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Abstract—During surgical procedures, bispectral index (BIS) is a well-known measure used to 

determine the patient’s depth of anesthesia (DOA). However, BIS readings can be subject to 

interference from many factors during surgery, and other parameters such as blood pressure 

(BP) and heart rate (HR) can provide more stable indicators. However, anesthesiologist still 

consider BIS as a primary measure to determine if the patient is correctly anaesthetized while 

relaying on the other physiological parameters to monitor and ensure the patient’s status is 

maintained. The automatic control of administering anesthesia using intelligent control systems 

has been the subject of recent research in order to alleviate the burden on the anesthetist to 

manually adjust drug dosage in response physiological changes for sustaining DOA. A system 

proposed for the automatic control of anesthesia based on type-2 Self Organizing Fuzzy Logic 

Controllers (T2-SOFLCs) has been shown to be effective in the control of DOA under simulated 

scenarios while contending with uncertainties due to signal noise and dynamic changes in 

pharmacodynamics (PD) and pharmacokinetic (PK) effects of the drug on the body. This study 

considers both BIS and BP as part of an adaptive automatic control scheme, which can adjust to 

the monitoring of either parameter in response to changes in the availability and reliability of 

BIS signals during surgery. The simulation of different control schemes using BIS data obtained 

during real surgical procedures to emulate noise and interference factors have been conducted. 

The use of either or both combined parameters for controlling the delivery Propofol to maintain 

safe target set points for DOA are evaluated. The results show that combing BIS and BP based 
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on the proposed adaptive control scheme can ensure the target set points and the correct 

amount of drug in the body is maintained even with the intermittent loss of BIS signal that 

could otherwise disrupt an automated control system. 

 

Index terms- anesthesia; bispectral index; blood pressure; depth of anesthesia; Propofol; type-2 

Self Organizing Fuzzy Logic Controllers; pharmacodynamics and pharmacokinetic. 

 

1. Introduction 

During surgical procedures, anesthesiologist primarily use BIS to determine the patient’s 

DOA, hence it forms a vital element in the effective monitoring and control of anesthesia 

drug delivery. The anesthesiologist needs to maintain patients in a safe though sufficiently 

deep state of anesthesia to undergo surgery. It is therefore necessary for them to take into 

consideration the patients’ physiological parameters such as BIS, electrocardiography (ECG), 

respiration, blood pressure (BP) [1], electromyography (EMG) and electroencephalography 

(EEG) [2] together with their health condition, physical characteristics, type of surgery 

performed and the surgical environment to effectively adjust the dosage of drugs. 

Anesthesiologist still however consider BIS as a primary measure to determine DOA because 

BIS is considered more accurate for measuring DOA. BIS signals are however prone to 

interference from various factors: during surgical procedures as compared with the other 
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physiological signals (BP, HR and EEG). These can be due to the use of high-frequency 

electrosurgical devices such as an electric surgical knife that uses high-frequency, alternating 

polarity and electrical current on biological tissue as a means to cut, coagulate, desiccate, or 

fulgurate tissue [3]. In situations where there is a loss or corruption of the BIS signal it 

becomes difficult to continuously adjust and maintain the optimal and safe amount of the 

drug the patient needs to receive if these adjustments are solely base on BIS alone [4]. 

Additionally, BIS is only effective as a measure of DoA when the drug affects to cortex [5-7], 

which means BIS only can measure the signals from the pallium. The most important reason 

for combining of the physiological signals is that one signal may have some problems such as 

noise interfere or no effect for some kinds of drugs, during surgery. As a result, this study 

considers both BIS and BP to adjust dosage of the drug during surgery. If the dosage of the 

drug (normally either Propofol or Isoflurane) is too high, the patient will feel uncomfortable 

post-surgical side-effect such as vomiting, dizziness and lethargy. The concentrations of 

anesthetic drug required will be affected by the patient’s physiological characteristics [8] [9] 

such as age, gender, height and weight. The effects pertaining to the drugs concentration in 

the body is described by its pharmacodynamics (PD) properties, while the effects related to 

its concentrations in the bloodstream are describe by pharmacokinetics (PK) properties. 

