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Abstract— Monitoring and control of general anesthesia,
involving cardiac output or mean arterial pressure are critical to
ensure patient safety during surgery. Several computer control
solutions have been developed for each of the anesthesia
components and hemodynamic processes. However, most do not
tackle the synergistic and antagonistic effects of the anesthetic
and hemodynamic drugs. Hitherto, only a handful of
preliminary results and ideas regarding multivariable control
have been reported so far, usually considering a simplified
decentralized approach. A decoupled control strategy is
proposed here to reduce the interaction between the
hemodynamic and anesthesia sub-systems, hence increasing the
robustness and stability of the overall control loop. Due to their
intrinsic robustness to uncertainty and process model
variability, fractional order controllers are designed to ensure
that more specific performance criteria are addressed,
compared to the traditional PIDs. The decoupled control
strategy is compared to the decentralized approach to validate
the minimization of the interactions. A robustness analysis is
performed using a benchmark patient model and data from 24
patients.

I. INTRODUCTION

As recent pandemic events have demonstrated, human
error is always a possibility in manual control of drug delivery
systems, particularly when practitioners are overworked.
Thus, computer control is desirable in biomedicine, and it has
been proposed as a viable solution in anesthesia [1]. Without
the assistance of an anesthesiologist, recent research has
demonstrated that computer-controlled systems in anesthesia
can predict appropriate medication combinations more
accurately [2], [3].

Many medical procedures require general anesthesia,
which entails the best possible control of hypnosis, analgesia,
and neuromuscular blocking [4]. Other hemodynamic
indicators, such as cardiac output (CO) and mean arterial
pressure (MAP), are crucial, nevertheless, particularly for
individuals with heart conditions [5]. Electroencephalogram
(EEG) data are traditionally used to assess hypnosis. These
signals are then processed into the Bispectral index (BIS) and
manually adjusted by administering a certain dose of
Propofol. Analgesia is measured with the Ramsay Agitation
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Score (RASS), and neuromuscular blockade (NMB) is
estimated using the electromyogram. Typically, Remifentanil
and Atracurium are used as equivalent medications. Sodium
Nitroprusside (SNP) and Dopamine (DOP) are typically used
to maintain CO and MAP levels.

Most research regarding automatic control of anesthesia is
focused on regulating BIS levels or the neuromuscular
blockade in single input single output approaches [4]. Some
tackle the idea of using two drugs to control BIS levels [6],[7].
A fractional order Smith Predictor with a multivariable fault
tolerance module was designed for maintaining smooth BIS
and MAP signals despite the delay, BIS sensor fault, and
surgical disturbances [8]. Fractional order control strategies
have been developed for controlling CO and MAP and to
reduce the interactions between the two drugs [9].

A multivariable approach in anesthesia and hemodynamics
is the subject of very few research investigations and control
schemes. Even less attention is paid to how the patient is
affected by the interactions between the anesthetic and
hemodynamic medications [10], [11]. Preliminary results
exist, including predictive control and decentralized fractional
order control [12], [13], [14].

In this paper, the interactions between the anesthesia and
hemodynamic subsystems are addressed in an improved
control scheme compared to the decentralized approach. A
steady state decoupled method is used to minimize drug
interactions. Such an approach has yet to be considered. Once
the decoupling is achieved, fractional order PID (FO-PID)
controller are designed. A benchmark patient model [10] is
used to test and validate the proposed approach. Comparison
with a decentralized approach [14] is performed. A robustness
analysis is performed considering data for 24 patients and a
surgical stimulus acting as a disturbance. The closed loop
simulations results show that the decoupled approach can
effectively minimize the antagonistic and synergic effects of
the drugs upon both anesthesia and hemodynamic variables.

The paper is organized as follows. Section II details the
performance specifications and the tuning methodology for
the FO-PIDs. The interactions between the anesthesia and
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hemodynamic subsystems, as well as the decoupling strategy
are presented in Section III. The comparisons between the
decentralized and decoupled approaches are detailed in
Section IV, while the robustness of the proposed method is
analysed in Section V. The concluding remarks are included
in the final part, Section VI.

II. FROM PERFORMANCE CRITERIA TO FO-PID
PARAMETERS

The generalized transfer function for a fractional order PID
controller is given as:

C(s)=k, (143 st ) (1)

The controller in (1) has five tuning parameters: the
proportional gain kp, the derivative and integral gains kq and
ki, and the two fractional orders of integration and
differentiation A, n€[0,2]. To estimate the controller
parameters 5 performance criteria are specified.

