level of hypnosis on BIS and reduces the depth of anesthesia. The surgical diathermy is 

applied to stop the bleeding of small blood vessel during surgical procedure reducing the depth 

of anesthesia in form of hypnosis and laryngoscopy facilitates the breathing [110, 111]. 

7.2.4 Surgical diathermy  

The major applications of surgical diathermy are applied in electro surgery. Surgical diathermy is 

applied to clot the blood fluid of small blood vessels to prevent the bleeding during surgical 

procedure. The diathermy system consists of high frequency electrical circuit. There are two 
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major types of surgical diathermy including Mono-polar and Bi-polar. In Mono-polar, there is 

one electrode, which is lying near the treated tissue and other fixed electrode, which is lying 

somewhere else in the human body and the electrical current is passing from one electrode to 

other. The major advantages of surgical diathermy are their concentration on specific area, which 

is significant for microsurgery [112]. In closed loop anesthesia the surgical diathermy acts as a 

surgical stimulus. 

7.2.5 Diathermy risk 

The patient which undergoes surgery, where the metal devices are applied for different purposes 

including intrauterine device (IUD), and pacemaker is not recommended for surgical diathermy. 

During diathermy the induced heat can be transfused to spinal cord soft tissue, where it damages 

the soft tissue of the spinal cord and leads to death also. The risk of injury has been increased, 

where there is greater concentration of fluid volume. Surgical diathermy is completely prohibited 

in patient, who faces the difference epidemic disease including caner, bleeding disorder and 

unhealed bones. All safety standards must be strictly follow, while treating the patient with 

surgical diathermy [113,114]. 

7.2.6 Skin incision  

Different volatile anaesthetics including enflurane particularly acts as a respiratory depressant.  

This effect can be antagonized by surgical stimulus including skin incision. The surgical stimuli 

reduce the depth of hypnosis. It is quite challenging for anaesthesiologist to maintain the trade 

off between breathing rate and depth of hypnosis, which is reflected somehow by skin toward the 

state of awareness [115]. 

7.2.7 Laryngoscopy 

During a surgical procedure to ensure the smooth conduction of surgery and facilitate the 

breathing laryngoscope being inserted downs the throat to avoid the collapse of airway. 

Laryngoscopy is considered as surgical stimulus, which has effect on the depth of anaesthesia. It 

reflects the depth of hypnosis level toward the level of awareness from standard range [116].  

7.3 Modeling of surgical stimulus  

The most prominent surgical stimuli discussed in our research work are skin incision, surgical 

diathermy, and laryngoscopy, which reflects the hypnotic level towards the state of 

consciousness. Surgical diathermy based on application of high electromagnetic radiation to stop 
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the bleeding of small blood vessels during procedure. Moreover laryngoscopy applied to 

facilitate the breathing and prevents the trachea form collapse [115, 116]. To model the surgical 

stimuli piece wise defined function is applied for different interval with different level of 

magnitude. Surgical stimuli affect the hypnosis level directly, so their effect is added in BIS level 

and then feedback to the controller. It is clearly defined in the literature, that effect of surgical 

stimuli after anesthesia infusion, when surgical procedure gets initialized by incising the skin. 

The intensity of the stimulus is maximum during skin incision for very short period of time like 

spike. 

The modeled surgical stimuli based on piece wise function shown in equation 7.1,  

Surgical stimuli ∆𝐵𝐼𝑆 = 

⎩
⎪
⎨

⎪
⎧

0                                          𝑡 ≤ 80
1.5 × 𝑒 .  /1000                 80 ≤ 𝑡 ≤ 87

10 × 𝑒 .              87 < 𝑡 ≤ 140
4                            140 < 𝑡 ≤ 160
0                                          𝑡 > 160 ⎭

⎪
⎬

⎪
⎫

                               ( 7.1)                  

7.4 Control law design 

In this section a STSMC has been designed to maintain a desired BIS level. The design is carried 

out with surgical stimulus consisting of skin incision, surgical diathermy and laryngoscopy. In 

order to achieve the required performance, following sliding surface is selected as, [28-32].  

