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Abstract

The purpose of this work is to evaluate an adaptive controller
which incorporates an alarm system, based on two different
statistical methods: forecasting techniques and Walsh-Fourier
spectral analysis (WFA). The resulting adaptive control system
with an individual reference profile suitably tuned to the spe-
cific real case under control, contributes to the improvement of
the overall reference tracking. The control of the neuromuscu-
lar blockadeis used as case study.

1 Introduction

The development of automatic control systems for the conti-
nuous administration of drugs has been a subject of interest in
the last decades and, in particular, for the control of the neu-
romuscular blockade during a surgical procedure. The non-
depolarising types of muscle relaxant act by blocking the neu-
romuscular transmission, thereby producing muscle paralysis.
The extent of muscle paralysis (or muscle relaxation) is then
measured from an evoked EMG obtained at the hand by elec-
trical externa stimulation. A variety of different approaches
to the design of an automatic control system of neuromuscular
blockade has been proposed [7, 13, 18]. The design of these
controllersis usually supported on a prototype for the nonlin-
ear dynamical relationship between the muscle relaxant dose
and the induced muscle paralysis. Such a prototype, which can
be deduced from the avail able pharmacokinetic and pharmaco-
dynamic data for the drug, merely describes the average char-
acteristics of the response to the drug. However, in practice, a
large variability of the individual responses to the infusion of
the muscle relaxant is observed, [5, 10]. This variability sug-
gests the need for an individual tuning of the controller accor-
ding to the characteristics of the patient, [5, 10].

For clinical reasons, the patient must undergo an initial bo-
lus dose to induce total muscle relaxation in a very short pe-

riod of time (usually shorter than 5 minutes) and the automatic
control system starts 10 minutes after the bolusadministration.
Therefore, the value of the referenceis fixed at alow level du-
ring the first 30 minutes, after which the set-point is gradually
raised in order to avoid sudden changes, asillustrated in Figure
1. Itisshownin the literature, [10], that such reference profile
is a better aternative to a constant one, leading to a substan-
tial improvement of the controller performance. It reflects a
compromise between the variability of the response to the ini-
tial bolus the expected noise level in the measurement of neu-
romuscular blockade and clinical requirements. The response
induced by the administration of an infusion rate is denoted
by r(t). Thisvariable r(t), normalised between 100% and 0%,
measuresthelevel of musclerelaxation, O correspondingto full
paralysis and 100 to full muscular activity.
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Figure 1. Graphic representation of the reference profile.

In order to accommodate the individual variability, meth-
odsfor the on-line autocalibration of digital PID controller pa-
rameters for the administration of a muscle relaxant have been
already proposed [5, 6, 10]. Regardless the control strategies
adopted, the controller behaviour has been found satisfactory.
However, the detailed analysis of the clinical cases reveals sit-
uations, as illustrated in Figure 2, characterized by the occur-
rence of a much longer effect of the initial bolus resulting in
an undesirable initial overshoot and oscillatory behaviour. It
is then reasonable to assume that the reference profile should
be time dependent on the effect of the initial bolusin order
to improve the overall reference tracking. The duration of the
individual boluseffect may be evaluated by the persistence pa-
rameter P, which aso indicates the instant at which beginsthe
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Figure 2. Clinical case. Plot of the neuromuscular blockade
response and the fixed reference profile.

patient recovery.

The main purpose of this paper is to propose and evaluate
an adaptive controller incorporating both avarying initial value
for beginning of automatic control action and an individual re-
ference profile, based on the estimation of the recovery time,
P. Accordingly, the automatic control system incorporates an
alarm system to estimate P, based on two different statistical
methods: forecasting techniques and Walsh-Fourier spectral
analysis. The performance of the resulting automatic control
systems is assessed by a simulation study using a set of 500
models. This bank of models is generated according an em-
pirical model for the response of the neuromuscular blockade
induced by an initial bolusof atracurium assuming a multi-
dimensional log-normal distribution for the eight pharmacoki-
netic/pharmacodynamic parameters, [5]. Also, for a better
replication of the clinical environment, simulated measurement
noise is added to each of the generated models.