For the hemodynamic system, an ideal overshoot of less
than 10% is sought and a settling time of less than 750 seconds
[15], [16]. The CO should be kept within 4-8 I/min, while the
MAP admissible range is 65-110 mmHg. On the anesthesia
part, the NMB and RASS signals should settle within 300
seconds and with a maximum undershoot of 5% [13], [14].
Safe intervals for variation are —2.6 to -2.4 for RASS and 10-
13% for NMB. During maintenance phase, the BIS signal
should be kept within 40-60, with a fast rejection of output or
input disturbances (surgical stimuli or anesthesiologist
boluses). The main challenge here is the strong synergistic
and antagonistic effects between the drugs that cause large
variations in the BIS signal whenever hemodynamic variables
are disturbed and vice-versa [10]. Specific performance
indicators refer to:

e The time required for the controller to bring the BIS
signal back into [45 + 55] interval after a disturbance
has occurred (TTd)

e  The smallest and largest amplitudes of the BIS signal
as a result of a disturbance (BIS-NADIRs and BIS-
NADIRI).

The drug rates should also be kept within a minimum and
maximum value. For example, DP ranges between 4 to 7
1g/kg/min and SNP should not exceed a rate of 10 ug/kg/min
[17]. The Propofol and Remifentanil progression rates, during
maintenance phase, should fall between a minimum and
maximum of 0.1-2 mg/kg/min for Propofol and 0.1-3
ug/kg/min for Remifentanil [7], [14].

All these performance criteria are translated into
mathematical equations. One of the most important and
frequently used performance criteria is related to the stability
of the closed loop and has a direct effect on the expected
over/undershoot is the phase margin (PM). It is usually
selected to be large, which implies a smaller overshoot. The
mathematical equation that tackles the overshoot requirement
can be written as follows:

2Ho jwe)=—m + PM 2)

where Hor(s)=C(s)P(s) is simply the open loop transfer
function and w, is the gain crossover frequency. Here P(s)
represents the simplified transfer function that links the drug
rate to the corresponding measured output signal, such as BIS,
MAP, CO, etc.

Time requirements are addressed via the gain crossover
frequency. Large values for w, lead to smaller settling times.
The magnitude equation is used to indirectly specify the
requirement for a fast settling time:

|Hopl(we)=1 (3)

To handle possible gain uncertainties resulting from patient
variability, a robustness criterion is attached to the previous
two tuning equations:

dzHoL(jw) _
dw w=w; =0 (4)
To handle noise and surgical stimuli that largely affect the
BIS signal, a performance specification related to the
complementary sensitivity function, T(s), is also used:

: Hop(j»)

TGo)= i o e Ag (5)
where 4 is the imposed noise attenuation for frequencies
0=, with |[T(o) |4 = Ags-

Input disturbances also occur frequently due to interference
from the anesthesiologist that can supply boluses of Propofol,
for example. These boluses should be treated by the control
strategy in terms of the sensitivity function, S(s):

N

S(0)= el < Ban (©)
where B is the imposed value of the S(jw) function for
frequencies o<y, with |S(jo,) |4z = Bag-

During the maintenance phase, all patient signals to be
controlled must be kept within a safe operating range. This is

addressed via a minimum of the integral of absolute error
(IAE):

IAE= ["le(t)]dt (7

where e(t)=r(t)-y(t) with r(t) the reference value and y(t) the
measured patient signal.

III. A STEADY-STATE DECOUPLING STRATEGY TO REDUCE
ANESTHESIA-HEMODYNAMIC INTERACTIONS

In this manuscript, the patient simulator is the one
previously reported in [10], which includes interactions
between the hemodynamic and anesthetic variables. The
reader is referred to [10] for a detailed model of the
anesthesia-hemodynamic system. As mentioned in the
introductory section, previous decentralized approaches have
been considered for this patient simulator. In this paper, a
steady-state decoupling strategy is designed to minimize the
interactions between the anesthesia and hemodynamic
systems. As numerous research studies have shown that the
NMB is already decoupled from the remaining system [10],
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[14], the same FO-PI controller is used here as well to control
the NMB via variations in the infused Atracurium. The FO-PI
controller is:

Crus(S) = 0.08 (1 + 00227)

®)

which has been tuned to meet @, = 0.01 rad/s, PM = 85° and
the iso-damping property in (4).

A block diagram of the remaining anaesthesia and
hemodynamic signals to be controlled and the interactions
between the drugs is detailed in Fig. 1, where u1 stands for the
Propofol, uz is the Remifentanil, us and us are the Dopamine
and Sodium Nitroprusside drug rates. The outputs to be
controlled are denoted as yi=BIS, y»=RASS, y;=Co and
finally y~=MAP.

