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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 the
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-Fourier
spectral analysis is considered. A detailed comparison of alternative descriptions is presented.
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1. Introduction

Muscle relaxant drugs are currently given during sur-
gical operations. The non-depolarising types of muscle
relaxant act by blocking the neuromuscular transmis-
sion, thereby producing muscle paralysis. The extent
of muscle paralysis (or muscle relaxation) is measured
from an evoked EMG obtained at the hand by electrical
external stimulation. A variety of different approaches
to the design of controllers for the automatic control of
neuromuscular blockade has been proposed [6, 10, 13].
The design of these controllers is usually supported on
a prototype for the nonlinear dynamical relationship be-
tween the muscle relaxant dose and the induced muscle
paralysis. Such a prototype, which can be deduced from
the available pharmacokinetic and pharmacodynamic
data for the drug, only describes the average character-
istics of the response to the drug. Therefore, given the
large interindividual variability of the responses, it pro-
vides a quite poor description of individual responses.
In the vast majority of situations the controllers have

fixed parameters, therefore the large variability of the
individual responses to the infusion of the drug are
simply accommodated by the intrinsic properties of a
closed control loop. In spite of leading ultimately to a
fixed-parameter controller, some of the techniques ex-
plicitly incorporate in the controller design a measure of
the statistical variability of the patients responses, thus
leading to a more robust control [7].

For clinical reasons the patient must undergo an ini-
tial bolus dose in order to induce total muscle relaxation
in a very short period of time (usually shorter than 5
minutes). The detailed analysis of a large number of
clinical results [4, 7] clearly indicates that the response
of the patients to the administration of a muscle relaxant
reveals a very large (and unexpected) non uniformity of
responses. Such characteristic is not always predicted
from the available pharmacokinetic and pharmacody-
namic data, that although predicting a large interindi-
vidual variability of the responses, points to a much
more uniform behaviour. This remark strongly suggests



the need for an individual tuning of the controller to the
characteristics of the patient.

It is reasonable to assume that the response of the pa-
tient to the bolus given at the beginning of anaesthesia
carries valuable information on the dynamics of the pa-
tients response to the infusion of the relaxant. There-
fore, the characteristics of the bolus response should
be accounted for in the design of an automatic control
system of neuromuscular blockade, thus resulting in an
improved tuning of the controller parameters to the pa-
tients individual dynamics and dosage requirements.

Here, a new approach to the characterization of the
individual dynamic based bolus response is proposed
and the results compared with alternatives methods pro-
posed. [4, 5].

2. The on-line estimation of the controller parame-
ters by multiple regression

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 � parameters deduced from the Ziegler-Nichols
step response method, applied to the pharmacoki-
netic/pharmacodynamic model for the muscle relaxant.
The subsequent tuning of the controller to the dynam-
ics of a patient undergoing surgery was performed by
adjusting the� and the� values using multiple linear
regression techniques.

The applicability of the method relies on the
fulfilment of two conditions: the availability
of a probabilistic description for a pharmacoki-
netic/pharmacodynamic model for the drug and some
individualised response of the patient, such as the
response to the bolus of the relaxant usually given in
the beginning of anesthesia.

Let�� �� � � � �� be the��� �� vector of the pa-
rameters of the controller for model�. For every model
�� the bolus response is also obtained and a set of�
variables describing such response are deduced from it.
Let�� �� � � � �� be the��� �� vector of those vari-
ables. A linear regression model relating the variables
� and� is assumed,

� � ��� � 	 � 
 (1)

where
 is a �� � �� vector of random error terms and
� �� � �� and	 �� � ��, are matrices of unknown pa-
rameters to be determined. This is a well known statis-
tical procedure. Details on the estimation of� and	
may be found in the reference manuals of the statistical
package used, which usually incorporates tests for the
adequacy of the linear model and parsimony tests (some
of the� components of vector�may be redundant and
therefore should be eliminated). Post hoc analysis of
the residuals
 should be made. Where a clear nonnor-
mality is found, transformation of the components of�
should be considered.