2 Designing an adaptive reference tra-
jectory

The design of a varying reference profile depends on the es-
timation of the recovery time P. Here two different methods
are considered. One of the techniques consists in designing a
naive alarm system for the neuromuscular blockade. The other
methodology consists in predicting the parameter P by a lin-
ear regression using as predictors the neuromuscular blockade
level at the time values corresponding to the average periods
obtained by WFA.

2.1 Alarm system for neuromuscular blockade

The goal of an alarm system is to detect when a certain event,
denominated by catastrophe, will take place. An adarm system,
based on linear prediction of a stochastic process, where an
alarm is given each time the predictor exceeds a critical level
is designated as a naive alarm system or a naive catastrophe
predictor, [17].

In this case study, the catastrophe is defined as the neuro-
muscular blockade upcrossing of a specified level, a%. There-
fore, the darm system provides an estimate of the recovery

time, P, at an a% critical neuromuscular blockade level, P,
for a =2.5%, 5% and 10%.

The prediction of the process relies on the previous knowl-
edge of a parametric model for the patient measurements of
neuromuscular blockade. Therefore, identification techniques
of linear models have been considered [8].

The neuromuscular blockade response, 7(t), is modelled
using an AutoRegressive with eXogenous input, ARX, model
of order (4,4)

r(t) = air(t — 1) + agr(t — 2) + azr(t — 3) + aqr(t —4)+
bou(t - ].) + blu(t - 2) + bgu(t - 3) + b3u(t - 4)

where u(-) istheinput signal.

According to theinter and intra-variability from the patients
responsesto the administration of aninitial bolus on-lineiden-
tification of the ARX model parameters based on input-output
measurements is desirable and is achieved using the Kalman
filter, [3], to estimate the time-varying parameters of the mo-
dels and predict at time ¢t theresponse at timet + 5, #(¢ + 5).
If (¢t + 5) > « then an alarm is given and P,, is estimated as
t+5.

Table 1 presents the observed and estimated persistence
parameter P, (in minutes) for four simulated neuromuscular
blockade response for o =2.5%, 5% and 10%.

Pr5  Pos Ps P P1o Py
Responsel 25.00 23.00 3400 3033 39.00 37.67
Response2 28.00 2233 3367 3233 3800 3733
Response3 41.00 37.00 4700 47.00 5233 5100
Response4 2433 19.67 3033 28.00 3633 32.00

Table 1. Observed and estimated persistence parameter.

The results presented in Table 1 show that the estimated
persistence parameter, P,, is close to the observed persistence
parameter, P, , for al critical relaxation level considered.

2.2 Walsh-Fourier spectral analysis

Walsh-Fourier spectral analysis (WFA) is a procedure used to
analyse and characterize time series, specially when sharp dis-
continuities and changes of level occur in the data. The pro-
cedure is similar to the well known Fourier analysis, used to
characterize periodic variation in a continuous signal.

The Walsh-Fourier analysisis based in the Walsh functions
[1, 2, 4] which form a complete, ordered and orthonormed
set of rectangular wavedaking the values -1 and 1. The
sequency-ordered Walsh functions are denoted by W(n,t)
where n € IN is denominated sequencyand represents the
number of switches signs (zero-crossings) in the unit interval
andt € [0, 1].

Let z(0),...,z(N — 1) be N = 2P, p € IN, observations
of a stochastic process. An estimator of the spectral density
function (spectrum) of Walsh-Fourier [11, 12, 15, 16] is the
Walsh periodogramwhich is the square of the Walsh-Fourier

transform of the data
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where )\ ; isasequency of theform A; = j/N, 1 <j < N-—1.
One can plot Iy (\;) versus A; to inspect for peaks In the se-
quency domain, a peak indicates a switcheach A ; time points.

