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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



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



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
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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



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



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



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.



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:

X1 = —(kyo + kaz + k13)xg + kpixo + kayxz +u (1)
Xy = kizx1 — k21X, 2)
X3 = K13%1 — K31X3 €)

Where x;, x> and x3 represent the amount of drug in the central compartment and the

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

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

(4):
C C C C
ki = VLIZ, kis = VLja ky = VL;, ks = VL: 4)
V, =4.27V, =189 — 0.391(age —53), V3 = 238 (%)

C,, = 1.89 + 0.0456(weight — 77) — 0.0681(LBM — 59) + 0.0264(height — 177) (6)

Cp = 1.29 — 0.024(age — 53), C.3 = 0.836 (7)

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

weight?

LBM = 1.1weight — 128 ———
height

®)

And LBM for females calculated as:



weight?

LBM = 1.07weight — 148 ———
height

)

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

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

C;e = keo(Cp - C.) (10)
Where Cp can be obtained by dividing x1 with Vi, Ce is the effect-site compartment
concentration and ke, is a constants, which is equal 0.456 min™. Based on the above, the BIS

can be calculated by the following equation (11):

ce
W cg+cs

BIS = (Ey — E,, ) (11)

Where Eo = 100, Emax = 100, Cso = 7.5 mg/l, o = 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

10



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

11



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

12



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 pg;s and standard deviations (£) op;s 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 () ops

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 py, 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,
(ii1) 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 = ~ %7, [value;erpoine — valtecrror| (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

15



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 MAEZSD 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
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target when BIS reaches 50
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Fig. 2 The simulation flow diagram
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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 (n=49.34+14.19)

Patient BIS(Upis, Ogis) Patient BIS(uprs, Ogis) Patient | BIS(ugss, Ops)
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.

Noise % Patient Patient 1 Patient 2 Patient 3 Patient 4
MAE
BIS or B
Only control by BIS 0% RIS 5 7261+0 4 1R16+0 A RASR+N 2 4390+0
RP 2 7778+0 42799+0 2 337540 4 57R6+0
10% RIS 4 6197+0 2225 4 4357+0 2849 5 5532+0 RD29 49791+0 1312
RP 4 20A7+0 2315 4 £798+0 2541 4 0R01+0 287 47375+0 1419
20% RIS 57050+0 3115 5 A117+0 1712 6315440 2890 5 A720+0 4584
RP 47620+ 0 29RA 4 711740 2069 4311940 4928 5 0395+0 3413
Only control by BP 0% RIS 14 449140 13 1607+0 17223440 13 364640
RP 0 ROAG+N 1 2R3A+0 021232+0 1.2030+0
10% RIS 15 46340 9496 14 1158+1 1359 17 QRAR+0 Q789 12 5759+1 4029
RP 1 1757+0 1095 1374540 1856 1.0040+0 0416 1 6815404012
20% RIS 14 356640 7824 11 8263+ 1 5275 16 624041 2591 10 5915+ 0 k047
RP 2 187940 0918 7 5400+0 2558 2 107940 0472 2 734440 1722
When BIS=50 control 0% RIS 5053540 491640 7411140 4399440
by BP else control by RP 3 ADAO+N 3 0552+0 2 1117+0 4 1165+0
BIS 10% RIS 5 0135+0 2573 5 0532+0 AAS3 5 §757+0 6752 4 7380+0 2414
RP 4 1313+0 1566 4 5R17+0 40988 3 9A17+0 4709 4 5607+0 3084
20% RIS 5 8492-+0) 3394 50459+0 3413 A 1138+0 2440 5 R344-+0 3348
RP 4927440 3077 4 0R52+0 3414 42380+0 32301 4.0340+0 3781
When BIS=-1,control 0% RIS 5 619740 4258340 7 827840 3 7120+0
switched to BP RP 3 47240 42230+ 0 2 9Q77+0 4 4125+0
10% RIS 4 9R17+0 3873 4 3884+0 1135 52700+0 5017 4 4133+0 3013
RP 4 1057+0 2051 4 AGRA+0 1240 3 0R34-+0 2048 4 £743+0 2058
20% RIS 57714+0 1045 5 7506+ 0 20564 61813402732 5 5701-+0 3351
RP 43621+0 3107 4 7236+0 3783 4 1080+0 3081 4.9700+0 2877
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Patient 5 Patient 6 Patient 7 Patient 8 Patient 9 Patient 10 Patient 11
2 5044+4+0 7229140 3 R6N9+0 4 7476+0 5 3R53+0 3 4306+0 4 OR10+0
4 7944+0 3243340 4 3R734+0 54010+0 3 R2409+4+0 4 A066+0 4 328540