    In order to aid the anesthetist in the monitoring and control of DOA, recent research has 

investigated the design of systems for accurately administering and adjusting the delivery of 

https://en.wikipedia.org/wiki/Coagulate
https://en.wikipedia.org/wiki/Desiccate
https://en.wikipedia.org/wiki/Fulguration
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anesthetic in direct response to patients’ physiological changes based on intelligently adaptive 

closed-loop control systems [10-24]. The main limitations of these systems are that BIS is 

one of the main reference value used to control DOA of patients, which is prone to disruption 

when the signal is interfered with. There is therefore a need to develop a new adaptive 

automatic DOA control scheme that can automatically adjust to monitor different parameters 

in response to changes in the availability and reliability of signals during surgery, to provide 

undisrupted continuously control of the drug delivery mechanisms.  

    In this paper BIS is combined with BP as the reference values to control DOA of 

patients. Combing both BIS and BP can compensate for signal interference in BIS, by 

substituting the BP signal as the reference value to control Propofol infusion. There have 

been a series of FLCs applications for automatic control of drug infusion as described in [15] 

[25] [26]. Recently, there have been several studies about using SOFLC for biomedical 

systems including muscle relaxation [27, 28], DOA [29], and patient analgesia control [30]. 

The SOFLCs were able to adaptively adjust the multivariate control outputs for the drug 

concentration and infusion rates, and these studies have been presented in [31, 32]. In a 

previous study [33], the authors use both type-1 Self Organizing Fuzzy Logic Controllers 

(T1-SOFLCs) and type-2 Self Organizing Fuzzy Logic Controllers (T2-SOFLCs) to maintain 

set points for muscle relaxation and BP. The results showed that T2-SOFLC controller gave a 

statistically better performance in these control scenarios as compared to the type-1 based 
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controller. The T2-SOFLC has previously also been shown to be effective in the control of 

DOA under simulated scenarios while contending with uncertainties due to signal noise and 

dynamic changes in pharmacodynamics and pharmacokinetic effects of the drug on the body 

[34][35]. We have therefore used the T2-SOFLC as part of the control scheme developed in 

this study. 

 

We introduce a new adaptive control scheme that can dynamically combine and select BIS 

and BP as the control reference parameters to control the infusion of Propofol more 

effectively in the event of loss or interference in BIS signals. Surgery simulations are 

performed using a T2-SOFLC for anesthesia control based on the comparisons of four control 

schemes. In the first control scheme, BIS is the only reference value used to affect the target 

control of the Propofol infusion rate [21] [22] [23], as shown in Fig. 1. This is compared to 

the second scheme where BP alone is used to affect the control target and the third scheme in 

which both BIS and BP parameters are used to control the drug infusion. Finally we compare 

the fourth control scheme in which the reference value is automatically substituted between 

BIS and BP when the BIS signal is lost or interfered is compared. To simulate the expected 

interference factors affecting the quality of BIS signal in the operating theatre, appropriate 

levels of noise are added in the simulations. These are derived based on BIS data collected 

from 72 patients during various types of surgical procedures. For each control scheme the 
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study also compares the amount of the drug that is delivered into the body. Results show that 

the proposed new control scheme is able to maintain the target set points for BIS, BP and the 

correct amount of drug in the body over the course of surgery being simulated. The rest of the 

paper is organized as follows: In Section 2, we describe the patient anesthetic model and the 

derived reference model which we use in our anesthesia control simulations for evaluating 

the performances of the different control schemes; Section 3 we describe how the T2-SOFLC 

is used for automatic control of anaesthesia by enabling a physiological characterd-loop 

control of drug infusion based on BIS and BP parameters; In section 4 we describe the 

simulation schemes for controlling the infusions rate of Propofol to maintain the DOA of the 

patient during surgery to determine the best control combination of BIS and BP signals for 

effective monitoring of the patients’ status of anesthesia; Experimental results are presented 

in section 5 where the different schemes for combining BIS and BP signals are evaluated 

based on simulated surgical scenarios; finally conclusions are presented in section 6.  

 

2. Patient Anesthetic Model 

The anaesthesia model [34], consists of three components: muscle relaxation, 

unconsciousness and analgesia [36] and is combined with Pharmacokinetics (PK) and 

Pharmacodynamics (PD) of the three compartments [35]. This PK-PD model is able to 

measure the drugs interactions with the body to determine not only the DOA but also the 



8 
 

value of BP and the muscle relaxation [37] [38]. 