𝜎 = �̇� + 𝑘 𝑒                                                                                                                             (7.2)    

𝑘 ∈ ℜ  is a design parameter 

𝑒 = 𝐵𝐼𝑆 − 𝐵𝐼𝑆 ,                                                                                                               (7.3) 

where BIS = 50 is the desired output for general surgery and where 

𝐵𝐼𝑆 = 𝐸 − 𝐸
( )

( ( ) )
+ ∆𝐵𝐼𝑆, 

The dynamics of the system under the ideal sliding mode (𝜎 = 0) is governed by 

𝜎 = �̇� + 𝑘 𝑒 = 0                                                                                                                      (7.4) 

The above result implies that 𝑒(𝑡) asymptotically converges to zero as, 

𝑒(𝑡) = 𝑒(0)𝑒                                                                                                                      (7.5) 

The control law is designed by taking the time derivative of equation (7.2), 

�̇� = �̈� + 𝑘 �̇�                                                                                                                             (7.6) 

Now by taking the derivative of the equation (7.3), 
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�̇� = 0 − 𝐸 ×
( )

( ( ) )
+ ∆𝐵𝐼𝑆̇                                                                                 (7.7)    

For simplification assume that  𝐾 =  𝐶 ,                   

�̇� = [𝐸  𝑑 𝑑̇ /(𝐾 + 𝑑 ) −
 ̇

( )
] + ∆𝐵𝐼𝑆̇                                                         (7.8) 

Now taking the second derivative of the error function in (7.8),  

�̈� = 𝐸  𝑑 𝑑 (𝑢)̈ /(𝐾 + 𝑑 ) − 2 × 𝐸  𝑑 𝑑 ̇ /(𝐾 + 𝑑 ) +               

(2 × 𝐸  𝛾𝑑 𝑑 ̇ )/(𝐾 + 𝑑 ) −
 ( )̈

− (𝛾 − 1) × (
 

̇

)+∆𝐵𝐼𝑆̈    (7.9)                              

To ensure, finite time convergence of sliding mode, a super twisting-based reachability law is 

selected, which is given by 

�̇�   = −𝑘 |𝜎| 𝑠𝑖𝑔𝑛(𝜎) − 𝑘 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏                                                                               (7.10) 

Where 𝑘 , 𝑘 ∈ ℜ controller gains, 

𝑘 ≥
4𝜙𝜓 (𝑘 + 𝜙)

𝜓 𝜓 (𝑘 − 𝜙)
 

𝑘 ≥
𝜙

𝜓
 

The bounds of the gain parameter of sliding surface 𝜙, 𝜓are |𝜙| ≤ 𝜙 and 0 ≤ 𝜓 ≤ 𝜓(𝜎, 𝑡) ≤

𝜓  respectively with 𝜙, 𝜓, 𝜓 , 𝜓 𝜖ℜ . 

Comparing the value of �̇� from equation (7.6) and equation (7.10) to find the 𝑢. 

−𝑘 |𝜎| 𝑠𝑖𝑔𝑛(𝜎) − 𝑘 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏 = [𝐸  𝑑 𝑑̈ (𝑢)/(𝐾 + 𝑑 ) − 2 × 𝐸  𝑑 𝑑 ̇ /(𝐾 +

𝑑 ) + (2 × 𝐸  𝛾𝑑 𝑑 ̇ )/(𝐾 + 𝑑 )   

−
 ( )̈

− (𝛾 − 1) ×
 

̇

]+ 𝑘 �̇�  +∆𝐵𝐼𝑆̈                                          (7.11) 

𝑢 = [ 2 × 𝐸   𝑑 𝑑 ̇ /(𝐾 + 𝑑 ) − (2 × 𝐸  𝛾𝑑 𝑑 ̇ )/(𝐾 + 𝑑 ) + (𝛾 − 1) ×

 
̇

— 𝑘 �̇�] ×
( )

 ×( ( ) )× . ̇ .
+ ((𝑘 + 𝑘 + 𝑘 )𝑑 −

𝑘 𝑑 − 𝑘 𝑑 +[−𝑘 |𝜎| 𝑠𝑖𝑔𝑛(𝜎) − 𝑘 ∫ 𝑠𝑖𝑔𝑛(𝜎)𝑑𝜏]+∆𝐵𝐼𝑆̈                                                 (7.12) 