4 ADAT+N0 2309

5592341 0435

4 37925+0 2050

4 R0%1+0 4732

4 A771+024927

4 AR44+(0 30AR

4 3777+0 1244

5 14A9+0 146A

4 03R3+0 5640

4 A102+0 27AR

S5 2641+02443

4 4902+0 31AA

4 7810+0 3945

4 5526+0 1505

A 0027+0 A108

A 3160+0 4548

S A770+0234R

A 0456+0 44364

5 200+0 3459

5 R920-+0 722K

5 A293+0 0771

5 4R96+0 3152

4 19240 4230

4 RAT14+0 2R0R

54941+0 3536

4 39R04+0 4A14

5117240 523

4 A728+0 17858

14 5RR1+0 21 726R+0 12 757940 1R 52R34+0 14 534940 13 263140 26 06AT+H0
0 ROAT+0 1 416A6+0 1410440 0 SR704+0 0 42940 1. 2340+0 2 244640
11 042+ 2 2247 19 R107+1 45564 13 A2A4+1 0407 11 1234+2 24592 15 2400+0 5001 13 30R3+1 1R0K 14 24R9+1 2474

1 9304+0 5699

1. 2942-+0 209K

1 4583+ 02105

2 12144+0 A41R

1 196640 NASR

1 533A4+0 2718

1 3571+0 192K

R 490A9+0 7230

1R R10A+1 14915

12 3992+1 1803

R 0977+0 40064

13 5363+0 90327

10 RA23+0 9978

12 R2024+1 0177

32004+ 0 179

2 113040 0708

2 4407+0 1773

3 3293+40 1329

2 204240 110K

2 452040 1723

2 3AASHN 1447

3 2030+0

5 366340

3 Q97R+0

4 7504+0

5 4728+0

4 3741+0

4 4647+0

4 7377+0

3 7431+0

4 309A+0

5401R+0

3 7404+0

4 126R+0

4 35R9+0

5 2466+0 4732

6 065840 7220

4 A549+0 1739

5 0429+0 5227

4 9%53+0 3330

S 2R20+1 4615

4 9Q796+0 2572

5 179740 3349

2 £559+0 3358

4 AR3AHN D554

4 9AA3+0 3742

4216440 16R2

4 947240 00?2

4 5009+0 3A9A

6 372540 A30R

6249040 2802

5 9477+0 3349

6 439040 4897

5 R3R4+0 1528

5 R502+0 3230

5 7234+0 1616

5 877740 4407

4 0001+027A

S5 1178+0 33AQ

5 5A6Q+0 2R29

4 SATAH0 31RR

5 1005+0 3244

4 710A6+0 1439

3 4306+0

R 032740

3 Q2R0O+0

5 2464+0

4 9R77+0

3 A297+0

4 0R54+0

4 7038+0

2 JASR+0

4 3499-+0

5 537240

3 922340

4 4433+0

4 2770+0

4 AARA+N 2092

5 ARAS+N A23D

4 5653+0 2771

4 R435+0 53AR

5 01R2+0 5391

4 3470+ 0 1495

4 A315+0 3300

5 1AAA+0 10464

3 039A+0 4745

4 49A3+0 3109

52119+0 21587

4 215A+0 4342

4 7251+0 1790

4 4859+0 3224

5 7009+0 4559

A 357440 39R9

5 A2A1+0 23264

56411402814

5 R524+02094

5 5046+0 2577

S R7AS+0 41764

52148402208

4 0573+0 312K

4 734340 3530

5 1570+0 2939

4 2RR5+0 26A4

4 9025+0 30073

4 R715+0 877K
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Patient 12 Patient 13 Patient 14 Patient 15 Patient 16 Patient 17 Patient 18
2 A9R4A+0 50419+0 4 252740 S 74R1+0 2 91054+0 R 8211+0 4 6176+0
4 ROTR+0 5 R027+0 4 218340 2 AQ74+4+0 4 378540 4 75740 4 0956+0

4 2745+0 10564

4 9724+0 3419

4 3911+0 3179

5 059A+ 0 4RRS

4 4155402097

4 2729+0 NR3 1

4 5210+ 0 1668

4 73RKR+0 14918

5 3437+0 19158

4 4953+02147

4 15R1+0 2739

4 AR9S5+N 2741

4 R211+02010

4.20230-+0 2051

5 8226+4+0 2050

591154+02346A

S R151-+0 4RR?D

5 7RA1-+0 3060

5 4748+0 1493

5 74A9+0 3200

5 AQQA+( 2445

4 {R724+0 2307

53A14+0 15158

4 9490+ 0 4508

4 533A6+0 4048

4 739R+0 2149

5 1427+0 3091

4 53728+024A1

17 07940 17 2523+0 13 076440 15 535240 12 11R1+0 19 315440 15494240
0 3599+0 0 472440 1 306440 0 535440 1 A0574+0 0 A74240 0 54740
13 4564+1 135A 11 304541 3A91 14 01R83+1 22R4 16 0513+1 3250 13 201041 7353 13 117941 2600 15 0764+1 0105

