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Abstract

In the anesthesia automation, an automatic propofol infusion system uses Bi-spectral Index Signal (BIS) as a primary feed-
back signal to manipulate propofol dose. However, the BIS signal may be suspended for some time due to poor EEG signal
quality, noise, and many other factors. Therefore, BIS signal failure may be the main cause of inadequate propofol infusion.
This fact motivates the need for integration of multivariable fault tolerance module (MFTM) and fractional-order Smith pre-
dictor controller to avoid adverse reactions of inadequate propofol dosing during BIS failure. Smith Predictor control strategy
is sufficiently robust to predict feedback BIS during BIS failure via patient pharmacological modeled BIS. However, modeled
BIS may not provide a guarantee of adequate propofol infusion during BIS failure and especially in the presence of hypoten-
sion and hypertension. Thus, the proposed control strategy is designed with MFTM to detect BIS sensor fault and to estimate
feedback BIS during BIS failure. Further, the proposed control strategy is designed with a multivariable pharmacological
patient model to analyze the cross effect of propofol infusion on BIS and hemodynamic variables. The robustness of the
proposed control strategy is tested in the presence of noxious surgical stimulation, BIS sensor fault and heavy hemodynamic
disturbance. The pharmacological parameters and recorded signals of 30 patients during various surgeries have been used
to validate simulated results. The performance of the proposed control strategy assures optimization and smooth propofol
infusion during BIS failure. The proposed system provides stability for a wide range of physiological parameters range.
The proposed scheme maintains smooth BIS and MAP signal despite the delay, BIS sensor fault, and surgical disturbances.

Keywords Multivariable fault tolerance module (MFTM) - Propofol - Bi-spectral Index Signal (BIS) - Mean arterial
pressure (MAP) - Depth of anesthesia (DOA)

1 Introduction monitor (Newton, MA, USA) to identify changes in brain

activity with respect to propofol infusion, to reduce the risk

In general anesthesia, it is important to maintain patients’
physical variables BIS, MAP and electromyography (EMG)
within their desired range. These variables can be used as
a feedback signal in anesthesia automation [1]. In clinical
practices, an anesthesiologist uses Aspect Medical BIS
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of intraoperative awareness and boost recovery time from
anesthesia. BIS value decreases with propofol brain con-
centration increases. Normal BIS range is 100 (fully awake
stage)—0 (no electrical activity) and its value within 60—40
indicate adequate DOA. The clinical research shows that
BIS feedback based closed-loop control of propofol dosing
can have optimistic outcomes to keep vital parameters of the
patient in safe limits and to maintain unconsciousness with
painless feeling during surgery better than human control
[1-3].

Many BIS signal based Closed Loop ANnesthe-
sia (CLAN) systems [4] with proportional—integral (PI)
and proportional-integral-derivative (PID) controllers
have been designed and tested on more than 20 different
patients’ model to deliver automatic propofol infusion [5-8].
They obtained satisfactory BIS response with acceptable
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oscillations. Later, Model Predictive Controller (MPC) [9,
10], Extended Prediction Self-Adaptive Control (EPSAC)
and MPC-EPSAC [11-13], Super-Twisting Sliding Mode
Control (STSMC) and Sliding Mode Control (SMC) [14,
15], PID with Model Predictive Control [16], Smith Pre-
dictor (SP) with PI/PID [17-19] and multivariable control
scheme [20, 21] have been reported to improve regulation of
hypnosis in the presence of surgical disturbances and patient
variability. However, frequent modifications in propofol dose
during surgery and model dependency are limitations of
reported studies.

In an emerging trend, the nonlinear control strategy and
fractional calculus have been reported to achieve high accu-
racy, high speed, perfect setpoint tracking and to compen-
sate for the effect of nonlinearities, dynamic coupling and
modeling error [22, 23]. Advance nonlinear controls based
on SMC have been reported to [24-26] improve the con-
troller performance in the presence of disturbance, setpoint
and modeling error. The fractional calculus is beneficial to
improve the degree of correctness of the dynamic model
as compared to integer-order [22, 27]. Fractional-order PI/
PID has an additional tuning parameter facility apart from
proportional, integral, and derivative gain. Due to this addi-
tional tuning facility, the performance of fractional order
control is more robust than integer-order control. Recently,
researchers have incorporated the novel tuning and approxi-
mation approach of fractional calculus in advance control
strategies [22, 27-31]. Most of the tuning methods are based
on frequency domain tuning parameters (phase margin, gain
crossover frequency, and iso-damping). However, this tun-
ing method is relatively time consuming and required accu-
rate transfer function knowledge. Moreover, this technique
needs to solve complex nonlinear equations to obtained
tuning parameters. Thus, to avoid the complexity of fre-
quency domain tuning parameters, advance frequency and
time domain tuning methods for the delayed system are well
discussed in reference literature [32]. Time-domain tuning
is more flexible than the frequency domain. Smith predic-
tor with fractional order controller is a model-based robust
control scheme for the delay and disturbance effect compen-
sation. Thus, Smith predictor design with fractional order
PID controller based on time domain tuning is discussed
in the literature [33, 34]. Motivated from these studies, the
proposed control strategy is designed with a fraction order
Smith predictor structure using two-time domain tuning
parameters.

Further, the adaptive nature of control strategy is essen-
tial to handle patient variability and to achieve individu-
alized control. In anesthesia automation, Hill function is
used to derive the relation between propofol concentra-
tion and propofol effect. The value of Hill function param-
eters changes from one patient to another patient. Thus, to
achieve individualized control in all patients and to avoid the
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complexity of frequent adaption procedures, Hill function
parameters based adaption is presented In the literature [18,
35]. They obtained better result compared to other adaption
methods. Motivated from these researches, proposed control
strategy uses the values of propofol Hill function parameters
(ECs, pg/ml and 1) to select optimum gain setting. ECs,, (ng/
ml) denotes half maximum propofol effect and A denotes the
slope of linearized graph of effect site concentration versus
propofol effect (BIS).