 

For stability analysis the  
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�̇� = −𝑘 |𝜎| − 𝑘 𝜎 +∆BIS                                                                                                     (7.13) 
The system will be stable if 𝑘 ,  𝑘 >0, and  5 ≤ ∆BIS ≤ 15 are bounded 
Figure 7.1, shows the surgical stimuli consists of skin incision, surgical diathermy and 

laryngoscopy. Skin incision indicated at point “a” when the maintenance phase initialized by 

achieving desired hypnosis level reflecting it toward the state of awareness. Point “b” shows the 

laryngoscopy, which facilitates the breathing and affecting the hypnosis at minor level. Similarly 

at point “c” surgical diathermy induces their effect.  

 

Figure 7. 1: Surgical Stimuli including skin incision, laryngoscopy, surgical diathermy 

 Figure 7.2, presents the controller drug infusion level and hypnosis level, which consist of 

induction and maintenance phase based on STSMC. The surgical stimuli are added in 

maintenance phase of anaesthesia in term of skin incision, surgical diathermy and larngoscopy. 

When skin incision occurred during interval 80-90 seconds on time axis reflect the hypnosis 

toward the state of awareness stimulates the controller to provide continuous drug infusion 

during this interval at point “a”. Similarly larngoscopy affect the hypnosis level at minute level 

without attenuating the hypnosis level at point “b”. At point “c” continuous drug infusion 

provides to compensate the deviation in hypnosis level toward consciousness level on BIS scale. 

In figure 7.2 A, BIS level is regulated and maintained in 40-60 during maintenance phase of 

surgical procedure. At point “d” controller stop drug infusion for an interval due to patient 
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sensitivity to reflects the hypnosis towards moderate range. The induction phase completed 

nearly in 40 seconds and controller achieves the desired hypnosis level required for surgical 

procedure. The figure 7.2 B shows the controller drug infusion and hypnosis level in presence of 

similar surgical stimuli based on conventional SMC in discontinuous phase. The induction phase 

is completed in nearly 75 seconds, which is greater than STSMC with fast convergence rate. The 

controller drug infusion shows pulsating behaviour as compared to the STSMC with smooth 

infusion of drug to the patient. The applied technique in section 7.7 illustrates to compensate the 

intra-patient variability dynamics during closed loop control of propofol anesthesia 

administration. The controller provide continuous drug during surgical stimulus like skin incision 

which reflect the hypnosis level toward the state of awareness. The induction time is nearly 75 

seconds, which is optimum required for general surgery observed 90 seconds during practical 

procedure conducted  Hayat Medical complex in figure 7.4. The different between the reference 

and actual hypnotic level is observed in form of tracking error is in figure 7.2 (B). The error is 

maximum during induction phase of anesthesia and later reduces in maintenance phase of 

anesthesia.  
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Figure 7. 2: Input drug infusion and BIS in presence of surgical stimuli 

Figure 7.3 shows the tracking error “e” and plasma drug concentration in different compartment 

of the body including primary compartment, rapid peripheral and slow peripheral compartment 

with additional effect site compartment based on STSMC. The drug metabolism and distribution 

shows exponential fashion from primary compartment to rapid and slow peripheral compartment. 

The tracking error is maximum during induction phase of anesthesia and later on reduces in 

maintenance phase of anesthesia.         
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Figure 7. 3: Tracking error and plasma drug concentration 

7.5 Intra-patient variability observations in open loop anesthesia with 

practical observations 

The open loop surgery conducted in Hayatabad medical complex Peshawar with assistance of 

BIS and infusion pump. The surgery type was laparoscopic with inflammation in colon. 

Demographic variable of the patient shown in table 7.1. The main objective of these 

investigation to illustrate how the hypnosis level varies on BIS monitor as the physiological 

conditions of the patient change with anesthetic infusion, skin incision, bleeding, laryngoscope 

adjustment and other factors. The complete surgical procedure is divided into three phases 

including induction phase, maintenance phase and emergence phase of anesthesia administration. 