PROP us "l BISy:
REMI u; RASS y:
DP us ::: coys

SNP us4 : MAP y4

Fig. 1. Block diagram of the anaesthesia-hemodynamic system and
interactions

The proposed decoupled control strategy is given in Fig. 2,
where the reference setpoints for the BIS, RASS, CO and
MAP signals are denoted as r1, 12, 13 and r4. The error signals
to be minimised are denoted as ei1, e2, €3 and es. Notice the
presence of the steady-state decoupler between the controllers
and the anaesthesia-hemodynamic system.

1
. BISCTRL _¥1,

——

b

—».—o{ RASS CTRL V2, | rassy:
DECOUPLER REMI: L >

v, .
—»H €O CTRL | o coys >
o v, 1.
—?———( MAP CTRL

| sNpw —— O

Fig. 2. Proposed decoupling control strategy for the anaesthesia-
hemodynamic system

Based on Fig. 2, the following equations hold:

V1 G11(s)  Gya(s) Gis(s) O Uy
Y2\ 0 Gy, (5) 0 0 Uy
Y3 | | G31(S)  G3p(S)  Giz(s) Gaa(s) || Us ©)
Ya G41(S)  Gap(S) Gaz(s) Gua(s)/ \Ua

or in matrix formY = G X U and

ul D11 DlZ D13 D14 171 Ul
u2 _ 0 Dzz O O UZ _ 1.72
Us D3y D3, D3z Dsy vz | b V3 (10)
Us Dy1 Daz Dsz Dy Va Va

where Gij(s) are the transfer functions that described the
dynamics of the output signals with respect to the

administered drugs and Dj are scalars used to decouple the
anaesthesia-hemodynamic system. A steady state decoupling
between the fictive control signals vi-v4 and the measured
outputs yi-ys, implies that the following equation holds:

V1 V1 V1
V2 U, U,
ys | = G(0)x D vy | = 1 Vs (11)
Va 2 2

where [ is the identity matrix and G(0) is the steady state
matrix G(s). The decoupling scalars Djj are computed using
(11), such that G(0) X D = I. Once the decoupling scalars are
determined, the elements on the main diagonal of G(s) X D
are computed. For the nominal patient model, with parameters
specified in [10], the following transfer functions are

obtained:

N6 _ =16.64(s+0.024) 205

vi(s)  (s+0.18)(s+0.021) (12)
yo(s) 0.0127

va(s) | (s+0.22)(s+0.057) (13)
y3(8) _ 0.02936 _47¢ (14)
vi(s)  (s+0.004)

w _ —0.493 —50s

va(s)  (s+0.022) (15

The decoupled patient mathematical models in (12)-(15) are
used to tune the 4 controllers that meet the performance
specifications mentioned in Section II for BIS, RASS, CO and
MAP signals.

To maintain the BIS level within safe ranges from 40 to 60,
despite surgical stimuli and possible Propofol boluses
administered by the anesthesiologist, a FO-PI controller is
tuned to minimize (7), with constraints on (5) and (6). To
estimate the parameters of the FO-PI (kg = 0 in (1)), the
Matlab “fmincon” optimization routine was used resulting in:

(16)

Cars(s) =0.0053 (1 + 257)

For the RASS signal, a FO-PID controller is designed, with
the following performance specifications: o, = 0.035 rad/sec,
PM= 80° and the iso-damping property. To determine the
parameters of the controller, the system of nonlinear
equations (2)-(4) is solved using Matlab optimization routines
that yield the final transfer function of the controller:

0.0511

Crass(s) =0.6324 (1 + =+ 0.954450'56)

a7

To control the CO signal, a FO-PID is tuned to meet the
following  specifications: PM=85°, o, =0.035rad/s,
robustness condition in (4) and minimization of the IAE as
defined in (7). The result of the Matlab optimization routine
yields the following FO-PID transfer function:

0.0026

Ceo(s) =0.1639 (1 + 255 +2.995052)

(18)

For the MAP output, the performance criteria that have
been used to tune the FO-PID controller are the following:
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PM=80°, o, = 0.0056rad/s, robustness to gain variations and
minimization of the error signal as indicated in (7). The FO-
PID controller that meets all design specifications is
computed as:

Carar(s) = 0.0207 (1 + 27

+1.012504) (19)

To implement the FO-PID controllers, the Oustaloup
Recursive Approximation method has been used, with the low
and high frequency ranges taken two decades before and after
the corresponding gain crossover frequency and with the
order of approximation N=5.