Reported studies are notable in anesthesia automation
research field. However, these studies are focused on robust-
ness and stability issues of the control system and tacitly
neglected serious BIS signal failure problem. BIS signal fail-
ure problem arises due to several reasons like monitor mal-
function, suspension of the sampling line due to sensor-loca-
tion changing, frequent appears of the myogenic potential on
the electroencephalographic (EEG) signal, high frequency
electrical noise, artifacts, body excitement and movement
[9]. Inadequate propofol dosing during BIS failure can lead
to blood pressure instability and cardiovascular collapse
[36]. Over sedation of propofol can cause hypotension, pro-
longed recovery time, ileus, nausea and immunosuppression.
Whereas, under sedation can cause anxiety, agitation and
tachycardia [21]. Therefore, cautious management of propo-
fol infusion is essential during normal conditions as well
as BIS failure conditions to maintain adequate DOA and
propofol infusion. Due to these motives, proposed control
strategy is designed with fault tolerance module to detect
BIS sensor fault and to provide correct estimated feedback.
A few research studies [37-39] used MAP signal as a second
control variable to deliver adequate propofol dose during
BIS failure. Since the significant effect of propofol infusion
on the MAP. Propofol administration causes vasodilation,
which decreases cardiac output and arterial peripheral resist-
ance and consequently lowers the MAP. The MAP signal
within 70-100 mmHg indicates a healthy physiological con-
dition during surgery. However, change in MAP is slow as
compared to BIS with a change in the propofol dose. Thus,
the approximation of BIS using a single variable (MAP) may
be failed to estimate precise feedback BIS during BIS failure
in all patients. Yuan Tao et al. [40] reported IMC based state
observer-based control scheme to solve BIS failure. They
used pharmacological patient modeled BIS to deliver propo-
fol dose. However, patient model-based BIS estimation may
be failed to deliver adequate propofol dose in the presence
of hemodynamic instability (hypertension and hypotension).
BIS regulation may not be enough to maintain a patient’s
healthy physical condition during surgery. However, reg-
ulation of hemodynamic variables, heart rate, respiratory
rate and other vital parameters within the safe range is also
essential during surgery [41]. Thus, constraints of reported
systems are mainly lacking in the terms of model depend-
ency, frequent prediction complexity, system uncertainty,
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fixed gain, no faultless solution of BIS failure and small
therapeutic advantage. Inspired from the above facts, pro-
posed work is focused on two following main objectives:

1. The first objective is to design an advanced control strat-
egy that has the potential to maintain an adequate level
of anesthesia in the presence of BIS failure. Evaluate
the performance of the proposed control scheme for
hypnosis and hemodynamics regulation during normal
conditions as well as BIS failure condition.

2. The second objective is to investigate the effect of a
surgical stimulus on BIS, MAP and propofol infusion.
Similarly, investigate the robustness of the fault toler-
ance module in the presence of heavy hemodynamic
disturbance.

This proposed work is using the integration of multivari-
able fault tolerance module with a fractional-order Smith
predictor controller to regulate BIS by manipulating propo-
fol dose regimens. The proposed fractional order controller
is a cascade structure of fractional filter and integer PID
controller. Controller tuning parameters are derived using
the Mittag—Leffler function. Further, the proposed control
strategy monitors propofol bolus and continuous dosing
effect on hemodynamic parameters through multivariable
patient model. The MAP signal is derived from the com-
bined effect of propofol concentration at a cardiac output
and arterial peripheral resistance. In the case of BIS failure,
MFTM detects BIS sensor fault and provides estimated feed-
back BIS. This estimated BIS is used to manipulate propofol
dose. Proposed control strategy has been tested on 30 dif-
ferent patient models. The robustness of control strategy is
tested by adding surgical disturbance in simulations. Simu-
lated BIS, MAP signals and propofol dosing are compared
with recorded signals. Main motivation behind this research
is to design robust automatic propofol infusion system with
best fault tolerance ability. We have recorded 30 different

patients’ data during a clinical anesthetic study as per our
proposed design to validate simulation results. This data was
acquired after approval of the Institutional Ethics Committee
of the Surat Municipal Institute of Medical Education and
Research hospital.

2 The proposed control scheme

The main objective of the proposed Fractional Order Smith
Predictor Controller with MFTM is to regulate hypno-
sis and to monitor effect of propofol infusion rates ,u’]’”l(t),
us' (1) € R*, t>0 on Systolic Blood Pressure (SBP), Dias-
tolic Blood Pressure (DBP) and MAP (see Fig. 1). Figure 2
depicts the structure of hypnosis control having the ability
to achieve a satisfactory response in a real time clinical envi-
ronment. The control design needs to achieve the following
desired performance criteria.

e BIS settling time within 1-2.5 min and for MAP within
3-7 min with fewer oscillations.

e BIS steady-state error with tolerance of +5 from set BIS.

e Integrated Absolute Error (IAE) should be minimum

Here, actual patient model is represented by Gp(s) and
reference patient model is represented by G_p(s). In real
clinical environment, a mathematical patient model-based
BIS response never matches actual patient BIS response.
To mimic this real condition and to produce model mis-
match error, the reference patient model is considered along
with the actual patient model. The multivariable the patient
model is used to analyze propofol infusion effect on BIS and
hemodynamic variables. This multivariable patient model
is a combination of 3™ order pharmacokinetic (PK) model
and three pharmacodynamic (PD) models. Here ylj’(’l(z‘) indi-
cates bolus dose and p5”"(f) represents continuous propofol
infusion. Propofol infusion rate yl]"l(t), us'(t) ER, t>0 are
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Fig.2 Depiction of implemented control strategy

used to maintain DOA in induction and maintenance phase
respectively. Propofol infusion leads to sedation which is
measured by BIS. The BIS is obtained from the propofol
brain concentration using sigmoidal Hill function F; [see
Eq. (18)]. BIS Hill function parameters (ECs, and 1) are esti-
mated from the recorded BIS signal and brain concentration
during the induction phase [18]. Further, these estimated
parameters are used to select optimum controller gain set-
tings. Hemodynamic variables SBP and DBP are obtained
using sigmoidal Hill function F, from propofol effect on car-
diac output and arterial peripheral resistance [see Eqgs. (19)
and (20)] [42]. MAP signal is derived from SBP and DBP
signals [see Eq. (21)]. The estimated value of SBP and DBP
Hill function parameters are derived based on minimum IAE
error [see Eq. (39)].

There is no sense to connect the controller in the induc-
tion phase due to highly nonlinear behaviors of BIS and
hemodynamics variables due to large drug transport delay.
Lower anesthesia level with continuous infusion in induction
phase is painful to the patient. Thus, Propofol bolus dose is
essential to achieve adequate DOA within a small time in
the induction phase. Moreover, propofol bolus dose reduces
BIS within a short time and reduces requirement of propofol
in the maintenance phase [16, 18]. To mimic real practices
in simulation, proposed control strategy is sent bolus dose
(2 mg/kg) to the anesthetic patient model at 10 mg/s infu-
sion rate within first 10 to 25 s. Based on recorded data,
propofol bolus dose reduces BIS up to Yth of the starting
value within 56-80 s in all patients. However, propofol bolus
dose introduces nonlinearity in BIS and MAP signal due to
asymmetric propofol clearance rate. Thus, infusion delay
is added in the proposed control strategy design to achieve
stable BIS and MAP signal before start controller based
propofol infusion. Fixed propofol dose 1.5 mg/kg/h during
infusion delay maintains BIS at near 50 against asymmetric

@ Springer

between minimum and [* | manager |

Prop FSPC

controller

BIS=50

propofol clearance rate. Actual and nominal drug transport
delays (6, and 6,) are produced by the propofol movement
from a three-way stopcock to the patient’s body in an intra-
venous fluid line and distribution of propofol in blood ves-
sels. Optimum delay estimation is required to match actual
recorded and simulated signals. The recommended range for
actual variable time delay Gp sis 80-180 s [9, 43]. The mean
value of actual delay (6,) is used as estimated delay (6,) in
the proposed control strategy. As mean value always greater
than individualized value of delay. These estimated delays
are added in simulation.

