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Abstract: Regulation of hypnosis level on bi-spectral index monitor (BIS) during a surgical procedure in propofol anaesthesia
administration is a challenging task for an anaesthesiologist in multi-tasking environment of the operation theater. Automation in
anaesthesia has the potential to solve issues arising from manual administration. Automation in anaesthesia is based on
developing the three-compartmental model including pharmacokinetics and pharmacodynamic of the silico patients. This study
focuses on regulation of the hypnosis level in the presence of surgical stimulus including skin incision, surgical diathermy and
laryngoscopy as well as inter-patient variability by designing super-twisting sliding mode control (STSMC). The depth of the
hypnosis level is maintained to 50 on the BIS level in the maintenance phase after improving the induction phase to 60 s using
the conventional sliding mode control and 30s with STSMC. The proposed scheme also compensates the inter-patient
variability dynamics including height, age and weight of the different silico patients. Moreover, the surgical stimuli direct the
hypnosis level towards the state of consciousness and stimulate the controller to provide continuous drug infusion during the
interval 80—90 s. Simulation results witness that the oscillatory behaviour is observed in drug infusion to ensure the moderate

level of hypnosis (40—-60) for general surgery.

1 Introduction

Surgical procedures are usually conducted with the induction of
anaesthetics to achieve three basic objectives: hypnosis, analgesia
and areflexia. The desired objectives can be achieved through an
appropriate infusion of drugs to create the sensation of
unconsciousness, lack of pain and lack of body movement. In the
past inhaled gases like ether were applied to carry out the surgery
to ensure safe and fast execution of procedure [1]. This method
resulted in the high death rate due to complications in the
anaesthesia procedure. As reported in [2], 150 people die every
year in the USA. Crawford Williamson used diethyl ether to
execute the first anaesthetic-based surgical procedure by
introducing and realising the sensation of insensitiveness against
pain [2]. The overall functional procedure of anaesthesia
administration during surgery can be categorised into three phases
including the induction, maintenance and emergence phases of
anaesthesia. In the primary phase, the anaesthetics are administered
to bring the patient to the desired hypnosis level, which is 50 on bi-
spectral index monitor (BIS). The maintenance phase is a
secondary phase where the desired hypnosis level is maintained so
as to perform the surgery. The emergence phase is the last phase,
which includes skin closure and brings the patient towards the
awake state [3, 4].

Propofol is a hypnotic agent that consists of major ingredients
of anaesthesia having a fast metabolism and no side effects to the
patient. Appropriate infusion of propofol is obligatory to rely
completely on the experience of an anaesthesiologist in manual
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drug delivery administration. The overdosing and underdosing of
propofol may, respectively, lead to severe consequences of
cardiovascular collapse, or anxiety and trauma. Both of these
conditions are unacceptable and intolerable to clinical professionals
to ensure the safe execution of surgical procedures [5].

The advancement in the medical field has lead us towards the
development of well-equipped operation theaters for individuals to
measure and control the unpredictable issues during the surgery to
ensure highly trained and technical environment to minimise the
human errors. For this reason, automation in anaesthesia is
significant to develop sophisticated mechanisms by ensuring
optimal delivery of drug infusion to regulate the hypnosis at a
desirable scale [6, 7]. Schneider developed three compartmental
models of silico patient including pharmacokinetics model (PK)
shows the metabolism of a drug within body and
pharmacodynamic (PD) indicate the effects of the drug on the
depth of hypnosis (DoH) in the brain. The metabolism and
distribution of drugs within the human body depend on age, height
and weight of the body [8, 9]. The key functional component of
anaesthesia is hypnosis, whose information is extracted from the
cortical activity of the brain and is shown on the BIS monitor.
Fig. 1 shows the scale of hypnosis level on the BIS monitor [10].
The DoH is scaled from 0 to 100 indicates the iso-electric EEG and
complete awake sate. The range 40-60 is the moderate band, in
which surgical procedures are performed [10].