Previous research has shown that BIS can be used to determine the DOA of the patient 

more precisely [39] [40] and a similar anaesthesia model based on using BIS as a reference 

parameter for modelling the interaction of anaesthesia with the human body has been shown 

in [34] [35]. Isoflurane has been widely used in the past for regulating DOA through effecting 

BP and Muscle relaxation [9] [41-43]. However, this has recently been replaced with 

Propofol, which can improve patients’ recovery time and postoperative effects such as 

vomiting. In this study, four kinds of control schemes based on the combinations of BIS and 

BP parameters for controlling delivery Propofol under different surgical operating conditions 

are evaluated. Previous work in [6-9] [35], has mostly only used BIS for controlling 

anesthesia delivery. If BIS is interfered by other factors, the infusion rate of Propofol cannot 

be effectively controlled. Hence these approaches can suffer from control inaccuracies in 

anaesthesia delivery when the BIS single is interfered and disrupted from surgical equipment 

and environmental factors. These inaccuracies in the amounts of drug delivered into the body 

can affect patients’ postoperative recovery. The proposed approach uses both BIS and BP to 

mitigate the effects of BIS signal disruptions and offers different control schemes for being 

able to adapt to various situations during clinical surgery. 
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2.1 The Propofol Mathematical Model 

 Based on previous studies [38] Propofol’s pharmacokinetics characteristics can be 

described by equation (3) in terms of the following three-compartment model: 

𝑥1̇ = −(𝑘10 + 𝑘12 + 𝑘13)𝑥1 + 𝑘21𝑥2 + 𝑘31𝑥3 + 𝑢 (1) 

 𝑥2̇ = 𝑘12𝑥1 − 𝑘21𝑥2 (2) 

 𝑥3̇ = 𝑘13𝑥1 − 𝑘31𝑥3 (3) 

Where x1, x2 and x3 represent the amount of drug in the central compartment and the 

peripheral compartments, u infusion rate of Propofol, the constants k10 is the rate of the drug 

in the central compartment. The other constants kij are calculated by the following equation 

(4): 

  𝑘12 =
𝐶𝐿2

𝑉1
, 𝑘13 =

𝐶𝐿3

𝑉1
, 𝑘21 =

𝐶𝐿2

𝑉2
, 𝑘31 =

𝐶𝐿3

𝑉3
 (4) 

𝑉1 = 4.27,𝑉2 = 18.9 − 0.391(𝑎𝑔𝑒 − 53), 𝑉3 = 238   (5) 

𝐶𝐿1 = 1.89 + 0.0456(𝑤𝑒𝑖𝑔ℎ𝑡 − 77) − 0.0681(𝐿𝐵𝑀 − 59) + 0.0264(ℎ𝑒𝑖𝑔ℎ𝑡 − 177) (6) 

𝐶𝐿2 = 1.29 − 0.024(𝑎𝑔𝑒 − 53), 𝐶𝐿3 = 0.836   (7) 

With lean body mass (LBM) for males calculated as: 

 𝐿𝐵𝑀 = 1.1𝑤𝑒𝑖𝑔ℎ𝑡 − 128
𝑤𝑒𝑖𝑔ℎ𝑡2

ℎ𝑒𝑖𝑔ℎ𝑡2     (8) 

And LBM for females calculated as: 
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𝐿𝐵𝑀 = 1.07𝑤𝑒𝑖𝑔ℎ𝑡 − 148
𝑤𝑒𝑖𝑔ℎ𝑡2

ℎ𝑒𝑖𝑔ℎ𝑡2
    (9) 

The Propofol effect-site concentration can be related to the compartment-1 concentration 

based on the following equation (10) [52]: 

 𝐶�̇� = 𝑘𝑒𝑜(𝐶𝑝 − 𝐶𝑒) (10) 

 Where Cp can be obtained by dividing x1 with V1, Ce is the effect-site compartment 

concentration and keo is a constants, which is equal 0.456 min-1. Based on the above, the BIS 

can be calculated by the following equation (11): 

 𝐵𝐼𝑆 = (𝐸0 − 𝐸𝑚𝑎𝑥
𝐶𝑒

𝛼

𝐶50
𝛼 +𝐶𝑒

𝛼) (11) 

 Where E0 = 100, Emax = 100, C50 = 7.5 mg/l, α = 3. 