After 80-s infusion delay the value of actual BIS shall
be closer to 50. In maintenance phase simulation, a time-
based switching manager is used to connect controller after
a stipulated time (80 s) period. The proposed Fractional-
order Smith Predictor Controller (FSPC) controller will
adjust the continuous propofol infusion according to the dif-
ference between reference and feedback BIS value. MFTM
continuously monitors the feedback BIS signal. In the case
of BIS failure, the fault tolerance module will provide an
estimated feedback signal to titrate propofol dose. Thus, the
proposed Smith predictor design is using MFTM to avoid
failure of main feedback path. The proposed control design
is compensating the effect of delay; disturbance and model
mismatch errors during maintenance phase. Pseudocode of
the proposed control strategy is given in “Appendix”.

2.1 Multivariable fault tolerance module design

Generally, the BIS suspension fault produced for a short time
period during maintenance phase of anesthesia. However, it
may produce undesired actions such as overdosing and under
dosing of propofol. In case of the BIS failure, two remedial
actions are possible.
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One action would be a control strategy estimates feed-
back BIS based on past recorded value of BIS and deliver
the same propofol dose as the one-step before. This estima-
tion may be inaccurate in clinical conditions, hypoglycemia,
hypokalemia and hemodynamic instability. As this clinical
conditions can disturb MAP and BIS signals. The second
would be to switch on the fault tolerance module to tackle
BIS sensor fault efficiently. Thus, to solve this issue, switch-
ing strategy is used to deal with the sensor fault. The switch-
ing strategy mentioned by the subsequent Egs. (1) and (2).
Here, e(?) represents BIS error. The positive value of BIS
error indicates that more propofol infusion is required to
achieve target BIS and the negative value of BIS error indi-
cates decrement in propofol infusion. In maintenance phase,
e(t) =50 indicates BIS failure condition.

1, if e(t) < threshold BIS
(1) = . (1)
0, if e(t) > threshold BIS

Here, e(f) = |BIS — BIS 104 4

When ¢ =0, fault is detected. It means ¢ = 0. Complete
feedback signal Y(¢) is depicted by Eq. (2). Here BIS repre-
sents the response of the actual patient model and BIS
represents the response of the reference patient model.

model

Y(1) = @(BIS(t) = BIS 104 (D) + @+ BIS0gpaci (1) )

Regression module In faulty condition, the fault tolerance
module will switch on multiple linear regression modules to
estimate feedback BIS value from MAP and patient model
BIS. Analysis of the propofol dosing effect on hemodynamic
variables is given in Table 1 based on the recorded signals. A
previously reported study [39] suggested that MAP linearly
correlates with BIS in the maintenance phase with statistical
index R>=0.4. A linear relation between BIS and MAP may
not be satisfied in all patients due to different drug sensitivity
and cross effects of other anesthetic drugs. Therefore, the
proposed control strategy is using multiple linear regression
to estimate BIS in place of a single variable based linear
regression. In our study, the average value of R?>0.7. Fig-
ure 3 represents regression relation of recorded BIS, esti-
mated BIS and MAP signals. The mathematical relation is
depicted by Eq. (3).

BIS.imaea(kKT) = 1, * MAP(KT)
+ Ny * BIS mod el(kT) + K
where 1, 1,,k > 0 3)

Table 1 Propofol bolus dose effect analysis on hemodynamic variables and regression coefficients for fault tolerance module

Propofol sensitivity parameters

Regression coefficients

Patient groups Delay in min- MAP mmHg  Average SBP  Average DBP  Average MAP 1, n, K

ute to reduce  value after in mmHg dur- in mmHg dur- in mmHg dur-

MAP 40% bolus dose ing surgery ing surgery ing surgery

from base

value
Sensitive 2.8+0.18 78+6.4 82+3.46 64+5.7 72 0.7073+0.36 —0.9319+0.20 52.95+4.3
Normal 4.2+0.97 82+4.3 86+4.19 68 +6.45 76 0.79631+0.1 —1.4768+0.1 69.29+2.3
Insensitive 6.45+0.34 86+5.2 99+6.78 74+6.5 83 0.2391+0.12 -0.8468+£0.12  76+0.1.2
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The final BIS feedback signal can be estimated using
Egs. (4) and (5). Here, ¢,=0 because zero propofol concen-
tration exist in human body before propofol infusion start.
t=kT represents propofol concentration at present time.
Here, T represents the sampling time period (1 s). The value
of regression coefficients n;, n, and « for different patients
are provided in Table 1.

Aegyiypy = BIS maa((k = DT) = BIS(k — )T) )

BISfeedback(kT) = BISestimated (kT) + Ae((k— nT) (5)

The BIS,,,4.,((k — 1)T) and BIS((k — )T) indicate last
recorded BIS values before BIS suspension. Ae((k — 1)T)
indicates BIS error based on past recorded values. Conse-
quently, the estimated feedback BISy,,;,(kT) is calculated
using Egs. (3) and (5). The proposed fractional order con-
troller (describe in Sect. 4) will titrate propofol dose based
on the error of target and estimated feedback BIS signal.
When the propofol administrated by non-anesthesiologist
(closed loop system), infusion constraint is essential to avoid
serious outcomes such as over/under dosing of propofol.
Thus Eq. (6) represents infusion constraints of the proposed
design.

w0 =wu 0.1 < pyp < pth,  uth=10mg/kg/h  (6)

uth represents the upper constraint value of propofol infu-
sion to avoid over dosing. Lower constraint value of propofol
infusion (0.1 mg/kg/h) is used to avoid negative infusion.

3 Mathematical model of patient

In a model-based control strategy, an accurate patient model
is an essential to design appropriate control strategy. Moreo-
ver, patient model accuracy robustly affects the performance
of controller. Thus, inspired by Yoshihito Sawaguchi et al.
[9] and Schiittler—Ihmsen et al. [44], the proposed control
strategy uses modified PK equations with bolus and con-
tinuous infusions and additional 80-s infusion delay. The
figure of bolus and continuous propofol infusion with infu-
sion delay is given in Fig. 10 in “Appendix”. Generally,
the PK model describes drug absorption, distribution and
clearance of the drug in the human body. PK model can be
derived from a specific patient’s physiological information
like weight and age.

In this paper, the 3rd order modified PK model is used.
PD model describes the relation between propofol concen-
tration at effect site and effect of propofol. The complete
anesthetic patient model is a combination of PK and PD.
This anesthetic patient model measures propofol interaction
in the human body and determines the propofol effect on
BIS and hemodynamic parameters. However, the PD model
parameters (ECs, and 1) are unknown. Most of the reported
study had used nominal values of PD parameters in all
patients. However, a large difference between nominal and
actual values may produce large offset errors in the output
BIS signal. Therefore, to reduce offset error and improve the
control scheme performance, in proposed control strategy is
used estimated PD parameters from brain concentration and
BIS signal [18].