IV. DECOUPLED VS DECENTRALIZED FO-PID CONTROL

To validate the decoupling FO-PID control strategy, a
comparison with the decentralized control [14] is presented
first. Two case scenarios are considered to analyse the ability
of the proposed control solution to reduce interactions
between the anaesthesia and hemodynamic variables and
administered drugs. The first case scenario implies variations
in the MAP signal as follows: 85mmHg->80mmHg-
>85mmHg->80mmHg occurring at 1500, 3000 and 4500
seconds. According to Fig. 1, interaction is expected on the
CO and BIS signals. The variations of these two signals are
given in Fig. 3a ) and b). The corresponding drug rates are
indicated in Fig. 3c) and d). Notice the significant reduction
in interaction, with a faster time to target for both BIS and CO
when using the proposed decoupled control strategy. Notice
also the reduced drug rates, both in terms of Propofol and
Dopamine, compared to the decentralised case.
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Fig. 3. Interaction on BIS and CO due to MAP variations a) BIS variation
b) CO variation c¢) Propofol d) Dopamine

A second case scenario is considered to evaluate the
interaction using the proposed decoupled control strategy,
compared to the decentralized approach where the CO signal
changes from 51/min->5.51/min->5lmin->4.51/min at 1500,
3000 and 4500 seconds. The resulting changes in the BIS and
MAP signals are indicated in Fig. 4a) and b), with the
corresponding Propofol and Sodium Nitroprusside drug rates
given in Fig. 4c) and d). Variations in the CO setpoint trigger
variations in the MAP signal (due to the interaction between
the hemodynamic drugs), visible in Fig. 4b). Notice that the
BIS signal varies due to the interactions between the
hemodynamic and anesthetic drugs (Fig. 4a)). However, the
amplitude of the signal is maintained closely to the 50 setpoint
when using the proposed decoupled control strategy,
compared to the decentralized one. A faster rejection of
interactions is achieved with the decoupled control strategy,
as well. Drug rates are kept within admissible ranges (Fig. 4c)
and d)).
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V. ROBUSTNESS ANALYSIS FOR 24 PATIENTS

The comparison between decentralized and decoupled
approaches in Section IV has been done considering only the
nominal patient. In this section, the controllers designed for
the nominal patient are used in the robustness analysis for a
set of 24 patients. A surgical stimulus is considered [10] that
directly affects the BIS signal. Fig. 5 shows the variation of
the BIS signal for all 24 patients. The quantitative
performance of the decoupled control strategy is detailed in
Table I. The TTd has been rounded to the nearest integer
value and at the same time, the maximum TTd for each patient
is included in Table 1. Notice there is a fast TTd, due to fast
attenuation of the disturbance. The maximum amplitude of
the BIS signal is close to the upper limit of 55, whereas the
minimum value is around 42. In all of the 24 patients, the
designed controllers manage to maintain the BIS signal within
the safety range of 40 to 60.
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TABLEI
PERFORMANCE MEASURES FOR THE DECOUPLED FO-PID CONTROL

STRATEGY
Patient no TTd BIS-NADIRI BIS-NADIRs
1 15.00 55.00 41.97
2 16.00 55.44 41.65
3 14.00 54.70 42.13
4 15.00 54.69 42.08
5 16.00 54.75 41.79
6 15.00 54.63 41.99
7 17.00 56.07 41.52
8 16.00 55.23 41.81
9 16.00 54.98 41.86
10 16.00 55.04 41.92
11 15.00 54.96 41.93
12 14.00 54.60 42.07
13 15.00 54.79 41.92
14 15.00 54.65 41.98
15 16.00 55.10 41.88
16 10.00 54.62 42.34
17 15.00 54.98 41.95
18 15.00 54.60 42.05
19 16.00 55.26 41.79
20 16.00 55.07 41.87
21 16.00 55.03 41.89
22 15.00 54.77 41.92
23 16.00 55.36 41.74
24 14.00 54.61 42.12

VI. CONCLUSION

Dynamic interactions and variability of vital signals
during general anesthesia are critical in determining the
safety of the patient and enhance clinical outcome and fast
rehabilitation after surgery. In order to minimize the
interactions between the anesthesia and hemodynamic
subsystems, a steady-state decoupled control technique is
presented here and compared to a previously reported
decentralized approach. The fractional order controllers
are tuned to reduce the effect of surgical stimulus during
the maintenance phase. The simulation results show that
the proposed decoupled control strategy manages to
significantly reduce hemodynamic and anesthetic
interactions. The analysis using real parameters from 24
patients has shown that the designed FO-PIDs are also
robust to surgical stimulus.

Further research includes a combined design based on a
decentralized approach during induction, followed by a

steady state decoupling strategy during maintenance.
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