2.2 Data Collection from Patients 

In this study, the BIS signals were collected from seventy-two patients, whose ages 

ranged from twenty to eighty years old, with heights ranging from one hundred and forty to 

one hundred and eighty centimeters, and weights ranging from thirty to one hundred 

kilograms. These patients all had diverse illnesses and had to undergo different types of 

surgical procedures, requiring the administering of general anesthesia. The equipment in the 

operating room included a physiological monitor (Philips IntelliVue MP60) and a portable 

computer which was used to displays the patient’s physiological signals, specifically: ECG, 

EEG, BIS, BP and saturated percentage of oxygen (SpO2) in real time. The proposed study is 
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aimed at single channel BIS signal analysis, based on a sample frequency of 0.2 Hz for the 

interpretation of DOA using the BIS Sensor. The research had been approved by an 

institutional review board and all the patients signed the informed consent. 

 

3. Automatic Anesthesia Control based on T2-SOFLC 

Fuzzy logic controllers (FLC) can be used to design robust controllers, which can 

perform well in the face of various sources of real world environmental and instrumentational 

uncertainties. Moreover, FLCs are able to display robustness relevant to noise and variation 

of system parameters in complex highly non-linear problem domains such as biomedical 

control systems. FLCs have been used in several recent applications for automatic control of 

anaesthesia [44-50] where providing to enable static and adaptive closed-loop control of drug 

delivery that have been evaluated through simulated surgical scenarios. The T2-SOLFC [48] 

is a hierarchical adaptive fuzzy controller that is able to generate and modify its rule-base in 

response to its control performance. Type-2 SOFLCs uses uncertain fuzzy quantifiers 

constructed from real surgical data to capture patient variability in monitored physiological 

parameters during anesthetic sedation. Fig.1 shows a diagram of the proposed closed loop 

anesthesia delivery system that incorporates the type-2 SOFLC for evaluating the four 

different control schemes. 

T2-SOLFC is an adaptive control including fuzzification, inference, control rules, type 
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reduction as well as defuzzification, as displayed in Fig. 1. The input values are taken from 

the patient’s anesthetic model outputs minus the set points for the parameters being regulated.  

These input values are error of BP, the integration error of BP, the error of BIS and the 

integration error of BIS in order to control DOA of the patient. There is an output control 

signal in accordance with changing Propofol infusion rate, which is based on the integration 

of the output value for the purpose to promote real-time adjustment of anesthetic drug. The 

controller output is transformed back to real values, using an output-scaling element and sent 

to the patient anaesthetic model. The output of the patient model is compared to the set points 

for BIS and BP to calculate the error and integration error of the input control signals which 

are then fed back to the type-2 SOFLC to generate any adjustments to the infusion rate. 

 

4. Surgical Simulations to Evaluate BIS/BP Control Schemes  

 The major idea of this study was to simulate controlling the infusions rate of 

Propofol for maintaining the DOA of the patients more accuracy during surgery while 

determining the best choice and combination of key physiological signals for effective 

monitoring of the patients’ anesthetic state. The input signal from the patient anaesthetic 

model to T2-SOFLC controller is taken at each sampling instant in the form of BIS and BP 

inputs values for which specific set points need to be maintain for DOA control. The 

anaesthetic model decides signal values for BIS and BP based on the interaction of Propofol 
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infusion rate that is output by the controller. Noise is added to the model signals which are 

then compared with reference signals for BP and BIS generated from a previous control 

actuation. The error and integration of error for each signal is calculated to form the closed 

loop inputs to the controller. Propofol is the output control signal, which is adjusted based on 

these input values in order to promote real-time revision of drug infusion rates. 

    The noise added to the BIS signal was based on BIS data collected from seventy-two 

anesthetized patients during live surgical procedures conducted within a surgical theatre at 

the National Taiwan University hospital (NTUH). The collected data is based on the average 

values of BIS over the duration of each patient’s surgery. From these values we can then 

derive the average percentage of BIS μ𝐵𝐼𝑆  and standard deviations (±)  σ𝐵𝐼𝑆  for each 

patient as shown in Table 1. Due to the fact that the noise and the PK and PD results of 

anesthetic on the patient’s body may vary over the duration of the surgery the (±)  σ𝐵𝐼𝑆 

values for a given patient represent the intra patient variability. Noise related to BP is derived 

based on a previous study where clinical data was collected from 15 anesthetized patients 

undergoing ear nose and throat surgical procedures [48] where the average BP value μbp over 

each of the patients was 90.88(±) 12.40. The BP data from this previous study sufficiently 

recorded and considered the environmental conditions effecting the BP readings within a real 

surgical context. Hence the data was deemed acceptable to be used for approximating noise 

related to the BP parameter in the proposed system. 
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   Four different control schemes have been simulated in this study which are: (i) the use of 

BIS alone as the reference value for controlling Propofol infusion rates until BIS arrive at a 

desired set point, (ii) the use of BP alone as the reference value for affecting the control target, 

(iii) the combined use of both BIS and BP for controlling the Propofol infusion rate and 

finally (iv) the use of a control selection scheme where BIS is automatically substituted with 

BP when the BIS signal gets compromised due to environmental interference. 