_[( Kion + Kgon + K;on)] Kcon
SC(s) = yo Ci(5)+ — yeon C,(s)
CO" con Td,s *p bol
Vw,, oo C3(8) + 1" () yeon + u" ()b
@)
can Kcon ol
SC2(S) Vcon Cl( ) V(on Cz(S) + Hy b2 (8)
SC3 (5) = Vcon Cl (s) = Vcon C3 () ©

Three compartment PK patient model is represented
by Eqgs. (7) and (9) with bolus and continuous infusion of
propofol with infusion delay. Where C,(s) C,(s) C5(s), Ce(s),
represents the compartments of the patient model. This study
has considered initial value of compartment concentration
zero. The C,(s), and C;(s) denote the concentration of resi-
due of the drug in muscles and fat peripheral compartments.
Here, Ce(s) represents the brain compartment. V{°" (i=1,
2, 3) represent volumes (£) of compartments. K" (i=1, 2,
3) represent propofol distribution micro rate constants (£/
min~"). Parameter & =60 (min/h) for propofol. To convert
U (total propofol infusion) in mg/kg/h, it is multiplied by
p/w. Where o is the bodyweight of the patient in kg. p repre-
sent propofol concentration 10 mg/ml. 7d, is infusion delay.
Mathematical equations to derive compartment concentra-
tion C,(s), compartment volume V" and drug transport
constants K{" and k,,, ky;, k3, k5, k, are given in Table 8
in “Appendix”. The 3rd order PK model is represented by
Eq. (10).

PK,,(s) =

(10)
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+Equation (11) represents simplified form of Eq. (10) (s = aX,s® +aX;s + aX,
PR = X5 + bXos? + bXys + bX,
C(s) aX,s® + aXys + aX,
PK(s) = = (11) PK model
U@s)  bX5s% +bX,s2 + bX; s + bX,
. . . KeO L—1yS Kel —14 S Kez ol
MathemaFlcal Fel‘e}tlons of.a,)’(z, aX,;, aX,, bX;, bX,, bX,, <S+Ke0>‘ + <S+Kel )e + (S+Ke2 )c
bX, are specified in “Appendix” Table 8.
PD model of BIS PD model of vascular resistnace PD model of cardiac output
17

3.1 PD model for brain effect site compartment

The 1st order PD model narrates propofol concentration to
BIS. The PD variable, brain concentration is specified by
Eq. (12). C,(s) represents plasma propofol concentration.
Ce(s) represents brain propofol concentration.

_ _ Keo —tds
PD = Ce(s) = ST ke Ci(s)e (12)
0

Here, Ke,=0.12 #/min~! analysis pooled from Yelneedi
et al. [16]. Delay rd represent transport delay between brain
and plasma.

3.2 PD model for arterial peripheral resistance
and cardiac output effect sites

The proposed control scheme has used the findings of
Jeleazcov et al. [42]. They had concluded that two effect
sites concentration Ce; (propofol concentration of arterial
peripheral resistance) and Ce, (propofol concentration of
cardiac output) based sigmoidal E,;,y model is more effec-
tive to derive propofol dosing effect on hemodynamic
parameters SBP and DBP [see Eqs. (13)—-(16)]. This phar-
macodynamics model-based prediction of SBP and DBP is
tested and cross-validated by Martin et al. [45], Bergstrand
et al. [46] and Bonate et al. [47]. For further details of PD
model parameters used in this study see Ref. [42]. The SBP
model is suggested by Egs. (13) and (14).

SCe (s) = Key, C,(s) — Key, Ce, (s) (13)

SCe,(s) = Ke, C,(s) — Ke,Ce,(s) (14)
DBP model is suggested by Egs. (15) and (16).
SCe,(s) = Key, C,(s) — Keg, Ce(s) (15)

SCe,(s) = Ke ;C,(s) — Ke3Ce,(s) (16)

Here, the values of Ke;, Ke,, Ke;,, Ke,; are pooled from
the Jeleazcov et al. [42]. Combination of patient PK model
Eq. (11) and First order plus time delay (FOPTD) PD model
of BIS, SBP and DBP represents a complete patient model.

The patient model Gp(s) is represented by Eq. (17). The
output of patient model is connected with sigmoidal func-
tions to map BIS and hemodynamic variables.

Here, t, t;; and t,, represent drug transport delays
between drug infusion and drug effect. The values of these
delays are very small value in the maintenance phase due to
saturated drug concentration into the patient body.

3.3 Sigmoidal Hill function for BIS

The PD model for BIS is governed by the sigmoidal Hill
function. Equation (18) depicts the relationship of effect site
(brain) concentration Ce and BIS [1, 9, 16, 17].

(C,m)"

BIS(t) = BIS, — BlSiax
(ECx)" + (C,0))"

18)

where BIS, indicates an initial value of BIS before propofol
infusion and BIS,,,, indicates the maximum intensity effect
achieved by the propofol administration. Propofol sensitiv-
ity parameters ECs5, and A provide important information
about patient body characteristics. The higher value of ECj,
and 4 indicate the patient’s body required higher propofol
dose to achieve BIS =50 which indicates insensitive patient
body characteristics (patient group 3). The smaller value of
ECj5, denotes a sensitive body due to quick response (patient
group 1) [16, 35]. Estimated values of ECs, and A for all
patients are given in Table 9 in “Appendix”. Based on this
truth; different patients’ groups’ formation is deliberated.

3.4 Sigmoidal Hill functions for hemodynamic
variables

Sigmoidal Hill Egs. (19) and (20) are used to derive the
value of SBP and DBP from two-effect site peripheral com-
partments [42]. MAP is derived from SBP and DBP by
standard Eq. (21).

i 2
[ Ce Cey (1)

1+ (Cel(o )“ + (Cez(t))“
ECsy, ECsp

SBP(t) = SBP, —

19)
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il 2
[ Ca® | Cea®)
EMAXIDBP < ECSD,] ) + EMAXZDBP (ECSU,Z )

1+ (Ce](t) )“ 4 (Cez(t) )u
ECS(J,! EC5().Z

SBP(t) — DBP(f)
3

DBP(1) = DBP,, —

(20)

MAP(t) = DBP(1)+ ey

SBP, and DBP, indicate values before propofol infu-
sion. The range of SBP, € [100 120] and DBP,, € [60 80] is
obtained from the recorded data.

The E,;,x represents the maximum intensity of drug
concentration. The nominal values of sensitivity param-
eters ECs 5, ECsy 5, A1 and A2 for SBP and DBP are pro-
vided by Jeleazcov et al. [42]. Further, we have modified
these nominal values based on minimum IAE error [see
Eq. (36)]. Table 2 depicts the mean and standard devia-
tion values of SBP, DBP, MAP and BIS signals which are
derived from recorded data. Estimated ECs ;, ECsg 5, Epjax;s
Eyax2, A1 and A2 for SBP and DBP are given in Table 12 in
“Appendix”.