1 5134+0 2401

2 02254034264

1 377340 230A

1 151940 14KK

1 5632+0 307

1 SRRO+0 2R7R

1 2332+0 1724

10 558540 RNO7A

7 7929+ (0 7290

12 55R9+1 NA13

15 4061+1 034A

11 2026+0 41764

Q9 9409+0 9744

13 SARS+0 5859

2 70634+0 1899

3 5701+0 4443

2 4045+02124

2 1170+0 09A/7

2 599240 NRRNO

2 RASA+HN 2132

2 249540 0A41

3 4R00+0

5 7710+0

5 2842+0

A 120540

4 R445+0

4 3770+0

5 01R4+0

4 50R0+0

5 7097+0

3 R419+0

3 5195+0

4 0200+0

4 127+0

2 9734-+0

5111241 1107

5 6914+ 0 R457

4 R020+021RA

5 19RR+0 4A24

4 539040 1655

4 AA6R+0 1792

5 0R15+02022

4 R9472+0 5257

5 459940 4699

4 462440 3749

4 1456+0 4000

4 72054+0 1633

4 A778+0 2644

4 342340 4313

5 925440 5131

6 R7334+0 AA2Q

5 7761+0 3690

6 01184+02A51

5 R54R+0 SR9A4

6 127740 A0AT

5 R9Q2+0 3494

5100040 3424

5 R1704+0 3503

4 973A+0 3311

4 536140 4092

5 1313+0 4641

5 34R4-+0 4053

4 0144+0 349

3 AR 10

5 RRAT+0

4 RQRQ+N

A 125340

42540+ 0

4 0005+0

4 5015+0

4 7562+0

5 76R9+4+0

2 0A93+0

3 521940

4 1791+0

S0A71+0

4 113740

4 3248+0 12A9

4 7998+N0 31A4

4 392R+0 1572

5 37R4-+0 4R8RRK

4 3155+0 0974

4 3512+0 1040

4 A194+0 3729

4 AN25+0 1549

5 1RA7+0 2241

4 ARGA+N 13R0

R 0ART7+0 2A/T7T

4 A392+0 1R50

4 79RA+0 1AR7

4 4345+0 2A29

5 SR45+4+0 4708

A 028440 424

5 A233+0 3074

5 9AQA+0 3254

5 A524+0 2259

5 ARKRQ+N 71R7

5 76AR+0 2432

4 03A7+0 4007

5443340 2A32

4 7R28+0 3R3Q9

4 2709+0 3R1A

4 916A+0 3904

5 0AS5+0 4R39

4 736R+0 4102
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Patient 19 Patient 20 Patient 21 Patient 22 Patient 23 Patient 24 Patient 25
3 7663+0 6 SORKR+0 4 R58R+0 4 6390+0 3 A2R4+0 A SR11+0 14 09240
4 9121+0 3 4333+4+0 4 0215+0 5 32R1+0 4 759740 3 44004+0 0 040+0
42013+0 1770 5 158240 8759 4 733040 45822 4 A300+4+0 2 A2RA+0 A SR11+0 14 R092+0

4 7834+0 1752

4 0R14+0 203

4 A230+0 S0R4

S0271+0 1351

4 7637+0 275K

4 1713+0 1509

1 7052+0 AR2R

5 723A+0 5044

6 2456+0 3511

5 ARKRD+N 2R3S

4 4715+ 02807

4 3R891+0 1945

5 0674-+0 289K

12 7727+2 4618

5 06614+ 04070 4 333340 4597 4 A22140 32131 S 26R1+0 4092 4 RA014+0 2291 4 S738+0 42922 2 751240 30587
13 073040 16 R374+0 13 277240 20 2099+0 23 795940 16 741340 23 953R+0
1. 3035+0 0234440 1244540 1.0030+0 2 1160-+0 0247440 2 0559+0