The different demographic variables of the patients shown in table 7.1.  
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Table 7. 
 

Variables 

Age of the 

Height 

Weight 

In induction phase 150mg Propofol is administered to the patient and maintenance phase is 

initialized after 120 seconds with using 

7.5.1 Induction phase 

The surgical procedure gets started at 10.32 AM after insuring all the 

function forms. The figure 8.4 shows the fully awake state of the patient.

94 and the oxygen saturation is 82.150mg 

phase of anesthesia. The induction phase is a tra

figure 7.4 and figure 7.5. All these measurements are under observation of clinical professional.

 

Figure 7. 
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Table 7. 1: Demographic variable of real patients 

Variables  Numerical value  

Age of the  58 years  

Height  140 cm  

Weight  55kg  

In induction phase 150mg Propofol is administered to the patient and maintenance phase is 

initialized after 120 seconds with using Isoflurane.    

The surgical procedure gets started at 10.32 AM after insuring all the equipments in fully 

function forms. The figure 8.4 shows the fully awake state of the patient. The hypnosis level is 

oxygen saturation is 82.150mg Propofol is administered at 10.32AM in induction 

The induction phase is a transient phase is nearly completed in 90 seconds in 

figure 7.4 and figure 7.5. All these measurements are under observation of clinical professional.

Figure 7. 4: Fully awake state of the patient 

In induction phase 150mg Propofol is administered to the patient and maintenance phase is 

equipments in fully 

The hypnosis level is 

is administered at 10.32AM in induction 

nsient phase is nearly completed in 90 seconds in 

figure 7.4 and figure 7.5. All these measurements are under observation of clinical professional. 

 



 

7.5.2 Maintenance phase  

The induction phase is terminated at 10.34 in two 90

hypnosis level and maintenance phase gets started as shown

Isoflurane level 1.5 mg/sec. It is clear from the figure 7.5, that induction phase is the transient 

phase in which the patient shift from awake state to hypnotic state required for surgical 

procedure. 

The figure 7.6 shows that hypnosis level of the patient on BIS directs toward deeply sedate state.
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s terminated at 10.34 in two 90 seconds after achieving the desired 

hypnosis level and maintenance phase gets started as shown in figure 7.5 with drug infusion of 

It is clear from the figure 7.5, that induction phase is the transient 

ch the patient shift from awake state to hypnotic state required for surgical 

 
Figure 7. 5: Maintenance phase 

.6 shows that hypnosis level of the patient on BIS directs toward deeply sedate state.

Figure 7. 6: Deeply sedate sate 

 

seconds after achieving the desired 
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ch the patient shift from awake state to hypnotic state required for surgical 

 

.6 shows that hypnosis level of the patient on BIS directs toward deeply sedate state. 

 



 

After achieving the desired hypnotic level and skin incision is initialized

as surgical stimulus defined in controlle

that it directs the hypnosis level towards the sate of consciousness as 

figure 7.8. Skin incision directs the hypnosis level up to 10% fr

7.7. 

Figure 7. 

After the skin incision at 10.36 AM the hypnosis level reflects toward the deep hyp

shown in figure 7.8 and oxygen saturation level is 46 reduced with decrease in hypnotic level.

The same effect of skin incision on BIS level is also observed in 
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After achieving the desired hypnotic level and skin incision is initialized. The skin is considered 

as surgical stimulus defined in controller designing as shown in figure 7.1 and it is investigated 

that it directs the hypnosis level towards the sate of consciousness as shown in figure 7.7 and 

Skin incision directs the hypnosis level up to 10% from 38 to 47 as shown in figure 

 
Figure 7. 7: Skin incision effects in BIS level 

After the skin incision at 10.36 AM the hypnosis level reflects toward the deep hyp

.8 and oxygen saturation level is 46 reduced with decrease in hypnotic level.

f skin incision on BIS level is also observed in BIS level in figure 7

. The skin is considered 

.1 and it is investigated 

shown in figure 7.7 and 

om 38 to 47 as shown in figure 

 

After the skin incision at 10.36 AM the hypnosis level reflects toward the deep hypnotic level as 

.8 and oxygen saturation level is 46 reduced with decrease in hypnotic level. 

in figure 7.2.  