4 Design of fraction order Smith predictor
controller

The framework reflected the Smith predictor structure with
a fractional order controller to regulate hypnosis. Smith pre-
dictor with a fractional model based controller is able to
capture real patient dynamics accurately in the presence of
modeling error, disturbance and delay [22, 27, 28]. Frac-
tional order controllers with new tuning methods are applied
in biomedical applications [22, 27, 48]. They concluded that
fractional-calculus based regulatory control for a real sys-
tem is more adequate than integer order control. The frac-
tional order controller uses an additional tuning parameter to
optimize the closed-loop robustness to gain deviations. The
CRONE controller imposes fraction property on a complete
reference close loop in place of only controller structure.
These properties make CRONE popular in fractional order
controller design. Motivated from fractional order tuning

Table 2 Hemodynamics variables versus BIS values from recorded
data

BIS

Awake 80 60 40 30
before infu-
sion

SBP (mmHg) 120+ 18 130+12  92+8 88+6 842
DBP (mmHg) 80+4 84+5 70+8 68+8 65+4
MAP (mmHg) 93+38 9+11 778 75+6 T1x6

@ Springer

flexibility [28-34, 50] and CRONE properties, this section
discussed CRONE based Smith predictor fractional control-
ler design for an integer order patient model with only two-
time domain tuning parameters (y and 7). These fractional
parameters are tuned based on percentage overshoot (PO)
and the settling (7;). The following desires are deliberated
for the automatic propofol infusion control system.

e The system should be designed in such a way that a
well damped robust response with percentage overshoot
(PO)<10% should be achieved for set point and distur-
bance

e [Initial rise time of the system should be around 5 min
because surgery cannot be started until the patient
acquires an adequate depth of anesthesia. Settling time
should be within+2%

4.1 CRONE principle

The fractional calculus is a simplification of derivative and
integral action to arbitrary orders. The CRONE has two main
important properties, (1) phase margin remains constant
and (2) insensitive to gain variations. These properties are
derived from the analysis of Bode et al. [49]. The ideal shape
of the open-loop transfer function for fraction order control
concept was suggested by Bode et al. This is denoted by
Eq. (22). In Eq. (22), w, and 7,are gain cross-over frequency
and time constant respectively. y represents the slope of the
magnitude curve.

e \" 1
L(s)=< > =—,7€ER (22)
s TfSV

L(s) become an integrator for y >0 and become differ-
ential for y <0. From the bode diagram of L(s), the ampli-
tude of the curve is a constant slope of a straight line with
— 20y dB/dec and phase margin becomes constant at (—yn/2)
rad [33]. Constant phase margin for 1 <y <2 indicates robust
and stable hypnosis system with gain variation. It means
the phase margin is only depending on the value of y, not
on system gain. BIS oscillations are contingent on only the
value of y. Figure 4a, b represent equivalent Smith predictor
structure and the desire fractional close loop.

1
L(s) = Cpgpc(s)Gp(s) = W 1<y<2, (23)

In Eq. (23), Cpgpc(s) indicates controller and Gp(s) rep-
resents patient model. The system closed-loop transfer func-
tion with negative unity feedback is given by Eq. (24).

Ls) 1
L+L(s) 1+

T(s) = (24)
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(b)

Fig.4 a Equivalent Smith predictor structure with fractional order
controller, b fractional desired closed loop system

In the above transfer function as gain changes, gain cross
over frequency @, also changes but phase margin remains
constant at z(1 — y /2) rad. To avoid complexity of frequency
domain Castillo-Garcia et al. [34] has been formulated the
time domain equations for tuning parameters settling time
(T;) and percentage output (PO) using Mittag—Leffler func-
tion. The maximum sensitivity Ms is an analytical method
used to measure the robustness and guaranteed stability
of the closed-loop system. Maximum sensitivity is repre-
sented by Eq. (25). If the value of Ms decreases, robustness
increases. Normally the value of Ms preferred in the range
of 1.2-2

1

Ms = max , 1
.7[.7/)

<y<L2

(25)

1
1+ L(jco)‘ ~ sin(0.5

In our study, the desired value of PO < 10% and 7, equal
to 2% are selected respectively. The mathematical formulas
for PO and T, are represented by the Egs. (26) and (27).

PO =73902-1.6793 -7 +0.6756), | <y <145 (26)

3.003 -y — 2.981
y2—2.012 -y + 1.056°

T,2%) * 0, = 1.078 <y < 1.486

@7)

Figure 5a, b depicts the effect of the different values of

vy on PO and T,. The value of percentage overshoot (PO)

increases with increases in the value of y. Settling time 7

normalized with increases the value of y. In this study, the

value of y is selected in the range of 1.0 to 1.2 to obtain PO
less than 10%, maximum sensitivity (Ms) within 1.2 to 2.

Y

(a)

Fig.5 a Percentage overshoot, b settling time variation versus plot y

Ts*y,

4.2 Design procedure of FSPC

Smith predictor structure is shown in Fig. 1. Final transfer
function of the Smith predictor from set point to output is
denoted by Eq. (28).

Y(s) _ Crspc($)Gp(s)

— e—Hps
R(s) 14 Crgpc(s)Gp(s)

(28)

To achieve tight control over set point, Y(s) = R(s) condi-
tion should be satisfied. The following expression is derived
for the Smith predictor controller.

(i)
1 R(S) / desire

Gp(S) efps — <& )
desire

R(s)
Desire set point response (Y(s)/R(s)) with delay is
obtained from Eq. (24) and Fig. 4b.

Y e
R(s) desire I+ Tfsy ’

Crspc(s) = (29)

0,s
<y<15

(30)
From Egs. (29) and (30) final transfer function of frac-
tional order controller is depicted by Eq. (31).

1

m Gp(s) =

1

Crspc(s) = L+ 1,9 +©,/2s OV

Gp(s) represents the First Order Plus Time Delay
(FOPTD) patient model with pade approximation. The
proposed fractional order Smith predictor controller can be
converted into a cascade form of fraction order filter and
integer PID controller using IMC designing. IMC method
based fractional order controller design delivers definite
closed loop stability by testing the stability of controller and
patient model [28]. The final cascade structure of filter and
PID controller is derived by Egs. (32) and (33).

1 (1 + 17,51 +(6,/2)s) _ (as®>+bs+1)

Crspc(s) = %
1

Tf.s}’ Kl .Tf.s?/

(32)

1.5 1.6 1.7

b4
(b)
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1 b 1 a
Crsnc@)= —— = (1+-+%s), 1<y <145
Fspc(s) 7 - s—1 K, bs b 4
;\/—J N ' -
Fractional Filter PID Controller

(33)

Here, 7;signifies the speed of the system response and it
also removes model mismatch error normally at high fre-
quencies. Fractional order of the filter is symbolized by 7.
IAE function is used as cost functions to reduce performance
error see Eq. (39). Small value of TAE indicates fast response
and good performance. Table 3 represents optimal values of
controller gain and tuning parameters for different patient
groups based on propofol sensitivity.