12 259541 5924

17 0A9A+1 23A2

14 0A90+1 7602

12 4147+1 4363

12 76A95+2 3499

17 53RA+1 40A2

25 AS11+2 2643

17825+0 3799

1 11034+0 0694

1. 4038+0 33A4

1753340 3307

1 6£953+0 5950

1 106340 0AR0

2 A7054+0 7230

10 3A334+0 7528

1A RNOR+1 0550

12 3937+0 AS79

9 140040 79A0

10 AR1R+1 04A1

16 R705+1 0A70

26 3231+1 7635

2 752340 14764

2 078340 0505

2 4207+0 1040

3 055640 208K

2 755740 3450

2 0A92+4+0 0319

3 23AR+0N 402A

3 RANDA+D

7144740

4 3799+0

3 4520+0

2 9007+0

7 0930+0

15 1R1140

4 2994+0

3 22AA+0

4 1A73+0

4 7047+0

4 3364+0

3 243R+0

0 R3A9+0

4 RI0R+0 33A9

5 217R+0 4285

4 A5104+0 1279

4 9514+0 3947

4 AQ474+0 22928

5 4105+0 4077

14 444540 K313

4 22140 49258

4 059440 2749

4 4098+02024

4 9A794+0 158K

4 S0RA6+0 1959

4 0R43+0 34964

1 34704+0 10RA

5 920A6+0 4593

5 9A3A6+0 16826

6103340 4411

6 217640 458R

5 9097+0 2702

6 064140 2377

10 331R+1 57K%

S 0A28+ N 4ARN

4 4003+0 26AT

5112240 3A3R

8 42454+0 2QR9

4 R9A0+0 2911

4 ARRT+() 3447

2 7919+0 2950

R 712740

7 142340

5 4A22+0

4 SRAR+N

3 5043+0

7 1059+0

15 1R11+0

4 R712+0

22101+0

2 7001+0

5 2915+0

4 7017+0

2221940

0 R3A9+N

4 296R+0 2102

5 479A+0 7R91

4 5245+ 0 2564

43191+0 1138

43192+0 1147

5 0598+0 2A92

12 6A20+1 AA77

4 R355+0 2043

3 Q2RA+0 37R4

4 4075+0 1935

4 R709+0 1375

4 A222+0 1737

4 1093+0 23AS8

1. A755+0 3772

55535402108

6 029740 1941

S A11R+0 1317

5 5215401900

5 46R5+0 1520

6 027740 2951

Q 315A+1 R577

4 9R29+0 2699

4.4214+0 3103

4 A434+02170

5 01R9+0 1AR9

4 A728+0 1972

4 4208+0 3427

3 024240 43158
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Patient 26 Patient 27 Patient 28 Patient 29 Patient 30
4 4440+0 4 A5714+0 5 A2KRR+0 R 49R74+0 3 2347+0
53 2664+0 4 OR6R+0 5 A001+0 4 7005+0 4 701+0

4 3742+0 2210

4 3951+0 1322

5 0342-+0 5965

4 4010+0 14973

4 5604+0 1245

4 Q74+0 1432

4 5404-+0 1508

530990 2709

4 RR12+0 1A/79

5 0748+0 055K

5 A322-+0 1904