Considering that during the surgical intervention a patient
attains different levels of neuromuscular blockade, it has been
investigated how the Walsh-Fourier analysis can contribute to
improve the neuromuscular blockade controller [14]. It has
been found that the neuromuscular blockade levels at the ave-
rage periods indicated by WFA have a high predictive power
for the parameters of the controller and it has been also ve-
rified the robustness of the parameters prediction from WFA,
in the presence of the high level noise that often contaminates
the measurement of the muscle relaxation response [14]. In-
vestigating the relationship between the persistence parameter
P, and the WFA average periods, it is found that P, is highly
correlated with the relaxation level at 14 minutes, »(14) [14].

Therefore, the prediction of P, by linear regression using
as predictors the relaxation levels at WFA average periods is
considered for different values of « and various sets of WFA
periods. Table 2 summarize the predicting power of WFA re-
sults for the P, parameter, in terms of the correlation coeffi-
cients.

Without noise With noise

Pys Ps Py Ps Ps Pio
r(14.0) 087 075 063 072 067 053
r(28.0) 08 08 087 076 084 084
r(1.6)+r(3.0)+r(7.0)+
r(12.0)+r(14.0) 089 083 077 077 072 060
r(1.6)+r(3.0)+r(7.0)+
r(12.0)+r(14.0)+r(28.0) 092 091 089 083 086 0.84

Table 2. Correlation coefficients.

It is found that the set of relaxation levels W4 = {r(1.6),
r(3.0),7(7.0),r(12.0),r(14.0)} constitute the best set of pre-
dictors, up to 14 minutes, for P,. Moreover, it isfound that the
inclusion of r(28.0) increases the correlation coefficient bet-
ween the P, and the predictors of the regression model.

3 Simulations Results

The ARX and WFA predictors of the persistence parameter are
compared calculating the error

eq = Py — Pa %)

where P, is true value of the parameter P for a = 5%, 10%
and P, isthe value estimated either by the predictor ARX pro-
cess or by the linear regression with the set W14 = {r(1.6),
r(3.0),7(7.0),r(12.0),(14.0)} of WFA average periods.

The boxplots of e5, exhibited in Figure 3, indicate that the
ARX method mostly overestimate P, with a small dispersion
of values, whilst the WFA method have a practically null mean
error and presents a higher dispersion of values. However, the
WFA method allows the estimation of the parameter P, 14 mi-
nutes after the administration of the initial bolus

Consider the simulated responses with P;g > 28.0 mi-
nutes and let Wss = {r(1.6),7(3.0),7(7.0),r(12.0),r(14.0),
r(28.0)} denote another set of WFA average periods. Figure
4 presents the boxplots of e;q for these smulated responses.
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Py has been estimated by the predictor ARX process, as be-
fore, and by the linear regression with the set o5 of average
periods. It can be seen a decreasing in the dispersion of error
values, mostly for the WFA case.
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Figure 4. Boxplots of eq( for simulated responses with
Py > 28.0 minutes.

Consider, now, the simulated neuromuscular blockade res-
ponse during automatic control infusion of atracurium r(t),
represented in Figure 5 that mimicsthe clinical caseillustrated
in Figure 2.

Figures 6 and 7 present, respectively, the same simulated
neuromuscular blockade response when the control action is
delayed and starts at the instant when is predicted the up
coming of the low level reference value: 38.0 minutes for the
ARX approach and 37.0 minutes for the WFA case. It can be
seen the improvement thus obtained in the reference tracking.
Furthermore, theinitial overshoot and the oscillatory behaviour
have decreased.

The typical values for a (2.5%, 5% and 10%) used in this
analysis are based on most of the real cases colleted so far and
on clinical requirements. Even though the 5% level is consi-
dered as typical and therefore recomended in practice, it may
be necessary to modify it depending on the individual real data
colleted during the surgical procedure (for example, in some
clinical cases, the bolusresponse may not reach a sufficiently
low level).



100

--- ref

80

60|

r(t) %

40/}

207

.

0 40 80 120
t (minutes)

Figure 5. Simulated neuromuscular blockade response and
reference when the control action starts at 30 minutes.
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Figure 6. Simulated neuromuscular blockade response and
reference when the control action starts at 38.0 minutes (ARX
prediction of Ps).