 

Figure 7. 

In figure 7.9 at 10.41 AM the hypnosis level directs towards deep hypnotic sate 26 and 

anesthetist reduced the isoflurane to 1 mg/sec.

In figure 7.10 shows that due bleeding b

reduced to 0.8mg/sec. The bleeding also effects the hypnosis level on BIS directs towards the 

state of unconsciousness as shown in figure 7

considering modeled surgical stimulus referred as a

stop drug infusion for a interval to directs the hypnosis level to 50.
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Figure 7. 8: Effects of skin incision on BIS level 
 

.9 at 10.41 AM the hypnosis level directs towards deep hypnotic sate 26 and 

reduced the isoflurane to 1 mg/sec. 

 
Figure 7. 9: Deep hypnotic state 

 
.10 shows that due bleeding blood pressure of the patient reduced and drugs level 

mg/sec. The bleeding also effects the hypnosis level on BIS directs towards the 

as shown in figure 7.10. The same effects is also observed by 

considering modeled surgical stimulus referred as a patient sensitivity in figure 7

stop drug infusion for a interval to directs the hypnosis level to 50. 

 

.9 at 10.41 AM the hypnosis level directs towards deep hypnotic sate 26 and 

 

lood pressure of the patient reduced and drugs level 

mg/sec. The bleeding also effects the hypnosis level on BIS directs towards the 

.10. The same effects is also observed by 

patient sensitivity in figure 7.2 and STSMC 



 

Figure 7. 

In figure 7.11 the blood pressure gets increased slowly and hypnosis level increases from 34 to 

41 after reducing the Isoflurane level at 10.55AM.

 

Figure 7. 11
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Figure 7. 10: Drugs effect on Blood pressure 
 

.11 the blood pressure gets increased slowly and hypnosis level increases from 34 to 

r reducing the Isoflurane level at 10.55AM. 

 
11: Hypnosis level on BIS as BP increases 

 

 

.11 the blood pressure gets increased slowly and hypnosis level increases from 34 to 

 



 

The surgical maintenance phase gets completed at 11.09 AM and the Isoflurane level reduced to 

0.2 mg/sec during skin closure with hypnosis level 60 o

surgical procedure is near to completion, the clinical professional reduces the level of drug 

infusion and start the skin closure. The transition of the patient form hypnotic state to awake

is call emergence phase of anesthesia.

Figure 7. 

The figure 7.13 shows the clinical professional performs

attached on the forehead of the patient.
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The surgical maintenance phase gets completed at 11.09 AM and the Isoflurane level reduced to 

closure with hypnosis level 60 on BIS shown in figure 7

surgical procedure is near to completion, the clinical professional reduces the level of drug 

infusion and start the skin closure. The transition of the patient form hypnotic state to awake

is call emergence phase of anesthesia. 

 
Figure 7. 12: Maintenance phase completed 

 
clinical professional performs the skin closure and BIS 

attached on the forehead of the patient. 

The surgical maintenance phase gets completed at 11.09 AM and the Isoflurane level reduced to 

n BIS shown in figure 7.12. As the 

surgical procedure is near to completion, the clinical professional reduces the level of drug 

infusion and start the skin closure. The transition of the patient form hypnotic state to awake sate 

 

the skin closure and BIS electrode is 



 

7.5.3. Emergence phase  

Figure 7.14 show that emergence phase is stared at 11.12AM after the skin closure and 

Isoflurane level reduced to 0mg/sec with hypnosis level 63.

complete measured in term of hypnosis on BIS monitor, the clinical professional observed their 

state with pupils movement of the patient. 

Figure 7. 
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Figure 7. 13: Skin closure 

show that emergence phase is stared at 11.12AM after the skin closure and 

Isoflurane level reduced to 0mg/sec with hypnosis level 63. As the emergence phase is near to 

complete measured in term of hypnosis on BIS monitor, the clinical professional observed their 

state with pupils movement of the patient.  