5 S1KR+0 0900

59410+0 351

5 7814+0 59A%

5 A300+0 2593

4 973040 2097

4 7083+0 1918

5 3110+0 1R5A

5 1779+0 4572

5 13634024964

20 527240 12 94RR+0 17 k07240 20764140 19 A27240
1 0R34+0 1 4R340 0 4997+0 1 1A7440 0 R31A+0
11 7339+2 4994 13 S0R1+1 4415 10 875242 4777 11 ARAGED 4397 11 713041 RA21

1 0004:+0 5643

1.4840+02Kk14

2 253740 A787

1 9A25+0 A244

1 94A3+0 4739

R OR1A+1 0544

12 3R03+0 7914

7 9718+0 7649

9 1076+0 AORT

R 779240 AA29

2 31004+0 51KR3

2 424440 110A

3 4R0R+0 2915

3 16A4+0 2944

3 1294+0 1349

2 0A95+0 4 0059+0 5312840 4.0923+0 3313540
5 1140+0 42029+0 5 585340 4 £037+0 4.7208+0
4 977640 2173 4 7841+0 2848 5938940 6620 5 177140 5765 5 1530+0 4801

50110+ 02784

4 A1554+0 3629

5 1943+0 350K

5 1280403410

5 2746+0 2RAR

6 OR00+0 3017

5 7642+0 2150

6453540 5143

6144440 3751

6 0RDA+0 43R5

5112240 23AA

4 ]ROA+0 1917

5 5377409725

5327040 3333

5 3277+0 2950

4 4014+0 5 3057+0 5 5R853+0 24713+0 3 1A91+0
52298+0 3 30340 5 AAOSEN 4 51AR+0 4 A5504+0
4 763040 5542 4 3341+0 2611 4 7460+0 1518 4 49RA+0 51A9 44141+0 1589

S 0717+0 3049

4 4949+0 292K

S 1RA0O+N 1372

4 9994+0 2744

4 9007+0 1950

5 578340 3380

5 A12740 1775

A 055340 564

5 A330+0 2345

5 ART7A+E0 2707

4 9RRA+N 2ARK

4 7554+0 3272

5443240 337

4 09R3+() 2RRD

5 102A+0 1695
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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

The first control

The second control scheme

The third control scheme

The fourth control

Control
scheme scheme
schemes
. BIS BP BIS BP BIS BP BIS BP
Noise
5.01=0 43120 16.9740 " 1.04+0" 51640 " 4.13+0" 5.21+0 4.22+0
0%
4.91+0.38 | 4.57+026 | 14.21£1.55 | 1.59+0.32" | 5374046 | 4.524033 | 4.94+035 | 4.49+0.23
10%
5.96+0.37 | 4.80£0.32 | 12.30£0.91 | 2.67+0.18° | 6.18+0.41 | 4.93+0.32"'t | 5.87+0.35 | 4.73+0.32"
20%

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

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