The BIS monitor is used to analyse the intra-operative
awareness of patients during the surgery. The intra-operative
awareness occurs due to the presence of pain during a surgical
procedure as it can cause severe physiological consequences and
can prolong the procedure. Based on surgical reviews conducted in
the USA, the observed intra-operative awareness ranged between
0.2 and 1.6% [11, 12]. In the closed-loop control of anaesthesia
administration, the BIS signal is used as a feedback signal to the
controller [13]. To realise automation in anaesthesia, various
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Fig. 2 Block diagram of PK and PD models

control strategies based on linear and non-linear controllers have
been applied and investigated for different silico patients.
Proportional integral derivative (PID) control is a classical
technique with fast transient response applied by Chao Dong in
2003 [14]. In his work, he derived the three-compartmental model
including the PK-PD model and linearised the output of the
sigmoid model using linear regression. Moreover, he applied the
PID control technique on hypothetical patients and achieved the
desired results. However, a lot of data can be lost due to linear
regression in the linearisation process [14]. Slotesz attempted to
solve the problem by introducing the analgesic component of
anaesthesia. As reported in [3, 15], he applied propofol and
remifentanil as hypnotic and analgesic components, respectively,
and observed their synergetic effect. The major limitation of the
Slotesz work is lack of handling inter-patient variability and intra-
patient variability, which reduces the control performances and
leads to instability of the system [16, 17]. Sliding mode control
(SMC) is a non-linear control algorithm having robust behaviour
towards higher order non-linear systems. SMC offers low
sensitivity to plant structure variations and disturbances by moving
the state trajectory towards the user-defined surface [18].

The non-linear dynamical system can be stabilised by applying
the back-stepping control mechanism through the reduction of
higher order system to low-order system in a recursive fashion. The
major advantage of the back-stepping controller is its ability to
handle the useful non-linearities of the system, but such
mechanisms are not immune to structural variations and plant
disturbances during the regulation of hypnosis in a closed-loop
pattern [19]. The main challenges faced during the regulation of
hypnosis to ensure safe surgery are inter-patient variability and
intra-patient variability in automated anaesthesia infusion. Inter-
patient variability refers to the variation of the patient dynamics
like weight, height and age, which vary from patient to patient.

To address the challenges mentioned above to regulate the
hypnosis level, robust control mechanisms can prove to be useful
in terms of less sensitivity to perturbations like surgical stimuli
occurred during the induction phase of anaesthesia infusion. The
most considerable surgical stimulus is skin incision, which reduces
the hypnosis level leading to awareness of the patient. One of the
most prominent surgical stimuli is diathermy, in which high-
frequency electromagnetic radiation is applied to coagulate the
tissue by reducing the bleeding [20, 21].

