On-line controller autocalibration based on parameter predictors:
a case study
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Abstract: In this paper, a method for the on-line autocalibration of a controller, based on statistical regression
techniques, is presented. The control of neuromuscular blockade is used as a case study. The method relies on
information about the patients dynamics, inferred from the response induced by the initial bolus dose given in the
beginning of anaesthesia. A new approach to the characterization of the bolus response based on Walsh-Fouri
spectral analysis is considered. A detailed comparison of alternative descriptions is presented.

Key-Words. Control Application, On-line Autocalibration, PCA, Regression models, Walsh-Fourier, Wiener models.

1. Introduction fixed parameters, therefore the large variability of the
individual responses to the infusion of the drug are

. Muscle re_Iaxant drugs are current_ly given during Sur'simply accommodated by the intrinsic properties of a
gical operations. The non-depolarising types of muscCle;|osaq control loop. In spite of leading ultimately to a

relaxant act by blocking the neuromuscular transmis'fixed-parameter controller, some of the techniques ex-

sion, thereby producing muscle paralysis. The exteni)licitly incorporate in the controller design a measure of

of muscle paralysis (or mqscle relaxation) is MEasUreGye statistical variability of the patients responses, thus
from an evoked EMG obtained at the hand by elecmcalleading to a more robust control [7]

external stimulation. A variety of different approaches

to the design of controllers for the automatic control of  For clinical reasons the patient must undergo an ini-
neuromuscular blockade has been proposed [6, 10, 13ial bolus dose in order to induce total muscle relaxation
The design of these controllers is usually supported orin a very short period of time (usually shorter than 5
a prototype for the nonlinear dynamical relationship be-minutes). The detailed analysis of a large humber of
tween the muscle relaxant dose and the induced musclelinical results [4, 7] clearly indicates that the response
paralysis. Such a prototype, which can be deduced fronof the patients to the administration of a muscle relaxant
the available pharmacokinetic and pharmacodynamiaeveals a very large (and unexpected) non uniformity of
data for the drug, only describes the average characteresponses. Such characteristic is not always predicted
istics of the response to the drug. Therefore, given therom the available pharmacokinetic and pharmacody-
large interindividual variability of the responses, it pro- namic data, that although predicting a large interindi-
vides a quite poor description of individual responses.vidual variability of the responses, points to a much
In the vast majority of situations the controllers have more uniform behaviour. This remark strongly suggests



the need for an individual tuning of the controller to the wheree is a(n x 1) vector of random error terms and
characteristics of the patient. a(n x p) andg(n x 1), are matrices of unknown pa-

It is reasonable to assume that the response of the paameters to be determined. This is a well known statis-
tient to the bolus given at the beginning of anaesthesiaical procedure. Details on the estimationwofand 8
carries valuable information on the dynamics of the pa-may be found in the reference manuals of the statistical
tients response to the infusion of the relaxant. There-package used, which usually incorporates tests for the
fore, the characteristics of the bolus response shoulddequacy of the linear model and parsimony tests (some
be accounted for in the design of an automatic controlof thep components of vecto# may be redundant and
system of neuromuscular blockade, thus resulting in artherefore should be eliminated). Post hoc analysis of
improved tuning of the controller parameters to the pa-the residualg should be made. Where a clear nonnor-
tients individual dynamics and dosage requirements. mality is found, transformation of the componentsiof

Here, a new approach to the characterization of theshould be considered.

individual dynamic based bolus response is proposed tpg yning of the controller parameters to a particu-
and the results compared with alternatives methods Propy, patient undergoing surgery is a simple procedure: it

posed. [4, 5]. requires the extraction of the predictor variatdleom
the observed bolus response and the estimation of the

2. The on-line estimation of the controller parame- . )
controller parameter® from the regression equation,

ters by multipleregression

Methods for the on-line autocalibration of a digital
PID controller parameters for the administration of
a muscle relaxant had been already proposed [5, 4,
7]. The parameters of the PID controller (namely
the proportional gain, the derivative gain and the in-
tegral time constant) have been obtained from the
and R parameters deduced from the Ziegler-Nichols
step response method, applied to the pharmacoki- Figure 1 illustrates the response induced by a bolus
netic/pharmacodynamic model for the muscle relaxant.of a muscle relaxant administered in the beginning of
The subsequent tuning of the controller to the dynam-the anesthesia. The variablé), normalised between
ics of a patient undergoing surgery was performed by100% and 0% measures the level of muscle relaxation,
adjusting theR and theL values using multiple linear 100% corresponding to full muscular activity and 0%
regression techniques. to full paralysis. The diagram shows a set of parame-