 
Figure 7. 14: Emergence phase of anesthesia 

 

 

show that emergence phase is stared at 11.12AM after the skin closure and 

As the emergence phase is near to 

complete measured in term of hypnosis on BIS monitor, the clinical professional observed their 

 



 

In figure 7.15 the hypnosis level approached to 82 on BIS 

nearly completed with pupils movement is observed by clinical professional.

Figure 7. 
7.6 Summary  

The current chapter based on all clinical complication

referred as surgical stimuli including surgical diathermy, skin incision, laryngoscope and burst 

suppression. All these clinical measures are modeled and linked wit

level regulation. All such complication

The surgical stimuli being modeled and their effect added in BIS level.  

compensate the surgical stimuli 

The same effects of intra-patient variability observed in surgical process of patient conducted in 

OT complex of Hayatabad Medical Complex Peshawar
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the hypnosis level approached to 82 on BIS on 11.33 and emergence phase is 

nearly completed with pupils movement is observed by clinical professional. 

 
Figure 7. 15: Emergence phase completed 

current chapter based on all clinical complications occurs during normal surgical procedu

including surgical diathermy, skin incision, laryngoscope and burst 

suppression. All these clinical measures are modeled and linked with their effect on hypnosis 

level regulation. All such complications deviates the smooth execution of surgical procedure. 

being modeled and their effect added in BIS level.  STSMC

 and investigated the simulation results with clinical 

patient variability observed in surgical process of patient conducted in 

d Medical Complex Peshawar Pakistan.  

on 11.33 and emergence phase is 

 

normal surgical procedure 

including surgical diathermy, skin incision, laryngoscope and burst 

h their effect on hypnosis 

surgical procedure. 

STSMC is designed to 

tigated the simulation results with clinical evaluation. 

patient variability observed in surgical process of patient conducted in 
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Chapter 8 

Discussion and Conclusion with Future Work 
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8.1 Discussion and Assessment  

In manual administration system of anesthesia administration, anesthesiologist manages and 

works in multi-tasking scenario. As the surgical procedure gets prolonged due to medical 

complications the responsibility of anesthesiologist increases due to variations in the 

physiological conditions of the patient. Patients of different age, height, weight and gender may 

have different responses to anesthetics due to sensitivity and medical disorders. Optimum 

infusion of drugs is obligatory to carry out the surgical procedure smoothly. If the amount of 

drug infusion exceeds beyond a certain limits, it causes to increases in heart rate, blood pressure 

variation and glucose level distress. Similarly insufficient infusion causes vomiting, anxiety, 

awareness during surgery. All these variation above the certain limit are intolerable and 

unaffordable for successful conduction of procedure. Different anesthetic agents are applied to 

induce three states of anesthesia including hypnosis, areflexia and analgesia. Propofol is the 

primary hypnotic agent intravenously administered during induction phase of anesthesia in 

general surgical procedure. Different volatile drugs like nitrous oxide are used as inhaler and its 

action is not purely hypnotic. Propofol has the ability to metabolize faster and has no side effects 

to the patient. After infusion the metabolism of drug within human body is based on PKPK 

model which is used to divide the human body into different parts including PK and PD.  PK 

describes how the drug is absorbed and metabolized by the body and PD predicts how the drug 

affects the depth of hypnosis at the effect side including brain. In proposed research work 

Schnider three compartmental model of silico patients including PK, which shows the 

metabolism of drug within the body and PD indicates the affects of the drug on the DoH is 

developed and derived. Three compartments PKPD model is a plant in closed loop control of 

anesthesia. The analysis of three compartments PKPD model based on clinical parameters is 

investigated and analysed with three compartment model developed in simbiology. Hypnosis is 

the key functional component of anesthesia based on information extracts from the cortical 

activity of the brain and is shown on BIS monitor. The DoA is scaled from 0 to 100 indicating 

the dc line EEG and complete awake sate respectively. Hypnosis level on BIS in the range of 40-

60 is the moderate band defined as a standard for general surgery by clinical professionals. 