 

5. Simulation Experiments and Results of BIS/BP Control 

Schemes 

The strength of physiological signals like BIS and BP are very weak and susceptible to 

interference during measurement. In this study, three different strengths of noise at: 0%, 10% 

and 20% of standard deviation of the signal derived from the collected patient data were used 

to simulate real surgical conditions. These values were determined based on previous studies 

[48]. The range of the BIS is from 100 to 0. Based on the experience of anesthesiologists, 

Clinical opinion suggested that BIS should generally be maintained at 40 to 60 during surgery 

to enable a faster emergence from anesthesia while keeping a lower administered drug dosage 

[53], which can reduce the risk of adverse postoperative effects. Therefore in our experiments 

a BIS value of 50 was set as the target set point for the control system to maintain. We have 

conducted control simulations, which have been evaluated with 30 patients for each of the 
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four different control schemes. The simulation flow diagram is shown in Fig. 2. In the 

following subsections we present the simulation results and analysis for each of the four 

control schemes where we evaluate each scheme based on the Mean Absolute Error (MAE) to 

the control set points that needed to be maintained which is calculated using the following 

equation (12): 

MAE =
1

𝑛
∑ |𝑣𝑎𝑙𝑢𝑒𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 − 𝑣𝑎𝑙𝑢𝑒𝑒𝑟𝑟𝑜𝑟|𝑛

𝑖=1      (12) 

Where n = total number of data, the values of MAE as shown in Table 2. 

5.1.1 BIS used as the control target 

In this simulation, BIS is used as the only target to control anaesthesia. Fig. 3 shows that 

BIS is maintained at the desired set point however BP fails to be able to maintain its set point 

and starts to fall over the course of surgery to potentially dangerous levels. BIS is further 

subject to different levels of noise affecting the signal, and the results show that the amount 

of the Propofol comparatively increases with the % of added noise as shown in Table 2. This 

shows that BIS can be interfered by noise and hence cannot effectively be used on its own to 

control Propofol delivery.  

5.1.2 BP used as the control target 

According to the experience of anesthetists, a patient’s BP will diminish from 15 to 20 

percent of baseline, which is measured during the induction phase. The result shows that if 

BP is required to be maintained at 15 to 20 percent less of baseline, BIS tends to reduce to a 
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value of 60, as shown in Fig. 4. Fig. 4 also shows that while BP is maintained steadily at the 

desired set point, the value of BIS is unable to reach the desired set point. Both the single 

target control schemes mentioned here and in section 5.1.1 for controlling BIS and BP in 

isolation fail at effectively maintaining both these parameters within acceptable ranges for 

safe DOA. Furthermore as both BIS and BP are influenced by Propofol, it is impossible for 

both parameters to be maintained at their desired set points at the same time as shown in Fig. 

3 and Fig. 4 [35] [38]. 

5.1.3 BP replaces BIS as the control target when BIS reaches 50 

Based on expert opinion the BIS’s values need to be maintained at 40 to 60. Until a BIS 

value of around 50 has been achieved surgical practice is to monitor the patients BP followed 

by, HR or other parameters. BIS and BP should ideally be maintained at their set points 

together however in practice given this is difficult to achieve then it is acceptable for a 

tolerable range to be maintained for both these parameters during surgery. The suggested 

range that BIS should be maintained is maintained at 40 to 60, whereas BP should to be 

maintained at 15 to 20 percent less of baseline based on clinical expert judgment. From the 

simulations of the previous two control schemes shown in Figs. 5 and 6, we see that if BIS is 

the only target; BP will be reduced too much becoming dangerously low for the patient. In 

the case when BP is controlled on its own the patient is unable to achieve suitable DOA. 

Hence we propose a control scheme in which both BIS and BP are combined together as the 
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reference values for controlling the target infusion rate. In this scheme the initial control 

requirement is to achieve a safe BIS of 50 until which point BP can be used as the control 

target for drug delivery. The performance of this control scheme however can be affected due 

to the loss of BIS signals from interferences caused by the use of electrosurgical devices and 

other disrupting effects during surgery. In such cases Propofol would be inaccurately 

maintained based on the amount of the drug in the previous control timestamp prior to the 

BIS signal being disrupted. This situation is shown in Fig. 5.  