The applicability of the method relies on the ters, that may be obtained on-line, and have been used
fulfilment of two conditions: the availability to characterise the bolus response [4,1§0, T50 and
of a probabilistic description for a pharmacoki- 710 are elapsed times between the bolus administration
netic/pharmacodynamic model for the drug and someand the time the respons¢t) becomes less than 80%,
individualised response of the patient, such as thes0% and 10%, respectively is a slope parameter and
response to the bolus of the relaxant usually given inP is a persistence parameter, since it describes the du-
the beginning of anesthesia. ration of the bolus effect on the patient.

Let®, (k =1: N) be the(n x 1) vector of the pa-
rameters of the controlle_r for model Eor every model linear regression of, and B! on T50 [4]. A more
©; the bolus response is also obtained and a set of . hjete description of the bolus response based on
variables describing such response are deduced from il cina| component analysis lead to an alternative re-
Let ¥ (k =1: N) be the(p x 1) vector of those vari- - gaqqion approach [5]. In the next section, we consider
ables. A_Imear regression model relating the varlablesa Walsh-Fourier analysis (WFA) of the bolus response
¥ and® is assumed, to determine significant periods and use them as predic-

P=aV+F+c¢ Q) tor variables.

=0T+ (2

Regarding the predictor variables, several approaches
may be considered based on the bolus response.

The tuning of the PID controller was performed by a



r(t)

80%

of the data

L N=l
Iy (M) = Vi > z(n)W(n, Aj)| , (5)
n=0

50%
where )\; is a sequency of the formy; = j/N, 1 <
j < N — 1. One can plotly (A;) versus)\; to inspect
for peaks. In the sequency domain, a peak indicates
"a switch each); time points”. Considering that dur-
ing the surgical intervention a patient attains different
levels of muscular relaxation, we investigate how the
Walsh-Fourier analysis can contribute to improve the
controller. Accordingly, the Walsh periodogram of the
3. Walsh-Fourier Spectral Analysisof theBolusRe-  myscle relaxationr(t), is evaluated on data collected
sponse during surgery (34 clinical trials with neuromuscular

Walsh-Fourier spectral analysis is a procedure used t@lockade induced by atracurium bolus). It is verified
analyse and characterize time series, specially wheihat the periodograms present peaks in the neighbour-
sharp discontinuities and changes of levels occur inh0od of the sequencies 3/128, 7/128 and 15/128 which
the data. The procedure is similar to the well known correspond taverage periods of 14.2 minutes, 6.1 min-
Fourier analysis, used to charactrize periodic variationutes and 2.8 minutes, respectively. In figure 2 is exhib-
in a continuous signal. The Walsh-Fourier analysis isited the Walsh periodogram of one of the patients.
based in the Walsh functions which form a complete, In the following section, the relationship between this
ordered and orthonormed setreftangular wavestak- ~ average periods given by the Walsh-Fourier spectral
ing the values -1 e 1 [1, 2, 3]. The Walsh functions @nalysis and the shape paramet&f€(T50, T80, Sand
may be ordered in the so call®dalsh or sequency or- P), used to tune the PID controller, is discussed. More-
der, which is comparable to the frequency order of sinesoVer, it is investigated the use of tlagerage periods,

and cosines. The sequency-ordered Walsh functions art® improve the estimation of the controller parameters.

10%
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Fig. 1. Parameters used to characterize the muscle relaxation re
sponse induced by a bolus of a relaxant &t 0.

denoted by (n, t), wheret € [0, 1] andn = 1,2, . Finally, a comparison with the regression Bfand L
the sequency, represents the number of times that the Using principal components of the response induced by
function switches signs in the unit interval. a bolus of500ugkg™" as predictors is performed.