Scientific literature reports various control algorithms for
propofol anaesthesia administration. Model predictive control
(MPC) is one such algorithm that can handle critical applications
like anaesthesia control or glucose control. It can offer several
features including BIS tracking and disturbance rejection
capability. The performance of linear MPC is comparable with PID
considering the time delay introduced by BIS monitor for
anaesthesia control. However, the major limitation of the linear
MPC is its inability to handle intra-variability dynamics like
bleeding or hypnosis level variation due to skin incision. A
predictive adaptive controller having the ability to monitor a
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patient's responses continuously computes the drug level according
to the specified BIS target. The regression model is then usually
used for the prediction of a patient's response and to provide the
adequate dosage level to keep the patient's hypnosis level in the
desirable range. However, in the regression model, data can be lost
especially due to linear regression [22, 23]. The present research
based on super-twisting SMC (STSMC) considers all the
limitations mentioned above and aims for promising results in
terms of fast transient response and minimal steady-state error
while handling parametric variations. A robust control strategy is
developed to keep the hypnosis level between required bounds on
BIS and to compensate various challenges related to inter-patient
and intra-patient variabilities. The designed control strategy is
based on a set of state equations derived from PK and PD models,
which shows different responses of a patient to propofol infusion.
STSMC is applied due to its less sensitivity towards patient
parameters. The second advantage of STSMC is its robustness as
compared to other control techniques such as MPC particularly in
the presence of bleeding, which is a surgical stimulus. STSMC
shows optimum results and removes the chattering in the hypnosis
level on BIS. The performance of STSMC is investigated to
achieve the desired hypnosis level during induction, maintenance
and emergence phases of anaesthesia. The metabolism shown in
results presents the plasma drug concentration in various
compartments of the body based on three-compartmental PK—PD
models. The controller input is analysed clinically for different
silico patients. Intra-patient variability, which consists of surgical
stimuli, is perturbation occurred during the surgery. It reduces the
depth of anaesthesia and alters the consciousness of the patient
thereby affecting skin incision, surgical diathermy and
laryngoscopy. The model of the surgical stimulus is developed and
the effects of stimuli on hypnosis during the closed-loop control of
anaesthesia are investigated. The analytical analysis of STSMC is
performed based on the Lyapunov theory. The performance
achieved with the proposed control law is evaluated and analysed
clinically considering all complications as well as limitations
during the regulation of the hypnosis level in the presence of
surgical stimuli. The rest of the paper is organised as follows:
Section 2 describes the mathematical model of a patient based on
the PK—PD model with all clinical parameters. Section 3 presents
the proposed control methodology while Section 4 discusses the
results achieved in different silico patients. Finally, Section 5
summarises the conclusion.

2 Compartmental model of the patient

Based on the flow of blood through various organs of the body at
different rates, the overall human body can be divided into three
compartments by proposing three-compartmental PK—PD model.
Compartmental models describe all the basic approaches of drug
metabolism, distribution and clearance as well as elimination in
various organs of the body [24, 25]. Fig. 2 shows the three-
compartmental PK-PD model with additional effect site
compartment at the brain side of the human body. V, shows the
central compartment (intra-vascular blood) with rapid peripheral
and slow peripheral compartments V, and V;, respectively. The
distribution and metabolism of the drug among different
compartments take place through weighted rate constants k;,, k),
ki3 and ks, as shown in Fig. 2 [26]. The drug infusion is provided to
the primary compartment containing the intra-vascular blood. The
drug is then distributed to other compartments exponentially [3—7].
The output taken from the effect site compartment consists of
cortical activity of the brain measured through BIS and scaled in
terms of level.

To derive the PK model, state equations corresponding to the
three compartments can be written as:

di(t) = — kidy(1) = kindy (1) = kixd (1) + koyds(0) + ks ds(£) + u

1

o )
do(t) = kynd (1) — kndio(1) 2

d3(f) = kisd\(t) — ks,1ds(2) 3)
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Table 1 State variables with description

Table 3 Clinical parameters of PK—PD model

State variables Description Unit Clinical parameters Formula
d(t amount of drug in primary compartment m LBM 2
1®) gin primary comp 9 maleLBM:l‘le—IZSXKZ
dy(t) amount of drug in rapid peripheral mg H
compartment w?
ds(1) amount of drug in slow peripheral mg female LBM = 1.07 X W — 148 x g
compartment weighted rate constants i Cuop _Cuo_Cn
dy(t) amount of drug in effect site compartment mg =y Ty Ty
u(t) drug infusion mg/s e = Cis
3=
3
) ) volume of compartment VvV, =4.27[1]
Table 2 Sigmoid model parameters. . V, =189 — 0391 (Age — S3)[1]
Parameters Description v, = 238[1]
E, shows fully awake stage without the infusion of a drug T
or a hypnotic agent clearance Cp = 1.89 + 0.0456(W —77) —
Epeak effect achieved using a hypnotic agent 0.0681(LBM — 59) + 0.0264(H — 177)
Cso half of the maximum effect Cr =129 -0.024(Age - 53)
4 steepness or slope of the sigmoid curve Ci; = 0836
PKPD Model Sigmoid Model

The PD model predicts the effect site concentration, as given by

(4):
dy(t) = kiody (1) — koedi(2) 4)

where k&, and k,, indicate the elimination rate constant and the
weighted rate constant at effect site compartment, respectively.

