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surgeons. A shorter stay time of the patient in the

Abstract. The paper considers control problemé) ostoperative care unit helps saving money.

for neuromuscular blockade and depth of anaesthiiternational leading groups in the area of con-
sia. The control system is intended to be used troller design for use in anaesthesia are working
controlling the main parts of general anaesthesialso in Sheffield with Linkens/Mahfouf et. al [6]
The applied measurement techniques, experimensgld Zuerich with Morari/Stadtler et. al [10]. Be-
conditions and control strategies are presented. Thegdes there is a research group in Vancouver with
results of a study witl31 patients for the control Huzmezan et. al. In contrast to these groups
of neuromuscular blockade, and first trials fér we developed our own measurement device for the
patients for the control of depth of anaesthesia ameuromuscular monitoring [2, 8], which is briefly
listed. described in this paper in the following section.
Thereby, we have the possibility to observe the qual-
ity and quantity of relevant measurement signals.

1 Introduction

. o 2 Measurement of muscle relaxation
The activities of anaesthetists include numerous re-

peated and isolated tasks. Anaesthetists have to @t exposed in section 1, one of the main concerns
serve and control a great number of different varbf the anaesthetist in the operating theatre is to mon-
ables of anaesthesia, and also some of the vital furitor and control the muscle relaxation. The evoked
tions. Anaesthesia means an adequate hypnosisjscle responses after neurostimulation can be reg-
analgesia and muscle relaxation for suppression isfered by electromyography (EMG), mechanomyo-
the effects of surgical manipulations. graphy (MMG) or acceleromyography (AMG).

In each of these areas the main problem consistsiepending on the neuromuscular block the anaes-
measuring. The degree of relaxation can be estitetist maintains the relaxation by additional bolus
mated by different methods, some of them are ekijections of muscle relaxant. The introduction of
plained in section 2. The measurement of the deptiew short to ultra-short acting compounds (e.g. Mi-
of anaesthesia is briefly discussed in section 3. W@acurium) leads to extremely small injection peri-
to now, there are no measurements to quantify tloels. Therefore, a continuous application is nec-
analgesia.The introduction of new short acting conessary to maintain a constant neuromuscular block
pounds needs a continuous mode as for measudering anaesthesia.
ment of cpntrol vanable_s as for injection of drug%esides, the correct choice of the position for the
to the patient. The applied control methods for the,; : . .

Stimulation, the pattern of stimulation and the qual-
neuromuscular blockade and the depth of anaestqe-

sia are described in sections 4 and 5. Modelling | of the stimulator output are very important for

- : : > _monitoring the neuromuscular blockade. The out-
a pre-condition for controller design and briefly dis- . .
cussed put curr_ent of the snmulgtor ha_ts to be constant,_ ir-

' respective of different skin resistors. The duration
Automatic control of anaesthesia can support thaf a stimulation impulse should be constant between

anaesthetist in his activities. The closed-loop contrab0 — 300 us. A supramaximal stimulation, where



the stimulation current i20% higher than the stimu-
lation current which leads to the maximal response
is necessary, so that all nerve and muscle fibres a
activated.

In our configuration an electrical stimuli with a sam-
pling period of12 seconds stimulates the nervus ul
naris. The Myotest DBS from Biometer was used a
nerve stimulator. The muscle reaction represents t
state of relaxation. By using the single-twitch stim
ulation mode (one twitch every2 sec.) a control
value (I'1/T0) is needed prior to the application of
the muscle relaxant. THE1 value decreases after an
initial bolus injection, and the neuromuscular block
increases.