Let {X(¢)} be a stationary stochastic process, with 4 A <udv: the administration of at .
zero mean and absolutely summable autocovariance™ case study. theadminisiration of atracurium

function, R(k). The Walsh-Fourier spectral density Figure 3 illustrates the responses induced by the admin-
function of X (¢) is defined as [8, 9, 11, 12] istration of a bolus of 50 gkg™" of atracurium on 85
patients. The variability of the responses is much wider

than that predicted by the pharmacokinetic and pharma-
A) = LD(r)W(r, A 0<A<1 3 : .
) Tz::[) (MW(r, ), com 0 < A< ®) codynamic data for atracurium [14, 15]. Therefore, to

accomodate the clinical data, an improved empirical dy-
wherel'(j) is thelogical covariance defined by namic model, Wienet structure based, for atracurium
has been developed [4].
) 1 V= ) A large number of simulated models (N=500 models)
-N Z G@&k—k), 1<j<N, (4 have been generated. As illustrated in figures 4 and 5,
h=0 the empirical model replicates well the characteristics

with & being the dyadic sum [9]. GivelV observa- 1The Wiener models, consisting of a linear dynamic element fol-

tions,z(0), z(1),...,z(N —1), of the process, an esti- |owed in series by a static non-linear element, are considered to be
mator of the spectral density is the Walsh periodogramideal for representing a wide range of non-linear processes.
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Fig. 2. Walsh periodogram of one of the patients. Fig. 4. Simulated responses induced by a bolus of 5Bg '

of atracurium. A multidimensional log-normal distribution forthe

120 pharmacokinetic/pharmacodynamic parameters has been assumed.
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Fig. 3. The responses induced by a bolus of 50fkg~"' of 0 2 4 6 8 10
atracurium on 85 patients undergoing surgery. time (minutes)

Fig. 5. The simulated responses with simulated measurement noise.
of the patients responses. Figure 5 illustrates the same

simulated responses of figure 4 with added simulated

measurement noise. set of real data available. The correlation establishes a
For each of the simulated models, the valuesfor clear relationship between these parameters, validating

and R of a PID controller have been Obtained, as well the use of7'50 to characterize the individual dynamic

as the parameter§80, 750, T'10, S and P. More-  model [4, 7].

over, PCA and WFA analysis are accomplished and es- Table 2 summarizes the predictive power B50,

timates of the controller parameteis,and R, are ob- PCA and WFA, in terms of the % of variation éfand

tained using the three different approaches. Tables bf R~!. Itis found that the predictive power of muscle

and 2 present a summary of the results, using 128 sanrelaxation levels at the average periods found by WFA

ple points corresponding to approximately 42 minutes. of the bolus response is the highest, since they explain
Table 1 presents the correlation coefficient between93% of the variation ofZ. and 6% of the variation of

the average periods and their multiples given by the R~'. These results are comparable with those obtained

Walsh-Fourier spectral analysis and the paramE&g, with PCA analysis. A higher predictive power is ob-

for simulated models with and without noise and for the tained only when the parametéris added to the mul-



Without noise | With noise Real data patients response to the administration of a muscle re-
50 rélls'? r&? réllé? ré?é%) réi')g) ' (().7#) laxant. The individualized information inferred from
the response induced by the initial bolus dose given
Table 1. Correlation coefficients. in the beginning of anaesthesia, is of great utility for
the design of improved on-line autocalibrated automatic
controllers of muscle relaxation. The bolus response
tivariate regression model. However, since this paramehas been characterised by shape parameters, by parame-
ter is not suitable for practical implementation (in some ters deduced from principle component analysis and by
cases the bolus response may not reach a sufficientiparameters deduce from a Walsh-Fourier spectral anal-
lower level), the PCA and the relaxation level at the Ysis. The tuning of the PID controller was achieved by
WFA periods of the bolus response can be ConsiderednUItiple regreSSion teChniqueS. Results are illustrated
the best predictors fak and R*. using realistic dynamic models that mimic not only the
In a clinical environment a high level noise often con- large variability of patients responses to the administra-
taminates the measurement of the muscle relaxation relion of atracurium, but also the large level of measure-
sponse, as illustrated in Figure 3. The robustness ofnent noise which occurs in a clinical environment. The
the controller parameters prediction, in the presence ofobustness of the PCA and Walsh-Fourier analysis for
noise in the bolus response measurement, has been igharacterizing the patients individual responses to the
vestigated in detail. All the predictors have been foundPolus has been firmly established.
to be very insensitive to the presence of noise, the peri-
ods of the WFA achieving the best results. Therefore, itAcknowIedgements
can be concluded that the on-line prediction of the con- The third author would like to thank the PRODEP lI|
troller parameters from the patient bolus response is and the fourth author, the Foundation for Science and
robust technique suitable for use in a clinical environ- Technology for the financial support during the course

ment. of this project (Ministério da Ciéncia e Ensino Superior,
_ . Portugal).
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