5.1.4 BP alternates with BIS as the control target when BIS signal is 

lost due to interference 

During the surgical procedures, the endotherm knife is commonly used by surgeons to 

perform incisions on the body as it can reduce the amount of bleeding which occurs. Due to 

this being a high-frequency tool it can interfere with monitored physiological signals from the 

patient specifically BIS. When this occurs the streaming BIS value will output a value of -1. 

In this control scheme, BIS is substituted with BP for controlling the target infusion rate when 

it is equal to -1. Fig. 6 shows that at several points during the simulation the BIS signal is 

equal to -1 simulating the interference from either noise or high-frequency electrosurgical 

equipment. In these situations BP is used to control Propofol. When the value of BP is lower 

than 80, the infusion rate of Propofol decreases in order to maintain the target for BP. After 

the BIS signal recovers, the infusion rate of Propofol is increased in order to then maintain 
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the target for the BIS signal. Table 2 shows the situations where noise has been added, and 

the corresponding control behavior. Comparing this control scheme with the third control 

scheme described in section 5.1.3 the infusion rate of Propofol in that control scheme is 

shown to be more stable as can be seen in the comparison between Fig. 5 and Fig. 6.  

In terms of the evaluations performed on all four of the control schemes the MAE’s 

values of the BIS are smallest in the first control scheme However, the MAE’s values of BP 

in the first scheme is the largest of all the schemes compared. Regarding the second scheme, 

the MAE’s values of BIS is the largest compared to all the other control schemes; however, 

the MAE’s values of BP is able to achieve a good performance. Compared to the first and 

second control schemes, in the third scheme where we take both BIS and BP in consideration 

to control Propofol, the MAE’s values for BIS and BP are shown to have better results. 

Comparing with the fourth method, although the MAE’s values of BIS in the third control 

scheme is higher, the MAE’s values of BP are much lower and the infusion rate of Propofol 

in third scheme is also more stable. Hence the third control scheme shows a better 

performance for managing of Propofol infusion rates compared to the other three schemes.  

From our analysis of these four control schemes, the results show that by using BIS 

alone to control Propofol infusion the amount of drug infused is reduced compared with the 

control schemes in which both BIS and BP are combined. However when using BIS as the 

only control target, the system is unable to achieve reliable continuous control of Propofol 
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when BIS signal is lost due to interference from environmental conditions. In these 

circumstances Propofol has to be maintain based on the amount of the drug at the previous 

timestamp, which compromises the accuracy of drug delivery providing incorrect dosages to 

changes in the patients’ physiological state. The control scheme based on controlling 

Propofol infusion using BP alone as the control target uses the least amount of drug among 

the four control schemes. However in this control scheme the value of BIS is unable to reach 

the desired set point tending only to reduce to 60. When performing surgical procedures the 

BIS value should be maintained at between 40 and 60 [4] [6] and in some surgical scenarios 

the DOA needs to be more deeply induced at values below 60. For these cases the control 

scheme based on BP being used as the control target is unable to assure the patient is induced 

to an appropriate DOA.  

With regard to the two control schemes that combine BIS and BP for controlling the 

target infusion of Propofol, both show an ability to control the infusion of Propofol while 

there are other factors causing the interference of the BIS signal. The first of these two 

schemes follows the anesthetists monitoring process, which is based on other physiological 

signals such as BP and HR being used to monitor DOA until the desired BIS set point is 

reached. This method can let both BIS and BP be maintained within a desired range, which is 

more suitable to the patients’ postoperative recovery. However the scheme can still suffer 

from the intermittent disruption of BIS signals due to the environmental interferences. In the 
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second of these two schemes BP is automatically substituted for the BIS reference variable 

whenever the BIS signal is lost due to environmental interference. This method enables 

Propofol delivery to be continuously maintained using BP which can solve the situation in 

which is Propofol is inaccurately maintained based on the amount of the drug in previous 

timestamp prior to loss of the BIS signal.  

 In order to statistically compare differences in performance between each method, Table 

3 shows the mean MAE±SD values of each control scheme for 30 patients in Table 2. Here 

the MAE±SD values were calculated by using ANOVA in Matlab to do the statistical 

analysis of the performance variation of each scheme in comparison to the third control 

scheme which had shown best performance. Comparing the performances of BIS and BP of 

the first control scheme with that of the third, there were no significant differences shown 

between these two methods. This is due to the fact that both control schemes are generally the 

same except when BP replaces BIS as the control target when BIS reaches 50 in the third 

control scheme. However, there are still minor differences between these two schemes. For 

example, the BIS’s value under 0% noise in the first scheme is lower than the third scheme. 