The description of the above state variables given in (1)—(4) is
given in Table 1.

The output of the infusion drugs is measured from the effect site
compartment through non-linear sigmoid model on BIS which
scales the consciousness level between 100 and 0 in (5):

d;
BIS, = Ey — Epeux X ———— 5
act 0 peak d, + Cg() ( )

The description of the sigmoid model parameters in (5) is given in
Table 2.

Based on the patient's attributes, clinical parameters computed
using the Schneider three-compartmental model for propofol are
given in Table 3. Lean body mass (LBM) is a function of patient's
gender, height and weight [25, 27].

2.1 Block diagram of open-loop anaesthesia infusion system

Fig. 3 presents the block diagram of the open-loop control of
anaesthesia infusion system with step input u(¢) cascaded with PK—
PD model and sigmoid model.

2.2 Simulation results

Fig. 4a shows the open-loop response or manual administration of
propofol in the patient. The input drug infusion is provided in
pulsating form with an amplitude of 2 mg/s and the period of pulse
is 30 s and the duration of each pulse is 5s. Fig. 45 shows the
plasma drug concentration in various compartments of the body.
The primary compartment is intra-vascular blood which acts as a
carrier of the drug to different parts of the body including muscles,
fats and brain. Fig. 4c shows the hypnosis level on BIS and the
value of BIS is not uniform and the open-loop configuration is
unable to achieve the desired DoH required for general surgery.

3 STSMC design

STSMC has been designed to maintain a desired BIS level. The
design is carried out with and without surgical stimulus consisting
of skin incision, surgical diathermy and laryngoscopy. The
advantages of using STSMC are improved performance and
chattering reduction as compared to other conventional SMC.
Moreover, the STSMC retains the inherent robustness properties of
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Fig. 3 Open-loop control of propofol anaesthesia
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Fig. 4 Open-loop administration of anaesthesia

SMC. In order to achieve the required performance, the following
sliding surface is selected as [28-32]

oc=¢+ne (6)
e = BIS4es — BIS,ci, @)

where BIS4.s = 50 is the desired output for general surgery and

n, € R* is a design parameter. The dynamics of the system under
the ideal sliding mode (¢ = 0) is governed by

c=¢é+ne=0 ®)

The above result implies that e(¢) asymptotically converges to zero
as

e(t) = e(0)e™ 9

The control law is designed by taking the time derivative of (6):

G=é+me (10)

. d{ d@y
e=0—E . X —|——— 11
pesk df(d4(t>+ cl, (D
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6= Epeakdz}t/dzt 2% Epeakdgdi 2 X Epeak]/dg_ ]dzzt

C(K+d)y (K+d) (K +d.)y 12)
_ Epeakydz ld4 _ (]/ _ 1) ~ Epeakydzjt/ 2d4
K+d, K+d,

where K = C% and to ensure the finite-time convergence of sliding
mode a super-twisting-based reachability law is selected as

6= —k|o

sign(o) — kZ/sign(a)dT (13)

where k;, k, € R* are controller gain parameters

4D, (k, + D) @

2 M\R2

— k2> g

TV (h-d) TP, (14

The bounds of the gain parameter of sliding surface ®,¥ are
|®| <P and 0 < ¥,, < ¥(o,1) < Wy, respectively, with &, ¥V, ¥,
and ¥, € R" [25]. Comparing the value of 6 from (10) and (13) to
find the u:

172

E,eaxdld
sign(o) — k, / sign(o)dr = et

o 3
(K +d.,)

—k

_ 2 X Epeakdz}tldi 2x Epeak)’d}t’_ ldi _ Epeakde - ldA (15)
(K +dy’ (K +d,)’