5 Result and discussion

The main goal is to examine the advantages of the proposed
feedback control scheme with fault tolerance module as
compared to ordinary feedback control system. Our clinical
study according to proposed control scheme has considered
30 healthy adult patients of 18—60 years of class ASA-I-II
from various surgeries to obtained real propofol infusion
rate, BIS and hemodynamic signals. Detail of premedication
drug dosing and other anesthetic drug dosing used during
surgeries are given in Table 11 in “Appendix”.

These recorded signals are used to examine simulated
signals. Simulating each patient in a realistic manner, the
proposed control strategy uses real PK parameters of the
specific patient and estimated PD parameters from recorded
data. Mainly simulation study focuses on the performance
evolution of the proposed control strategy in the presence
of BIS continuous and heavy hemodynamic surgical distur-
bances during BIS failure period. Therefore, this study has
considered two different cases to examine the robustness of
the proposed control scheme.

Case 1 Artifacts in the BIS signal reflects a sudden
change in the BIS signal. The sudden change in BIS strongly
affects the hemodynamic variables and propofol dosing.
Mimic this condition in simulation, by adding sudden dis-
turbance with +d units in the BIS signal.

Case 2 Artifacts in the blood pressure signal indicate a
sharp change in MAP signal (hypertension and hypotension
circumstance). Heavy hemodynamic disturbance during BIS
failure period directly affects the performance of the fault

tolerance module. This critical condition created in simula-
tion by adding sudden disturbance with+d in MAP signal to
test the robustness of fault tolerance module. Hemodynamic
surgical stimulation can produce MAP <65 mmHg. This
value of MAP indicates critical incidents. The simulated
result validated by comparing with real recorded data of
the manual controller. To quantify the performance of the
proposed system with manual and previously reported stud-
ies, we have used the median performance error (MDPE),
median absolute performance error (MDAPE), Wobble and
DIVERGENCE [22, 51].

_ (Measured BIS — Set BIS)
B Set BIS

PE

100 (34)

The instantaneous performance error (PE) is defined by
Eq. (30). The median performance error (MDPE) provides
the control bias and is calculated by Eq. (35).

MDPE = Median{PE;, i =1,2,... N} (35)

The median absolute performance error (MDAPE)
reflects magnitude of the control inaccuracy.

MDAPE less than 5% is tolerable from a clinical point
of view.

MDAPE = Median{|PE;| i=1,2,...,N} (36)

The Wobble measure oscillations in output response and
is expressed as a percentage (%).

Wobble=Median{|PEj—MDPE|}, j=12...N (37)

% [P~ (S [PE] ) (220 /m)

DIVERGENCE; = * .
le (tji)2 - <<Zi\;1 tji) /N>

(38)

DIVERGENCE indicates divergence of output response

with relation to set point and time. Negative value indicates

approaching toward set point [22]. Positive value indicates

approaching far from set point. Large value of IAE indicate
sluggish response and less preferable.

Table 3 Settings of controller

. Patient groups Fractional controller settings FOPTD parameters
parameters and patient model
(FOPTD) parameters values Y K, Ti Td K, Tp 0,
Group 1 1.29 0.42 0.82 162 1 2.28 19
Group 2 1.31 0.42 1.02 253.2 0.72 2.36 26
Group 3 1.38 0.51 1.51 374 0.43 2.55 31 16

@ Springer



Biomedical Engineering Letters (2020) 10:555-578

565

IAE = / le()|d(?) (39)
0

In our proposed strategy, two different propofol infusions
are used to reduce BIS settling time and oscillations during
the induction phase. In a simulation, the time band t € [0, 3)
minute is considered as induction phase. The maintenance
phase starts at t € [3, 57] minute. Figure 6a, b represent a
comparison of real recorded BIS and MAP response with
simulated signals. It should be noted that the proposed con-
trol strategy demonstrates robust performance.

However, from the perspective of patient safety, the pro-
posed control strategy provides balanced management of
sedation to regulate BIS and MAP within the desire limit.
The performance evaluation measure for the proposed con-
trol strategy and other methods are given in Table 4. Sign of
MDPE reflect direction of (over and under control) perfor-
mance error. The proposed scheme with bolus and continu-
ous propofol infusion is able to maintain BIS at desired set
point and also maintains a MAP with in the desired range.
Comparative analysis with similar reported closed loop
control studies show that an average 1.2% improvement in
MDPE and 5.4% improvement in MDAPE. Performance
indexes MDPE and MDAPE of the proposed strategy are
found less than manual control.

Case 1 In order to further investigate the effect of BIS
surgical stimulus on the regulation of BIS, propofol infusion
and MAP signal, two scenarios are presented. (1) BIS(t),

Table 4 Comparison of proposed FSPC scheme vis-a-vis reported
hypnosis control techniques

Method MDPE (%) MDAPE (%)
Proposed method —1.58+0.35 3.05+0.94
Padmanabhan et al. [21] —-2.8+8.8 3.4+9.6
Yoshihito Sawaguchi et al. [9] —-4.1 11

Reboso et al. [5] -1.6 11

Manual control —10.6+3.21 15+1.65

t >0 for normal condition (2) BIS(t)+d, 20 < t<50 for dis-
turbance in BIS signal. Here, d represents magnitude of con-
tinuous disturbance. Standard noxious disturbance pattern is
represented by Fig. 7a. Detail about trajectory of disturbance
profile is discussed in article [22]. Noxious disturbance pat-
tern A indicates the event of arousal reaction due to the sur-
gical incision. B represents continuous surgical disturbance.
C pretends the withdrawal of stimulations during the skin-
closing. The goal of proposed control strategy is to provide
the adequate propofol dose to maintain minimum set point
error in BIS and MAP signals.

Figure 7b—f represent the proposed FSPC controller per-
formance on 30 different patient models in the presence
of continuous disturbance to maintain DOA and effect of
propofol dosing on hemodynamic variables. Sudden changes
in BIS cause the controller to fully open the propofol infu-
sion pump to achieve target BIS within a short time. How-
ever, the average propofol dose delivered by the proposed

Fig.6 Comparison of real
recorded and simulated signals
of patient] a BIS response, b

==Proposed scheme FSPC with bolus and continuous combine infusions
= Actual recorded BIS

100
m
80

MAP response

BIS

60 N miid

40

it it

15.. 20 25
Time, t(minute)

()

30 35 40

==Simulated MAP mmHg
= Actual recorded MAP mmHg

o0 o —
= i
= 80 H
. va
=
= 70
% 5 10

15 20 25
Time, t(minute)

(b)
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system during set point control and BIS disturbance are
respectively: 2.5 mg/kg/h and 3.55 mg/kg/h. It signifies that
proposed scheme provides safety against over and under dos-
ing of propofol in the presence of BIS disturbance. Frac-
tional order Smith predictor provides fast response with
good disturbance rejection due to the small values of tuning
parameters t; and y. The proposed controller ensures robust-
ness in terms of gain uncertainty and disturbances while ful-
filling desire time domain criteria such as percentage over-
shoot and settling time. Moreover, maintaining SBP, DBP