This is because there are several points in time when infusion is controlled by BP in the third 

scheme. Moreover, the BP’s value under 0% noise in the first scheme is larger than the third 

method because of the same reason where at several points in time the control of infusion is 

based on BP in the third scheme. In terms of comparison between the second and third 
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control schemes, there are significant differences between both BIS and BP in these two 

methods. In the second control scheme, BP is the only control target, therefore, the BP’s 

values in this control scheme are smaller than the third scheme. In addition, the BIS’s values 

in the second control scheme is higher than the third scheme. The performance comparison 

between the fourth and the third control schemes show significant differences in the values 

for BP when adding 20% noise. However as there are only a few points during the simulation 

when the BIS signal is equal to -1, the values for BIS do not show much of a change in Table 

3. A possible reason for significant differences in values BP occurring only under 20% noise 

is that most signals may probably between 50 to -1 after adding 20% noise. Nonetheless, this 

study shows that generally better performance results are achieved when controlling the 

infusion rates of Propofol when adding noise that is derived from collected patient data based 

on real surgical conditions.  

 

6. Conclusions 

In previous work [5-7], most approaches have used BIS to control anesthesia drug 

delivery during surgery, given its importance as a clinical index for determining DOA. 

However in real surgical situations environmental interferences can affect the reliability of 

the BIS signal. There are many factors which cause interference to the BIS signal such as 

noise in the sensor readings or interference due to the use of electrosurgical equipment. As a 
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result the infusion of Propofol cannot be accurately controlled. In this study, an automatic 

control scheme based on T2-SOFLCs combining both BIS and BP parameters to maintain the 

DOA of the patient during surgery has been proposed. Simulations of different control 

schemes where noise was added based on real surgical data was used to evaluate either or 

both these combined parameters for controlling the delivery of Propofol to maintain safe 

target set points for DOA. The results showed that combing BIS and BP can ensure the target 

set points for BIS and BP can both be maintained at a safe and acceptable range (between 40 

to 60 for BIS and 15 to 20 percent less of the baseline for BP) based on the correct delivery of 

drug even with the intermittent loss of BIS signal. In statistical analysis conducted to 

compare performance differences between each of the four controls scheme evaluated, 

neither the first and the third control schemes nor the fourth and the third control schemes 

showed significant differences, though there were some minor differences seem. However in 

comparing between the second and the third control schemes there was found to be 

significant performance differences. However, the third control scheme still showed the best 

way to control the infusion rate for consider both BIS and BP. In our future work we will 

investigate combining this adaptive control approach with a model free methodology based 

on Genetic Algorithms (GA) / Genetic Programming (GP) approaches for constructing a drug 

interaction model directly derived from patient data to provide a more data sensitive drug 

modeling and delivery system. 
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Fig. 1. The structure of the simulation system where 1. BIS (SP): BIS is used as a control 

target; 2. BP (SP): BP is used as a control target; 3. BIS (SP)→BP(SP): BIS is used as 

the control target, but replaced by BP when BIS reaches 50; 4. BIS(Noise)→BP(SP): BP 

is used as the control target when BIS signal is lost due to interference from conditions 

during surgical procedures 

 

 

 

 

 

Noise: 
0% 

10% 
20% 

Set point (SP) 

1. BIS (SP) 

2. BP(SP) 

3. BIS (50)→BP(SP) 

4. BIS (50+Noise)→

BP(SP) 

Self- organizing mechanism 

Control rules 

Fuzzifier Inference Type reduces 

Defuzzifier 

Propofol 

infusion 

rate 

Patient  

(PK-PD 

Model) 

BIS 

BP 

- - 

+ 

Type 2 

Fuzzy input 

Type 2 

Fuzzy output 

Type 2-SOFLC Controller 



34 
 

 

Fig. 2 The simulation flow diagram 

 

Fig. 3. The simulation results where BIS is used as the control target, under 0% noise 

 

Fig. 4. The simulation result of BP is used as the control target, under 0% noise 
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Fig. 5. The simulation results where BP replaces BIS as the control target when BIS 

reaches 50, under 0% noise 

 

 

Fig. 6. The simulation result where BP alternates with BIS as the control target when 