K+d,
Epeakydz ) zd;
K+d,

—-y—-Dx + ke

2x Epeakd{df
(K +dy’

2% Epeyd.”'d,
- (;ff_‘d} )
4,

y d(K +d) (16)
Epeacdi(di(1 — y) — Ky)( = 0.456d, + 0.1068)
+((kio + ki + ki3)d, — kady, — k3ids)

—k|o

1/2
sign(o) — k; / sign(o)dr

3.1 Existence of sliding mode

SMC algorithm is based on the non-linear stability theorem known
as the Lyapunov stability theorem. In order to prove the stability of
the control law designed, a suitable Lyapunov candidate function
must be defined. The existence of the sliding mode can be proved
by selecting the Lyapunov function, given as

_1 2
7 =50 (17)

If the derivative of the Lyapunov candidate function is always
negative definite within the state space of the system, the system
dynamics will converge to the desired set points. In order to prove
that the control law designed will result in a negative definite first-
order derivative of the Lyapunov function selected, the derivative
of the Lyapunov function in (17) is stated below:

7 =66 (18)
It is clear from (18) that the derivative of Lyapunov function
consists of the first-order derivative of the sliding surface. The

control law explicitly appears in the first derivative of the sliding
surface, which is clear from the equation stated below:
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2 152
2 X EpeadedA _ 2x Epeakde ldﬁl

(K +d.)’ (K +dy’
Epeacyd! *d,
_ peak) 4 41
+(y 1)X—K+d4 ke
dy(K + d4)2

X -
Epeard!(di(1 — 7) — Ky)( — 0.456d, + 0.1068)

+((k10 + k12 + le)dl - kZIdZ - k31d3)

2 X Epeakdgdi 2% Epeak7d1{7 ld-zd

- (19)
(K +dy)’ (K +dy)*

v_2 "2
Epeak}/dg 2d4

K +d, ~hie

+@y-1)x

% dy(K +d.)’
Epeaxdi(di(1 = y) — Ky)( — 0.456d, + 0.1068)
+((k10 + k12 + kl})dl - k21d2 - k31d3)]

—k|o

172
sign(o) — k, f sign(o)dr

Putting the value of ¢ in (18):

2X Epeakdztldzzt _
(K +d)’

152
2x Epeakydz]t/ ld4

5 =0 :
(K +d,)

_2 52
Epeakydz}l/ 2d4

K+d, ~he

+@xy—-1)x

% dyK +d.)’ A
Epeadi(dy(1 — y) = Ky)(— 0.456d, + 0.1068)

+((kio + ki + kiz)d, — kndy, — ksyds)

2 X Epeadids 2 X Epeayd;”'d,

_ (20)
(K +d,) (K +d,)

—292
Epeakydz]l/ 2d4

K +d, ~he

+@-1)x

% dy(K +d.)’
Epeardi(di(1 = y) — Ky)( — 0.456d, + 0.1068)
+((k10 + klz + le)dl - k21d2 - k3]d3)]

sign(o) — k, / sign(a)df]

—k

o

v = —kolo

sign(o) — kzafsign(a)dr 21

7 = —klo| X |o

12
— ko / sign(c)dr (22)

7 = —k|o

3/2
— ko / sign(o)dr (23)

The system will be stable if k;, k&, > 0.

The overall closed-loop system is shown in Fig. 5. The
controller adjusts the hypnosis level on the BIS monitor by
changing the drug infusion level. The BIS signal acts as a feedback
signal, as shown in Fig. 5. The patient acts as a plant with sensors
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Table 4 Clinical data set of different patients

Patient Age Height, cm Weight Gender Cs E, Epeak 4

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 96.80 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 90.20 147.00 242