The tuning of the controller parameters to a particu-
lar patient undergoing surgery is a simple procedure: it
requires the extraction of the predictor variables� from
the observed bolus response and the estimation of the
controller parameters� from the regression equation,

� � ���� 	 (2)

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

Figure 1 illustrates the response induced by a bolus
of a muscle relaxant administered in the beginning of
the anesthesia. The variable����, normalised between
100% and 0% measures the level of muscle relaxation,
100% corresponding to full muscular activity and 0%
to full paralysis. The diagram shows a set of parame-
ters, that may be obtained on-line, and have been used
to characterise the bolus response [4, 7].��, 	� and
�� are elapsed times between the bolus administration
and the time the response���� becomes less than 80%,
50% and 10%, respectively.� is a slope parameter and
� is a persistence parameter, since it describes the du-
ration of the bolus effect on the patient.

The tuning of the PID controller was performed by a
linear regression of� and��� on 	� [4]. A more
complete description of the bolus response based on
principal component analysis lead to an alternative re-
gression approach [5]. In the next section, we consider
a Walsh-Fourier analysis (WFA) of the bolus response
to determine significant periods and use them as predic-
tor variables.
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Fig. 1. Parameters used to characterize the muscle relaxation re-

sponse induced by a bolus of a relaxant at� � �.

3. Walsh-Fourier Spectral Analysis of the Bolus Re-
sponse

Walsh-Fourier spectral analysis is a procedure used to
analyse and characterize time series, specially when
sharp discontinuities and changes of levels occur in
the data. The procedure is similar to the well known
Fourier analysis, used to charactrize periodic variation
in a continuous signal. The Walsh-Fourier analysis is
based in the Walsh functions which form a complete,
ordered and orthonormed set ofrectangular waves tak-
ing the values -1 e 1 [1, 2, 3]. The Walsh functions
may be ordered in the so calledWalsh or sequency or-
der, which is comparable to the frequency order of sines
and cosines. The sequency-ordered Walsh functions are
denoted by� ��� ��� where� � 
�� �
 and� � �� �� � � �,
the sequency, represents the number of times that the
function switches signs in the unit interval.

Let ������ be a stationary stochastic process, with
zero mean and absolutely summable autocovariance
function, ����. The Walsh-Fourier spectral density
function of���� is defined as [8, 9, 11, 12]

���� �
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���
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where���� is thelogical covariance defined by
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with � being the dyadic sum [9]. Given� observa-
tions,����� ����� � � � � ��� ��� � of the process, an esti-
mator of the spectral density is the Walsh periodogram

of the data
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where�� is a sequency of the form�� � ���� � �
� � � � �� One can plot�� ���� 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
muscle relaxation,����, is evaluated on data collected
during surgery (34 clinical trials with neuromuscular
blockade induced by atracurium bolus). It is verified
that the periodograms present peaks in the neighbour-
hood of the sequencies 3/128, 7/128 and 15/128 which
correspond toaverage periods of 14.2 minutes, 6.1 min-
utes and 2.8 minutes, respectively. In figure 2 is exhib-
ited the Walsh periodogram of one of the patients.

In the following section, the relationship between this
average periods given by the Walsh-Fourier spectral
analysis and the shape parameters (T10, T50, T80, S and
P), used to tune the PID controller, is discussed. More-
over, it is investigated the use of theaverage periods,
to improve the estimation of the controller parameters.
Finally, a comparison with the regression of� and�
using principal components of the response induced by
a bolus of	�������� as predictors is performed.

4. A case study: the administration of atracurium

Figure 3 illustrates the responses induced by the admin-
istration of a bolus of 500������ of atracurium on 85
patients. The variability of the responses is much wider
than that predicted by the pharmacokinetic and pharma-
codynamic data for atracurium [14, 15]. Therefore, to
accomodate the clinical data, an improved empirical dy-
namic model, Wiener1 structure based, for atracurium
has been developed [4].

A large number of simulated models (N=500 models)
have been generated. As illustrated in figures 4 and 5,
the empirical model replicates well the characteristics

1The Wiener models, consisting of a linear dynamic element fol-
lowed in series by a static non-linear element, are considered to be
ideal for representing a wide range of non-linear processes.
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Fig. 2. Walsh periodogram of one of the patients.
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Fig. 3. The responses induced by a bolus of 500������ of

atracurium on 85 patients undergoing surgery.

of the patients responses. Figure 5 illustrates the same
simulated responses of figure 4 with added simulated
measurement noise.