(a) Measurement of NMB with EMG and AMG

A prerequisite for developing a closed loop syste
is a high quality measurement of the control sig
nal. Our research group has developed a new d
vice for registering the relaxation state with EMG,
MMG and AMG simultaneously. In principle, dif- (b) Implemented AMG-Sensors

ferent peripheral nerves can be used for the neu-

rostimulation. The electromyography is recordingigure 1: Measurement of the neuromuscular block-
the electrical signal that is generated by the muscigie via EMG and AMG

action potential under its surface electrodes [8]. The

force of the thumb after stimulation can be regis-

tered by mechanomyography. The acceleromyogra-

phy is recording the acceleration of the thumb after . L
neurostimulation. The system allows to observe thd'€ Sensor is very small and therefore, itis in a good
quality and quantity of the measured signals. Thi¥@y applicable for children or small muscles.

is one of the greatest benefits of the new developg#e control quality depends directly on the qual-
system in contrast with commercial systems like thgy of the measurement signal, Figures 2(a) and
NMT-Module from Datex, as producer. 2(b) show examples for the EMG- and AMG-signal.

An additional study of the relative comparison of thd N® voked sum action potentials were registered by
above three techniques is cited in [2]. With AMGT€ans of especially made stainless steel electrodes
and EMG the neuromuscular blockade could be refith @ diameter oL 5 mm. A minimum signal ampli-
istered easily. On the other side, control in the opefde 0f10 mV for the electromyography and approx-
ating theatre requires a reliable robust measurem tely 1 g for the acceleromyography is required

technique and precise signals. Therefore, the neuf8! & reliable control. The place of stimulation and
muscular block identified by EMG, was used. measurement electrodes should be located carefully.

The same is also valid for the acceleration sensor.
Figure 1(a) shows the use of sensors in the operatin

theatre. Additional acceleration sensors were implﬁe stimulation impulse is reflected in the measure-

mented and tested in the system. So it is possidféeNt of the EMG signal as a sharp peak, as clear in

to use the acceleromyography as additional infof?€ Figure 2(a). A time window of suitable width,

mation for the neuromuscular blockade. The EmcStarting at a time when the stimulation artefact has
electrodes and one AMG-sensor is visible in Figurg€en decayed is chosen for calculationdf/ 0.

1(a). Figure 1(b) shows the tested acceleration sy lime window fade out the stimulation artefact for
sors. At the extreme right of Figure 1(b) a commenc@lculation of the measurement valifé/70. The

cial sensor from Biometer is shown. In the middle ofMG-signal is without stimulation artefact but with
the picture a two-dimensional piezoresistive accelefdditional maximaV, and Nz, which have no in-
ation sensor is shown. The use of a two-dimensiondf€nce on the result. A time delay 6fms for the
sensor is improving the quality of the measuremefMG and22 ms for the AMG between stimulation
signal, because the movement of the thumb is ngpd measurement signal has been found as per the
strictly limited in one direction. The sensor at th@Ysiology of neuromuscular transmission.

left side of Figure 1(b) is a piezoelectric accelerarhe use of the mechanomyography in daily practical
tion sensor, which was used for different musclegyork in clinics is very expensive.
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30 sl large studies. The precise algorithm is proprietary
and has not been published. The algorithm combines
the power spectrum and bispectrum with a burst sup-
pression analysis. The BIS describes a complex

ampltude = 23,5 mV EEG pattern by a simple variable. A good corre-

lation of the BIS with the plasma concentration of

Sevoflurane was described by Widman [11]. Differ-

ent versions of the so-called BIS-monitor from As-

pect Medical Systems vary a lotin measurement and
can not be compared.

36.50 36.52 36.54

t(s)

(a) Example for an EMG signal

Another measurement procedure is the measurement
of the response of the EEG to stimulation. The
evoked potentials reflect the subjective clinical signs
that anaesthetists use. The evoked potentials are in-
dicators of the response of the central nervous sys-
tem (CNS). Auditory evoked potentials (AEP) are
used in different applications [5].

3 t=22ms

amplitude =2,9 g

stimulation

NI N2 In the presented study, the BIS-monitor Aspect A-
3650 3555 36.60 2000 was used for recording the EEG and to esti-
e mate the depth of anaesthesia. The daily clinical use
(b) Example for an AMG signal is simpler than the use of the AEP.