@ Springer

30
Time, t(minute)

(d)

20

and MAP within an acceptable physiological range which
guarantees adequate perfusion of internal organs.
Adequate propofol dose is delivered by the system with
acceptable overshoot during surgical disturbance. Tables 5
and 6 show that proposed FSPC leads PO within 10% in all
patients during the disturbance. The average settling time
for BIS 50+2 is 250 s and MAP 87 +18.73 is 4 to 7 min.
The minor difference in BIS offset error is produced due to
the inter patients’ variability and different values of propofol
sensitivity parameters. Clearly, there is some inconsistency
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Table 5 Performance of FSPC at induction and maintenance phase for MAP signals
Rise time (7}) in Settling time (7}) in Overshoot/ MDAPE (mean+SD) Wobble (mean+SD) DIVERGENC
second with delay second with delay undershoot (%) (mean +SD)
(mean+SD) (mean +SD) (mean +SD)
Group1 118+21.9 264+11.9 3.5+2.12 0.88+0.41 0.4776 +0.17 —0.01+0.001
Group2 226+5.65 236+8.2 2.5+0.70 0.48+0.28 0.386+0.38 —0.02+0.002
Group3 240+0.70 253+5.2 4.01+3.53 0.75+1.83 2.20+1.01 —0.014+0.003
Table 6 Performance of FSPC in induction and maintenance phase of anaesthesia for BIS regulation
Patient groups  Rise time (7) in Settling time (7,) in  Overshoot/ MDAPE Wobble DIVERGENC
second with delay second with delay Undershoot (%) (mean + SD) (mean + SD) (mean +SD)
(mean+SD) (mean +SD) (mean + SD)
Group 1 85.35+6.57 115+£42.42 6.17+5.48 1.35+0.5 0.6+0.5 —0.01+0.001
Group 2 88.35+10.81 180+ 88.38 4.51+4.96 1.45+0.6 0.5+0.2 —0.01+0.002
Group 3 98.5+12.02 214+79.97 441+5.10 2.75+0.7 0.65+0.3 —0.013+0.003

in the measured MDAPE errors but it is limited and doesn’t
meaningfully affect the set-point tracking. Small values of
the wobble represent bump less performance. In presence of
disturbance, negative value of divergence directs aggressive
reaction to reach zero BIS error. Simulation results reflect
that this proposed approach has the potential to overcome
the effect of time delays, patient variability and disturbances.

Proposed may lead to sudden change in MAP signal. This
critical transition was documented by Frei et al. [38].
Based on this information proposed study is analyzed
three different scenarios for MAP signal (1) MAP(t), t>0
indicates normal condition (2) MAP(t) +d, t>25 min
indicate hypertension with magnitude of heavy distur-
bance (+d)=13 and (3) MAP(t)—d, t>40 min indicate
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hypotension with pleasant disturbance magnitude (—d)=8.
Figure 8a represents incidence of BIS failure during sep-
toplastic surgery. Figure 8b, c represents comparisons of
three different methods to estimate feedback BIS during BIS
failure.

From the result, multivariable based estimated feedback
BIS is more precise as compared to only patient modeled
BIS or MAP signal. The only MAP based BIS estimation
may imprecise due to sluggish response of MAP with a
change in propofol and insignificant value of a statistical
index. Only modeled BIS based feedback BIS estimation
could not be able to capture hemodynamic surgical stimula-
tion effect in estimated BIS. Thus, there is no significant
variation in propofol dosing during the BIS failure period
(see Fig. 8c).

As per medical practices, propofol dose should be
changed to suppress hemodynamic disturbance adverse
effect on BIS and hemodynamic variables. Based on this
reason only, modeled BIS based propofol infusion may not
be considered as an adequate infusion in the presence of
hemodynamic disturbance. Thus, only modeled BIS or MAP

signal-based feedback BIS estimation may not trustworthy
in the presence of MAP disturbance during BIS failure. The
result shows that multivariable based estimation of feed-
back BIS is providing precise result as compare to existing
methods.

In Fig. 9a—d simulation results show the effect of posi-
tive and negative MAP signal variations on estimated feed-
back BIS and propofol dosing during BIS sensor failure.
MAP variation depends on non-measurable variables such
as intensity and location of stimulation. Height of the MAP
signal can deviate 60% from the actual values in the presence
of hemodynamic disturbance. The evolution of controller
performance in the presence of hemodynamic disturbance
during the BIS suspension period is essential to test robust-
ness. From simulation results, obviously the proposed algo-
rithm can handle heavy and pleasant hemodynamic distur-
bance more robustly than reported study during BIS failure
condition. Statistical analysis of the proposed scheme (see
Table 7) shows that the average value of IAE equal to 480
and 170 s average time is required to compensate MAP dis-
turbance. This performance index reflects the satisfactory
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Fig.9 (continued) 100
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performance of the proposed controller. Small values of 1. The proposed fractional Smith predictor controller

DIVERGENCE indicate tight control toward a set point. The
proposed control scheme also maintains acceptable range of
MDPE, MDAPE and propofol infusion constrains. The pro-
posed FSPC controller output has never saturated between
upper and lower infusion constrain limits. It means smooth
and optimum propofol infusion is delivered by the system.
The proposed control strategy has not calculated cross effect
of an analgesic drug on BIS and hemodynamic variables. In
future work, the proposed controller design will be used with
the combination of analgesic drugs and ensure robustness
with the variability in an analgesic infusion. The results evi-
dently validate the efficacy of a proposed system in the pres-
ence of surgical disturbances and BIS failure. Based on the
obtained result the following considerations are prepared.
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with fault tolerance concept provides fast transient in
the induction phase and limited BIS oscillations in the
maintenance phase. The performance of the proposed
FSPC system provides good results in order to maintain
hemodynamic stability during faulty conditions than
recently reported fault tolerant control strategy [40].
The desired feature of the proposed control strategy is
to obtain fault identification, automatic situation assess-
ment and calculation of appropriate corrective actions to
avoid certain consequences of a BIS sensor failure fault.
Integration of fault handling concept with control
scheme improves safety against the malfunction of the
control scheme and also increases robustness, stability
and patient safety.
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Table7 FSPC control scheme performance indices in the presence of heavy hemodynamic disturbance
Statistical analysis of MAP signal during distur- Statistical analysis of BIS signal regulation during hemodynamic disturbance
bance
Patient MAP MAP MAP Aver- Average IAE  Average Average Average Average
type mmHg dur- mmHg mmHg age time (mean+SD) MDPE MDAPE wobble DIVERGENCE
ing heavy  during before required (mean+SD) (mean+SD) (mean+SD) (mean+SD)
stimuli negative stimuli to reject
MAP pleasant disturbance
stimuli in seconds
Case 1 92 64 75 200 535+330 —-25+25 26+5.6 2.32+6.36 —0.01+0.001
Case 2 90 66 74 250 567 +295 0.332+69 0.57=x6.1 0.31+6.7 —0.001+0.003
Case 3 85 63 72 120 448 +355 —-2.32+6.89 233+625 0.08+6.79 —0.016+0.004
Case 4 95 68 78 98 338+125 0.17+63 091+5.1 0.78+5.8 —0.015+0.002