For each of the simulated models, the values for�
and� of a PID controller have been obtained, as well
as the parameters��, 	�, ��, � and � . More-
over, PCA and WFA analysis are accomplished and es-
timates of the controller parameters,� and�, are ob-
tained using the three different approaches. Tables 1
and 2 present a summary of the results, using 128 sam-
ple points corresponding to approximately 42 minutes.

Table 1 presents the correlation coefficient between
the average periods and their multiples given by the
Walsh-Fourier spectral analysis and the parameter	�,
for simulated models with and without noise and for the
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Fig. 4. Simulated responses induced by a bolus of 500�� ����

of atracurium. A multidimensional log-normal distribution forthe

pharmacokinetic/pharmacodynamic parameters has been assumed.
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Fig. 5. The simulated responses with simulated measurement noise.

set of real data available. The correlation establishes a
clear relationship between these parameters, validating
the use of	� to characterize the individual dynamic
model [4, 7].

Table 2 summarizes the predictive power of	�,
PCA and WFA, in terms of the % of variation of� and
of ���� It is found that the predictive power of muscle
relaxation levels at the average periods found by WFA
of the bolus response is the highest, since they explain
�� of the variation of� and 69� of the variation of
���. These results are comparable with those obtained
with PCA analysis. A higher predictive power is ob-
tained only when the parameter� is added to the mul-



Without noise With noise Real data
r (1.7) r (3.0) r (1.7) r (3.0) r (3.0) r (7.0)

T50 0.86 0.94 0.85 0.93 0.90 0.77

Table 1. Correlation coefficients.

tivariate regression model. However, since this parame-
ter is not suitable for practical implementation (in some
cases the bolus response may not reach a sufficiently
lower level), the PCA and the relaxation level at the
WFA periods of the bolus response can be considered
the best predictors for� and���.

In a clinical environment a high level noise often con-
taminates the measurement of the muscle relaxation re-
sponse, as illustrated in Figure 3. The robustness of
the controller parameters prediction, in the presence of
noise in the bolus response measurement, has been in-
vestigated in detail. All the predictors have been found
to be very insensitive to the presence of noise, the peri-
ods of the WFA achieving the best results. Therefore, it
can be concluded that the on-line prediction of the con-
troller parameters from the patient bolus response is a
robust technique suitable for use in a clinical environ-
ment.

Without With
noise noise

Predictors L 1/R L 1/R
T50 87 42 87 42
T50 + r (14.0) 93 64 91 60
T50 + r (3.0) + r (7.0) + r (14.0) 93 69 91 61
T50 + r (0.7) + r (1.7) + r (3.0)
+ r (14.0) 89 68 91 63
T50 + r (0.7) + r (1.3) + r (1.7) + r (3.0)
+ r (14.0) 90 69 92 63
T50 + P 94 70 93 42
T50 + P + r (1.3) 95 70 94 69
��� � � � � ��� 92 66 86 49
��� � � � � ��� + P 95 72 95 70
r (0.7) + r(1.3) + r (1.7) + r (3.0) + r(7.0)
+ r (14.0) 93 69 91 63
r (1.3) + r (1.7) + r (3.0) + r(7.0)
+ r (14.0) 90 69 92 63

Table 2. % of variation explained for linear regression models

5. Conclusions

The present study compares and evaluates statistical re-
gression techniques based on different features of the

patients response to the administration of a muscle re-
laxant. The individualized information inferred from
the response induced by the initial bolus dose given
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
has been characterised by shape parameters, by parame-
ters deduced from principle component analysis and by
parameters deduce from a Walsh-Fourier spectral anal-
ysis. The tuning of the PID controller was achieved by
multiple regression techniques. Results are illustrated
using realistic dynamic models that mimic not only the
large variability of patients responses to the administra-
tion of atracurium, but also the large level of measure-
ment noise which occurs in a clinical environment. The
robustness of the PCA and Walsh-Fourier analysis for
characterizing the patients individual responses to the
bolus has been firmly established.
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