Figure 2: Example signals for EMG and AMG
g pie sig 4 Closed loop control of muscle relax-

ation
3 Measurement of depth of anaestheS"aln order to get a theoretical model of the muscle re-

The anaesthetist uses different parameters to ed@ation process pharmacokinetic and pharmacody-
mate the depth of anaesthesia, some of them iRgmic data has to be available. Pharmacokinetics
tearing and sweating are not }neasurable Ho\g_escribe the interaction between drug dose and drug
ever, automatic control of depth of anaesthesia neegycentration in the blood plasma and in other parts

measurable outputs. A direct measurement of 1l the body. For modelling the relaxation process a
hypnosis is not yet available conventional two-compartment model is used. Us-

ing the notationg;(¢) for the drug concentration in
Depth of hypnosis is expected to be reflected ithe i-th compartment at timg ;(¢) for the rate of
the electroencephalogramm (EEG). Different algehange and.(t) for the given drug input, the phar-
rithms are known for estimation of residuals as inmacokinetic model is described by
dicator for depth of anaesthesia from the raw EEG.
The main disadvantage of the EEG measurement s (t) = —(kig + k12)x1(t) + karz2(t) + u(t)
its variation with different anaesthetic agents. (1)

T kiox1(t) — korao(t
One group of measurement methods based on thé 1221(8) = k2 (?)

power spectrum. The complexity of the raw EEG i§heref,, denotes the elimination rate constant and

decreasing with an increasing depth of anaesthesja, 1. the transfer constants between compartment
The spectral edge frequenoj% (SEF 95) deter- 1 ang 2. A third compartment, the so-called effect
mines a frequency limit, such th@%% of the signal compartment

power corresponds to frequencies up to this limit.

The median frequency corresponds to 86 of de(t) = k1o (t) — keome(t) )

the power spectrum. The edge frequencies decrease

with the increase in depth of anaesthesia. The c&hould be added to the pharmacokinetic equations,

relation between the spectral edge frequencies apgl experimental work has shown [7].
the depth of anaesthesia is not clearly defined. The ) )
use of the SEF as valid measurement for the degttPMpining (2) with (1), and applying Laplace trans-

of anaesthesia is contentious [11]. form we get the transfer function

The bispectral index (BIS) has become very popu- X, (s) K(1+Tgs)e ™
lar during the last years and has been validated in U(s) = (1 +Tys)(1 + Tys)(1 + Tss) C)




where an additional dead timehas been introduced identification of a third-order discrete-time ARX-
to model the transport delay of the drug from thenodel is implemented. With the GPC and the cho-
injection point to the receptors. Pharmacodynamicen strategy an adaptive and robust control system
can help to describe the relaxation effect dependiguld be realized. Figure 3(a) shows an example of
on the drug concentration in the blood plasma. Theuromuscular blockade control. Figure 3(a) shows
overall non-linear model is obtained by combiningdditionally the border af: 3% around the set point.
the compartment model (3) with the Hill equatiorin section 6 detailed information about the study are
[6]. 5 xe presented.

maxr<}e (4)

Xe + X2 (50) 5 Closed loop control of depth of anaes-
where X, (50) is the drug concentration &0% ef- thesia

fect of the final valuet,, .., X., the drug concen-

tration andqa, the Hill coefficient. After data col- The controlled plant, like in case of neuromuscular
lection a theoretic model optimization (TMO) leaddblockade, consists of three parts: a drug application
to a simulation model. Due to the nonlinear behawnit, the patient, and a measurement unit. In the
ior of the process nonlinear control methods shouktudy the liquid drug Propofol and the BIS-monitor
be used. Additionally the controller should be roas measurement device were used. A remote con-
bust against model uncertainties. During the operttollable anaesthetic gas dosage is not yet commer-
tion the behaviour of the patient could change ardally available.

every patient is different from others. Therefor o L .
an adaptive algorithm should be used. The Geneelrrs)r the application of liquid drugs, there exist two