Table 5 Parameters analysis based on variance and
standard deviation

Patient Age Mean Variance Standard deviation
40 37.25 18.87 4.343
36 — — —
34 — — —
28 — — —
37 — — —
42 — — —
38 — — —
43 — — —

atient weight — — —
54 64.25 118.18 10.87
50 — — —
58 — — —
60 — — —
75 — — —
78 — — —
80 — — —
59 — — —

atient height — — —
163  170.625 40.23 6.34
163 — — —
172 — — —
164 — — —
187 — — —
179 — — —
174 — — —
163 — — —

0O N OO R WN-2T 0NOOOO A WN-=2T 0N WN -~

100 — .
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Fig. 6 Hypnosis level in induction and maintenance phase on BIS

consisting of electrodes on his/her skull measuring the cortical
activity of the brain.

4 Results and discussion

The result achieved by the implementation of STSMC consists of
two subsections including inter-patient variability compensation

IET Syst. Biol., 2020, Vol. 14 Iss. 2, pp. 59-67

and surgical stimulus. The inter-patient variability compensation
illustrates the controller ability to give optimum results in the case
of changing the weight, height and age from patient to patient.
Whether the surgical stimulus is the intra-patient variability
depends on those variables which vary among the same patient
during a surgical procedure.

4.1 Inter-patient variability compensation with STSMC

Table 4 lists the clinical parameters of eight silico patients [33].
These patients have different attributes including age, height,
weight and gender. The controller performance is monitored and
observed for all these patients.

Table 5 shows the inter-patient variability analysis of different
patients considering the variance and standard deviation. The
variance and standard deviation are computed considering the
different variables like age, height and weight of the patients. The
desired hypnosis level of 50 is achieved using both conventional
SMC- and STSMC-based laws, respectively, as shown in Figs. 6
and 7 by compensating the inter-patient variability. The standard
deviation is 4.343, 10.87 and 6.34 in terms of age, weight and
height of the patient, respectively, for different patients. The
controller parameters are considered as nominal, which are not
changing from patient to patient. Fig. 8 presents the drug
distribution and metabolism in different compartments of the
human body after infusion based on conventional SMC. Primarily
drug is administered into the intra-vascular blood referred as a
primary compartment, where it exponentially decays into other
parts of the body including muscles, bones and brain. As the drug
decays in the primary compartment of the body, it slowly rises in
rapid and slow peripheral compartments exponentially. Oscillatory
behaviour is observed due to variations in drug infusion so as to
achieve the reference level of hypnosis. Figs. 9 and 10 show the
controller drug infusion level for eight patients. The conventional
SMC is applied to achieve the desired performances. The controller
response demonstrates the transient state of 80s and after
achieving the desired hypnosis level, a steady-state response is
initialised. The oscillatory behaviour observed in the steady state
shows the controller response to handle the chattering and variation
in the hypnosis level. Moreover, variations in (a—d) in Fig. 9 and
(e-h) in Fig. 10 are observed due to the difference in age, height
and weight of the first four patients. Patient 4 is younger compared
to the other seven patients in Table 4 and hence shows rapid
metabolism.

Fig. 6 shows the hypnosis level on BIS for all eight patients.
Hypnosis level is divided into two phases: induction phase and
maintenance phase. The induction phase achieved the reference
level 50 on BIS in nearly 80 s and then the maintenance phase is
initialised. All eight patients achieved the desired hypnosis level
demonstrating the ability of the controller to handle inter-patient
variability. As patient 4 is younger than the other seven patients,
therefore he rapidly tunes to the desired hypnosis level without
showing oscillations from the reference value of hypnosis on BIS.
Younger the patient, faster is the metabolism of drugs within the
human body as evident from the clearance second equation of
Table 3.
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4.2 Inter-patient variability compensation with STSMC