6 Conclusion

In this paper, the proposed control strategy is designed with
the integration of a multivariable fault tolerance module
and a fractional-order control strategy to tackle BIS failure
problem more effectively. Simulation results using 30 dif-
ferent patient models with varying pharmacological param-
eters show that the proposed control strategy is promising in

@ Springer

design to regulate propofol sedation, BIS and hemodynamic
parameters within the desired range. Further simulation
results show that estimated feedback BIS using multivariable
fault tolerance module is able to catch patient body dynam-
ics accurately than single variable based estimation in the
presence of hemodynamic instability. Results show that the
proposed control strategy is able to provide stable perfor-
mance in the presence of BIS sensor fault and heavy surgical
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disturbance. Further, simulation results are validated with
recorded signals during surgery. The proposed control strat-
egy satisfies global requirements like, to maintain adequate
propofol sedation, small settling time and smooth BIS and
hemodynamic signals during surgery. To develop automatic
propofol infusion system in clinical intravenous anesthesia
is plausible with the proposed control system and it has the
potential to provide stability and satisfactory performance in
automatic propofol infusion in most of the patients during
surgery.
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Appendix

See Tables 8,9, 10, 11, 12 and Figs. 10 and 11.

Table 8 3rd order PK model parameters calculation equations for bolus and continuous

Continuous parameters Bolus parameters

vier L72#BWO7! # Age ¥ L Vi 4.49%BWOT #Age™ P L pp o QO arsaXstaX,
M UGs) — bXys3+bX,s2+bX,s+bX,
Ve 332#BWOS'L Vel 574%BWOSIL where
A% 266 L v Same as V5™ aXy =1, aX, = 1, aX, = (ky, + k3;),
Ki™" 0.2595: 61?)\))v°-75 L/min (if Kb Same as K bXy = (kiky ks)), bX) = (kikyy + ki ksy + kyskyy + kayky))
ges<

0.0595 * (BW7> —0.045 * Ag
e+2.7)L/min (if Age >60)

bX, = (k; + kyp + kyy + ki3 +k3p), bX5 =1

BW =patient body weight

K5 0.0969 * BW"2 L/min K5 0.293 * BW*%2 L/min

K§™" 0.0889 * BW’3 L/min K} 0.0462 * BW"3 L/min
RS G S S

kl — Kiw k12 = v k21 = Ve k13 = Vi 31 = veon

Table 9 Propofol sensitivity parameters for BIS, SBP and DBP signals

Sensitive (Group 1)

Normal (Group 2) mean+SD Insensitive (Group 3)

mean +SD mean +SD
Propofol sensitivity parameters for BIS
ECs, (ng/ml) 3.28+1.23 5.92+1.04 8.68+1.98
A 221+£091 2.634+0.81 2.86+0.64
Propofol sensitivity parameters for SBP
ECsy (pg/ml) 1.4+0.52 2.9+0.52 4.8+1.01
Al 6.2+0.311 7.2+0.82 7817
ECs;, (pg/ml) 1.66+0.34 2.7+0.74 32409
A2 2.51+0.61 2.65+1.02 2.89+0.4
Propofol sensitivity parameters for DBP
ECs 1 (pg/ml) 2.01+£0.12 2.4+0.33 2.5+0.34
A 122+04 12.6 £0.69 13.8+09
ECs, (pg/ml) 0.9+0.11 1.1+£0.32 1.4+1.35
A2 1.9+0.29 2.1+0.5 2.07+0.5
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Table 10 Nomenclature

V" Volume of the central compartment (¢) Ce Concentration of drug at the effect-site in pg/ml
V5" Volume of the second compartment (£) Ce,; Concentration of drug at cardiac output in pg/ml
V" Volume of the third compartment (£) Ce, Concentration of drug at output arterial peripheral resistance
in pg/ml
K5 drug transfer rates between the auxiliary second compartment ECs, Concentration of drug at half maximal effect in pg/ml
and central compartment and vice versa (Z/min~")
K$"  Drug transfer rates between the auxiliary third and central A Degree of non-linearity (dimension less)
compartments and vice versa (£/min~")
K" Elimination rate constant (¢/min™") @ Fault detection variable
k,,  Equilibration constant for the effect-site (#/min~") 0,0, Actual and nominal time delay in second
ub®" Bolus infusion rate of intravenous drug propofol in mg/kg C;(i=2,3) Concentration of drug in auxiliary compartments in pg/ml
us”  continuous infusion rate of intravenous drug propofol in mg/ Patient weight in kg
kg/h
Cp  Concentration of drug at the blood in pg/ml Y fractional order of filter

Propofol concentration in mg/ml

Table 11 Clinical study environment with premedication drugs and anesthetics drugs dosing in operation theater

Intravenous premedication drug Dose Drug during induction Dose Drug during mainte- Dose
period nance period
Inj. Glycopyrrolate 8-10 pg/kg Succinylcholine 100 mg Propofol 2+ 1.5 mg/kg/h
Inj. Diclofenac sodium (Voveran) 1.5 mg/kg Propofol bolus 2 mg/kg Tramadol 1 mg/kg
Inj. Pentazocine (Fortwin) 0.5 mg/kg Vecuronium 0.1 mg/kg
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Patient Model

= l Infusion Delag
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Fig. 10 Combined infusion-based multivariable PK—PD model with infusion delay

flat plateau Procedure: ECsy and A based gain settings selection
Read: ECspand 2;

if ECspe(1.5,4.0) and 2 € (0, 2.8]

Initialize controller gains with settings 1();

Elseif ECsye(4.1,4.9) and ] € (0, 4]

100

® Initialize controller gains with settings 2( );
@ Elseif ECsye(4.91, 14) and 2 € (0, 5] or ECsg € [6, EC5ymax) and J. € (5.1, 2 max)
%— //ECso max may be € (6.5, 14) & 4 max may be € (6, 6.5)
H Initialize controller gains with settings 3();
& BIS=50 End
.._g Procedure: Function fault_tolerance_module
g Read: model BIS from reference model and real BIS from real patient model
a Output Y: feedback BIS
o()=BIS(1); // BIS represents real BIS obtained from
: real patient model
0 12 - T - if (®) =0 than //@(#)=0 indicates loss of real BIS signal means faulty condition
. Propofol concentration (ug/mi
ECs0-1.2 ug/mi B[Sfeedback = B ISesrimated + Ae (k - 1)
//Ae(k-1) is calculated by Eq. (4) and estimated BIS from Eq. (3)
Else
BI, Sestimated = B[S - B[S
end
Fig. 11 Propofol dose response curve and pseudo code
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