4 Final Remarks

The problem of designing an adaptive controller of neuromus-
cular blockade which incorporates an alarm system is conside-
red. The results show that the on-line prediction of the instant
at which begins the patient’s recovery from the initial bolus
either by ARX forecasting or WFA methodology, is a robust
technique that can be used to improved the reference pursuit
and to adapt the automatic control system to individual require-
ments.

Furthermore, the alarm system can easily be adapted to deal
with other related situations, namely the detection of eventual
changesin the dynamics of the system.

Acknowledgements

The second author would like to thank the PRODEP |11 for the
financial support during the course of this work.

References

[1] Beauchamp, K.G., Walsh Functions and their applica-

tions Academic Press, (1975).

100

—_ T

WFA
---ref

80

60

r(t) %

40|

20

L

0 40 80
t (minutes)

Figure 7. Simulated neuromuscular blockade response and
reference when the control action starts at 37.0 minutes (WFA

prediction of Ps).

[2] Harmuth, H.F., Transmission of Information by Orthogo-

nal Function Springer-Verlag, 2nd. edition, (1972).

[3] Kalman, R. and Bucy, R., New Resultsin Linear Filtering

(4]

(5]

(6]

(7]
(8]
(9

[10]

[11]

[12]

[13]

[14]

and Prediction Theory, Trans. Amer. Soc. Mech. Eng.,
Journal of Basic Engineerin@3, 95-108, (1961).

Kohn, R., On the Spectral Decomposition of Stationarity
Time Series using Walsh Functions, Advances in Applied
Probability, 12,183-199, (1980).

Lago, P, Mendonca, T., Gongalves, L., On-line Autocali-
bration of a PID Controller of Neuromuscular Blockade,
Proceedings of the 1998 IEEE International Conference
on Control ApplicationsTrieste, 363-367, (1998).

Lago, P, Mendonga, T., Azevedo, H., Comparison of On-
line Autocalibration Techniques of a Controller of Neuro-
muscular Blockade, Proceedings of IFAC Modeling and
Control in Biomedical System&arlsburg-Greisfswald,
263-268, (2000)

Linkens, D.A. (ed.), Intelligent Control in Biomedicine
Taylor and Francis, (1994).

Ljung, L., System lIdentification. Theory for the User
Prentice Hall PTR, (1999).

Makridakis, S., Wheelwright, S. and Hyndman, R., Fore-
casting - Methods and Applicationdhn Wiley & Sons,
(1998).

Mendonga, T. and Lago, P, PID Control Strategiesfor the
Automatic Control of Neuromuscular Blockade, Control
Engineering Practicgb, 1225-1231, (1998).

Morettin, PA., Walsh Spectral Analysis, SIAM Review
23, 279-291, (1981).

Robinson, G.S., Logical Convolution and Discrete Walsh
and Fourier Power Spectra, IEEE Transactions on Audio
and ElectroacousticAU-20, 271-280, (1972).

Schwilden, H., Olkkola, K., Use of a pharmacokinetic-
dynamic model for the automatic feedback control of
atracurium  Eur. J. Clin. Pharmaco|. 40, 293-296,
(1991).

Silva, M.E., Mendonga, T., Silva, |., Magalhdes, H., On-
line controller autocalibration based on parameter pre-
dictors: a case study, Advances in Simulation, Systems
Theory and Systems Engineerjreglitors Nikos E. Mas-
torakis, Vitaly V. Kluev, Djuro Koruga, WSEAS Press,



261-266 (2002).

[15] Stoffer, D.S., Walsh-Fourier Analysis of discrete-valued
Time Series, Journal of the Time Series Analys; 449-
467, (1987).

[16] Stoffer, D.S., Walsh- Fourier Analysis and its Statistical
Applications, Journal American Statistical Association
86, 461-479, (1991).

[17] Svensson, A., Holst, J., Lindgren, G., Lindquist, R.
Optimal Prediction of Catastrophes in Autoregressive
Moving-Average Processes, Journal of the Time Series
Analysis 17(5), 511-531, (1998).

[18] Wait, C., Goat, V., Blogg, C., Feedback control of neu-
romuscular blockade. A simple system for infusion of
atracurium Anesthesigd2, 1212-1217, (1987).