Fig. 11 illustrates the plasma drug concentration for the first two
patients in different organs of the body. The exponential decay of
drug in the primary compartment of the body reflects the increment
of drug in the remaining three compartments. The drug elimination
and metabolism are smoothly occurred in STSMC system by
reducing the sharp oscillatory behaviour of drug distribution
observed in conventional SMC. Fig. 12 shows the drug infusion in
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all eight patients with the application of STSMC. As previously
discussed, the infusion level is classified into two sections:
induction phase and maintenance phase. The induction phase is
observed for nearly 30 s followed by the maintenance phase. The
oscillatory behaviour is observed for all eight patients to
compensate the chattering in the hypnosis level thereby ensuring
robust behaviour. Primarily, the drug infusion is maximum in the
transient phase to achieve the desired hypnotic level and later on
minimal drug infusion is provided in the maintenance phase to
maintain the desired level required for surgical procedure. Fig. 7
presents the hypnosis level on BIS scale marked from 0 to 100. It is
observed that STSMC has a fast transient response that reduces it
to 32 s as compared to 80 s observed previously in conventional
SMC in Fig. 6. The rapid induction leads to the oscillation in the
hypnosis level. Particularly, a deviation is observed in the case of
patients 1, 2 and 7 which is within an acceptable range. Moreover,
in the present case, the deviation from the reference value (50) is
nearly 5% which ensures the compensation in inter-patient
variability both in induction and maintenance phases as well. As it
is clear from Fig. 7 that the hypnosis level is maintained between
40 and 60 on BIS which is required for the general surgical
procedure. The controller provides different levels of drug infusion
to patients of different age and weight.

4.3 Surgical stimuli

The perturbation occurred during the surgery (called as surgical
stimuli) reduces the depth of anaesthesia leads to awareness of the
patient. The most prominent surgical stimuli are skin incision,
surgical diathermy and laryngoscopy. Skin incision gets initialised
after achieving the reference level of hypnosis on BIS thereby
reducing the depth of anaesthesia [20, 21]. The surgical diathermy
is applied to stop the bleeding of small blood vessels during the
surgical procedure reducing the depth of anaesthesia in the form of
hypnosis. Moreover, the laryngoscopy facilitates the breathing to
ensure the oxygen saturation during surgery and prevents the
trachea to be collapsed [34]. Fig. 13 shows the surgical stimuli
modelled in (24), consists of piecewise defined function. Surgical
stimuli mapped the three important physiological conditions
mentioned above, which occur predominantly during procedures.
In Fig. 7, point A represents the skin incision, which overshoots the
BIS for an instant and thus reduces the hypnosis level, point B
shows the laryngoscopy that is actually performed after the
induction phase to facilitate the breathing and prevents the trachea
to be collapsed. The third portion of stimuli is surgical diathermy,
which is performed for coagulation of small blood vessels resulting
in the reduction of the depth of anaesthesia by transduction of heat
waves across the sensory neuron stimulates the hypnosis level
towards the awareness state:

0, t <80
15, 80 <r<8l
surgical stimuli(ABIS) = {10 xe™®", 81 << 140 (24)
7, 140 < 1 < 160
0, t> 160
Now the output becomes

BISuct = Eo — Epeax X (d}/(ds + Csy)) + ABIS. The error function
will also change due to surgical stimulus added in the output
function. So (21) becomes

7 = —k|o[” ~ ko + ABIS 25)

The system will be stable if k,k, >0 and 5 < ABIS <15 are
bounded. Fig. 14 presents the drug infusion level in the presence of
surgical stimuli consisting of the induction phase and the
maintenance phase. At point A, where the skin incision is occurs,
the hypnosis level tends to direct towards the awake state which
stimulates the controller to increase the infusion level by providing
drugs continuously without any delay in the interval 80-90s.
Moreover, at point B, the surgical stimulus is reduced in terms of
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Fig. 12 Controller drug infusion to the patients