In current research work control mechanism is developed to keep the hypnosis level between 

required bounds on BIS and to compensate different challenges like interpatient and intra-patient 
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variability as well. Based on the state equations, SMC is applied to derive the system on 

particular sliding surface. SMC keeps the states on or near to the chosen sliding surface. The first 

order SMC is designed and shows considerable performances and their limitations is discussed in 

term of steady state error. The major limitations of conventional SMC are to compensate the 

interpatient and intra-patient variability. The interpatient variability dynamics including height, 

age and weight of patient varies from patient to patient is investigated in chapter 6 of current 

research work based. The control law based on STSMC is designed for three compartmental 

PKPD with sigmoid model in cascaded. The output taken from sigmoid model as a BIS and 

applied back to controller to track the reference level of BIS required for general surgery. The 

analytical analysis of STSMC is performed and investigated based on lypnove theory. The 

analysis of STSMC is performed in chapter 6 to define the stability analysis of the proposed 

control algorithems. It is evident from the equation 6.37 that proposed system will be stable for 

𝑘 , 𝑘 > 0. The controller parameters are kept constant while the patient parameters are 

changing from patient to patient. The variations in the controller parameters in form of  𝑘 , 

𝑘 , 𝑘 ,  𝑘  based on the height, age and weight of the body measured in form of standard 

deviations and variance. The plasma drug concentration of different compartments including 

primary compartment, rapid peripheral compartment, slow peripheral and effect site 

compartment are investigated consists of oscillating behaviour. The drug metabolism decays 

exponentially in different compartments within human body. The patient 4 is comparatively 

younger to the above three patients in table 6.1 and shows rapid metabolism. Similarly patient 4 

achieve the desired level of hypnosis rapidly as compared to the other three patients. The 

hypnosis level is investigated for conventional and STSMC in chapter 6 shows that STSMC 

provides continual drug infusion smoothly as compared to conventional SMC. It is evident from 

the results that the induction time for STSMC is lesser as compared to conventional SMC. The 

desired level of hypnosis which is 40 to 60 on BIS is achieved with nominal parameters of 

controller. The last segment of the chapter 6th focuses on luenburger observer to estimate the 

states of the three compartmental PKPK model. In three compartmental model plasma drug 

concatenation is not measurable parameters. The design of observer is significant contribution in 

closed loop control of anesthesia administration. The observer based on the output consists of 

BIS level with non linear sigmoid model and estimate the states of the PKPD model. The 
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estimated states are applied to the controller which provides drug infusion to the patient. All four 

eigenvalues shows negative values. It proves that (𝐴 − 𝐿𝐶) is negative definite and the error is 

converges to zero with time.  

 The compensation of all clinical variations of different parameters in terms of intra-patient 

variability dynamics are addressed in chapter 7th. Perturbations occurred during surgical 

procedure intervene the smooth conduction of surgery including skin incision, surgical diathermy 

and laryngoscopy. The model of surgical stimulus is developed and investigated their effects on 

hypnosis during closed loop control of anesthesia based on ISTSMC.  

The surgical stimulus added to the output BIS level and labelled as ∆𝐵𝐼𝑆  in equation 7.1 in 

which surgical stimuli presents by piecewise define function is applied during different interval 

with different level of magnitudes. Surgical stimuli affect the hypnosis level directly, so their 

effect is added in BIS level and then feedback to the controller. It is clearly defined in the 

literature, that effect of surgical stimuli starts after anesthesia infusion, when surgical procedure 

gets initialized during skin incision. The intensity of the stimulus is maximum during skin 

incision for very short period of time like spike and later on at smaller level during diathermy 

and laryngoscopy. The control law based STSMC strategy is applied to compensate the surgical 

stimuli as intra-patient variability. The controller input level shows the drug infusion and BIS 

output level achieved is investigated at different intervals. . For stability analysis equation 7.13 

shows that proposed system will be stable if 𝑘 , 𝑘   are  > 0. The tracking error is computed 

between the  desired 𝐵𝐼𝑆   and actual 𝐵𝐼𝑆  value. The tracking error is maximum during 

induction phase of anesthesia and later on reduces in maintenance phase of anesthesia during 

surgical procedure. The last segment of chapter 7th shows the observations being investigated 

during practical surgical procedure being conducted in Hayatabad medical complex Peshawar. 