BIS signal is lost due to interference, under 10% noise 
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Table 1. Clinical data from 72 anesthetized patients while undergoing a specific nasal 

surgical procedures and calculated values for BIS for each patient (μ=49.34±14.19) 

 

Patient BIS(μ𝐵𝐼𝑆, σ𝐵𝐼𝑆) Patient BIS(μ𝐵𝐼𝑆, σ𝐵𝐼𝑆) Patient BIS(μ𝐵𝐼𝑆 , σ𝐵𝐼𝑆) 

1 36.58±15.28 25 30.63±12.01 49 44.47±16.31 

2 41.81±10.01 26 27.34±14.89 50 47.70±13.45 

3 51.93±11.19 27 48.09±13.50 51 49.35±14.62 

4 40.74±17.23 28 62.17±8.77 52 49.49±14.23 

5 38.37±19.30 29 58.30±22.56 53 63.77±16.01 

6 41.59±14.15 30 66.10±18.08 54 37.62±13.30 

7 44.42±19.17 31 52.48±15.69 55 40.33±13.08 

8 44.46±12.24 32 45.99±14.04 56 47.95±14.66 

9 43.57±10.00 33 43.14±13.86 57 48.00±15.88 

10 48.10±14.57 34 56.91±8.12 58 47.87±19.26 

11 50.84±18.13 35 59.89±12.28 59 54.07±17.13 

12 44.73±9.68 36 43.22±17.04 60 38.40±10.65 

13 38.45±20.39 37 59.58±18.92 61 74.13±17.35 

14 50.46±15.69 38 48.71±12.92 62 93.07±13.35 

15 60.66±15.48 39 44.56±10.93 63 71.43±15.29 

16 64.00±14.15 40 41.74±15.68 64 64.52±15.33 

17 40.88±15.13 41 52.31±13.51 65 62.47±13.72 

18 42.07±4.39 42 39.88±9.35 66 59.60±10.39 

19 49.78±8.05 43 39.96±12.39 67 71.15±13.63 

20 46.10±23.43 44 48.89±14.93 68 49.63±14.02 

21 43.24±10.79 45 48.33±15.44 69 41.43±15.69 

22 48.38±15.08 46 47.07±7.58 70 41.81±15.88 

23 48.28±14.57 47 34.38±16.35 71 57.01±12.08 

24 52.43±14.03 48 40.14±11.95 72 45.97±13.52 
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Table 2. The simulation results of the four evaluated control schemes with different 

amounts of added noise showing the achieved MAE. 
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Table 3. The results of mean MAE±SD values of each control scheme of 30 patients in 

comparison with each control scheme with the third control scheme  

2
0
%

 

1
0
%

 

0
%

 

C
o

n
tro

l 
 

sch
em

es 

N
o

ise 

5
.9

6
±

0
.3

7
 

4
.9

1
±

0
.3

8
 

5
.0

1
±

0
 

B
IS

 

T
h

e first co
n

tro
l 

sch
em

e 

4
.8

0
±

0
.3

2
 

4
.5

7
±

0
.2

6
 

4
.3

1
±

0
 

B
P

 

1
2

.3
0

±
0

.9
1
＊

 

1
4

.2
1

±
1

.5
5
＊

 

1
6

.9
7

±
0
＊

 

B
IS

 

T
h

e seco
n

d
 co

n
tro

l sch
em

e 

2
.6

7
±

0
.1

8
＊

 

1
.5

9
±

0
.3

2
＊

 

1
.0

4
±

0
＊

 

B
P

 

6
.1

8
±

0
.4

1
＊

 

5
.3

7
±

0
.4

6
＊

 

5
.1

6
±

0
＊

 

B
IS

 

T
h

e th
ird

 co
n

tro
l sch

em
e 

4
.9

3
±

0
.3

2
＊

,✝
 

4
.5

2
±

0
.3

3
＊

 

4
.1

3
±

0
＊

 

B
P

 

5
.8

7
±

0
.3

5
 

4
.9

4
±

0
.3

5
 

5
.2

1
±

0
 

B
IS

 

T
h

e fo
u

rth
 co

n
tro

l 

sch
em

e 

4
.7

3
±

0
.3

2
✝ 

4
.4

9
±

0
.2

3
 

4
.2

2
±

0
 

B
P

 

＊ Represent the second and the third control schemes have significant differences. 

✝ Represent the third and the fourth control schemes have significant differences. 