laryngoscopy and the controller infusion level is provided in terms
of pulses. At point C, the surgical diathermy is observed during the
interval 140-160s, which causes a reduction in the depth of
anaesthesia stimulating the controller to initialise the increment
operation in the infusion. At point D, the patient sensitivity is
observed and the controller stops the infusion due to increment in
the hypnosis level, as illustrated in Fig. 15. Fig. 15 shows the
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hypnosis level on BIS scaled from 0 to 100 in the presence of
surgical stimuli in terms of all the three parameters. The effects of
surgical stimulus get initialised during the maintenance phase of
anaesthesia and show the maximum effect on the hypnosis level
particularly during the skin incision. The controller responds
quickly in Fig. 13 and achieves the reference level of hypnosis in
<15 s during the general surgical procedure without any overshoot.
All these features demonstrate the robust behaviour of the
controller in the presence of surgical stimuli. Fig. 16 shows the
tracking error (e) between the desired BIS value and the actual BIS
value. The tracking error is maximum during the induction phase
of anaesthesia and later on, it reduces in the maintenance phase of
anaesthesia. The variation in tracking error at various points is
presented in Table 6. The performance error (PE) is also listed in
Table 6.

Automation in anaesthesia faces a lot of challenges towards its
applications on real patients. There is an increasing trend in the
scientific community to address these challenges and limitations
through the implementation of different control algorithms. The
present research focuses to rectify the limitations by realising
automation in anaesthesia based on a modern control algorithm.
The simulated work shows optimum results considering parametric
variations amongst the different patients and same patient as well.
The compensation of inter-patient 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 data set of eight patients
with different clinical parameters is investigated and discussed
based on the performance indices of the controller. It is evident
from (23) that the proposed system is stable for k;, k, > 0. The
controller parameters are kept constant while the patient
parameters are changing from patient to patient to ensure inter-
patient variability. Perturbations occurred during the surgical
procedure intervene the smooth conduction of surgery including
skin incision, surgical diathermy and laryngoscopy. It is evident
from the results that the transient response time is nearly 30 s with
no overshoot being observed in settling time. The steady-state error
is found to be <5%, which is clinically acceptable to maintain the
DoH in the range of 40-60 for major surgery. Moreover, the
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Table 6 Numeric values of tracking error (e) and
performance error (PE)

Time axis e = BISyes — BIS ¢t BIS4es — BIS et

PE=——F"-——
BISges

0 -45 -0.45

10 -46 -0.46

20 —42 -0.42

30 =37 -0.37

40 -30 -0.30

50 -20 -0.20

60 -13 -0.13

70 0.3 0.003

80 -1 -0.11

90 0.37 0.00017

100 -0.17 0.000815

110 -0.1 -0.002297

120 0.0029 0.00225

130 -0.168 -0.00336

140 0.01333 0.0002666

150 -0.075 -0.0015

160 0.055 0.0011

170 -0.299 -0.0598

180 -0.01191 -0.002382

plasma drug concentration profiles show the exponential decay of
drug from intravascular blood to muscle and bones as well. The
metabolism and distribution of the drug in various organs of the
body indicate the tissue level flow of the drug in the human body.
The results obtained from different aspects of the closed-loop
control of anaesthetic infusion are clinically acceptable and are
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consistent with the literature cited from current research in the field
of health care and anaesthesiology.

5 Conclusions

This paper proposes a non-linear control law based on conventional
SMC and STSMC algorithms for the regulation of hypnosis in
propofol anaesthesia administration during a surgical procedure.
The optimum level of hypnosis regulation between 40 and 60 is
ensured in different patients by handling the inter-patient
variability and compensating the surgical stimuli in terms of skin
incision, surgical diathermy and laryngoscopy. The controller
responses quickly to surgical stimuli and retains the reference value
in <15s. Automation in anaesthesia is the best solution for
handling the major issues occurring during a surgical procedure in
the operation theater.

The current research work is formulated for closed-loop control
of anaesthesia based on the data set of healthy patients. The
proposed scheme can be further strengthened by adding the
dynamics of a diabetic patient to facilitate the surgical procedures
for such patients. This can be done by integrating Bergman's model
and three compartmental PK—PD model to automate anaesthesia
for diabetic patients.
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