The results achieved during various phases of surgical procedure is compared and analysed to 

closed loop control based on STSMC.  
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8.2 Conclusion  

To execute the surgical procedure safely is the major objective of the clinical professionals. The 

anesthesiologist is responsible to maintain the optimum level of hypnosis level during all phases 

including induction, maintenance and emergence phase of anesthesia to ensure the smooth 

conduction of surgery. As the surgical procedure gets prolonged due to medical complications, 

anesthesiologist faces challenging situation due to complications occur in anesthesia 

administration including overdosing and underdosing of drugs infusion. The closed loop 

anesthesia infusion system is still in early phase of research to replace the manual administration 

of anesthetics and catches the attention of control engineering community to realize the 

automation in anesthesia with practical implementation.  

The current research work addressed the phenomena of automation in anesthesia in several 

stages by deriving the compartmental model of the human body and analysed the response of 

silico patients without considering the controller. The results obtained from three compartmental 

model using laplace transform and Simbiology are compared without controller to investigate the 

drug metabolism, distribution within different organs of the body including blood, muscle, bones 

and brain. The literature studied using PID controller without considering the interpatient 

variability and intra-patient variability was normal, but application of linear regression for 

sigmoid model results in loss of data reduce their significance. The limitation of linear control 

algorithm addressed in this research work addressed by non linear control schemes including 

conventional SMC and STSMC. The hypnosis level studied and investigated using first order 

SMC for 8 silico patients. The metabolism, distribution of propofol in plasma drug concentration 

observed in exponential fashion.  

STSMC addressed the problem of interpatient variability and intra-patient including surgical 

stimuli. The reference hypnosis level 40-60 is achieved for various patients of different age, 

height and weight is achieved based on conventional SMC and STSMC. The analytical analysis 

of STSMC is investigated based on lypnove theory. The analysis of STSMC is performed to 

define the stability analysis of the proposed control algorithm. The controller parameters are kept 

nominal while the patient parameters including height, weight, patient and age are changing from 

patient to patient. The plasma drug concentration of different compartments including primary 

compartment, rapid peripheral compartment, slow peripheral and effect site compartment are 
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investigated decays exponentially within human body. The surgical procedure is natural 

phenomena faces several medical complications including patient sensitivity, loss of blood, 

surgical stimuli. The surgical stimulus including skin incision, surgical diathermy and 

laryngoscopy has been modeled and investigated their effect in closed loop control of anesthesia. 

Hypnosis level reflected toward the state of awareness due to such stimulus, but controller 

response rapidly and retained the desired level of hypnosis in less than 10 seconds. The result 

obtained in the presented thesis work has been updated and compared to standards ranges 

regarding automation in anesthesia covering all aspects of medical and clinical limitations. The 

achieved results also mapped to practical observations attained from surgical procedure being 

conducted in OT Complex of Hayatabad Medical Complex Peshawar Pakistan based on modern 

clinical tools.  The presented work signifies and highlights the limitations and new aspects as 

future work for clinical and control engineering community  

8.3 Future work 

The current research work can be extended in different steps to ensure the automation in 

anesthesia in multi tasking environment of operation theatre. The three compartmental model can 

be further extended to four or five compartment by considering the liver and cartilage 

respectively. Such advancement will further improve the tissue level study of PKPD model based 

on drug metabolism, distribution, absorption and elimination.  

Simbiology is interesting tools for modeling of biological system can be further investigated with 

basic knowledge of bio chemistry. Moreover the quality of signal received from cortical actively 

of the brain on BIS monitor can be further improved with study of advance algorithm in the field 

of signal processing and filter design.  

The current signal of BIS is consist of 4 electrode attached on forehead of the patient. Electrode 

extract information from the cortical of the brain can be further improved by increasing the no of 

electrode on forehead.  

The automation in anesthesia based on any control scheme is not studied for diabetic patient. The 

integration between the model of diabetic control and anesthesia administration will lead to 

permanent solution for conduction of surgical procedure in diabetic patient.  

To ensure automation in anesthesia collective research efforts are needed from the scientific 

community of medical, clinical and engineering discipline. 
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