. i Systems, infusion pumps and infusion pumps com-
alised Predictive Control (GPC), successfully usebc}(ned with a drug gistriEution model Tr?e Ia?ter are
in biomedicine byMahfouf [6], realizes major parts :

of the requirements. To build an adantive contrcﬁa”ed target controlled infusion systems (TCI) and
q ) P ave been used in a number of open and closed loop

f;ﬁﬁgi/’etzgﬁazgnvﬁf E)gepnaciizirvrms;leCsugsfilvﬁopr\&ork.s [4]. The TCI system calculates the necessary
, : ' infusion value with regard to a target blood concen-
linear adaptive strategy was used [8]. The GPC . tion

the original form, as developed I83larke [1] is not '

a nonlinear control strategy. Therefore, a linearisdhe described controller estimates an infusion value
tion around the set point is necessary. The contriol mg/kg/h, this value is mapped to the infusion rate.
strategy is divided into two parts. At the beginning’he Graseby 3400 syringe pumps as actuator make
of drug injection, the patient behavior is highly nonan error for low infusion rates, so we use a linearis-

linear. Therefore, a bolus of drug is injected to thing correction function for the infusion value.
patient by a modified on-off controller. After iden- universal controller for the depth of anaesthesia

tifying the linear model around the operating poin@ ) . .
the GPC takes over the control. During the calcula> to manage different types of patients. For this

tion of the control signal, the GPC has to minimis oal, there are two main strategies possible - the de-

the followina criteria Sign of robust controllers or a model predictive con-
9 troller. In absence of a well fitting model, the robust

J(N1, N2, NU, A) = E[(Q1 + Q2)] (5) approach seems to be the better choice. Fuzzy con-

trollers are known for stable and robust control, and

Eepy =

with they can be developed without numerical models.
No After the use of a simple on-off controller for model
Q1 = Z [G(t + ) —r(t+ 7)) parameter estimation purposes, a fuzzy controller
J=Ni was build on the base of expert knowledge. A pre-
NU filter determines the dynamically filtered and nor-
Q = Z[,\(j)(Au(t +7—1))? malized control error and derivative of control er-
j=1 ror. The fuzzy system has two output variables. One

variable corresponds to a PD controller output, the

where N, the minimum costing horizonN, the other one corresponds after summing .upto an inte-
maximum costing horizon U/ the control horizon gral controller output, see Figure 4. This two values

andA(j) the control weighting sequence denotes. are combined to the controller output signal [9].

In (5) (¢ + j) describes the predicted control signaThe estimated controller output signal additionally
andr(t + 5) the future setpoint contains a nonlinear lower bound withmg/kg/h.

In order to get actual patient information an on”nél'hls was introduced to avoid stability problems with
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(a) Example of neuromuscular blockade (NMB) control (b) Example of depth of anaesthesia control (DOA) control

Figure 3: Control of neuromuscular blockade and depth of anaesthesia

cluded from the study. A further exclusion criterion
was the deviation of more thah 20% from “ideal
body weight”. The aim was to achieve control of the
neuromuscular blockade at a setpoin®@#o (1'11¢)
within a tolerance range af 3% using the drug Mi-
vacurium. The parameter statistics are listed in Ta-
bles 1 and 2. They show the time duration of control.
The mean time of control w91 + 89,8 min.

Fuzy PD

3 prefiter| _

Fuzy1

Figure 4: Design of the Fuzzy-Controller

parameter mean value Min Max
high sensitive patients. Figure 3(b) shows an exan onoff-controller +SD
ple of depth of anaesthesia control. start[min] 10,6 4 6,9 46 25,5
on-off-controller
6 Results duration[min] 14,2+ 7,1 6,2 37,5
aGPC starfmin| 24,8 +9,1 10,8 51,3
The described methods have been successfully apgGPC duration | 375,8 90,9 | 204,6 | 515,8
plied to different types of patients. With the comy [min]
bination of an on-off controller and GPC the neuro- time of control | 391,2+£89,8 | 214,0 | 525,2
muscular blockade could be controlled with a satig-[Min]

fying accuracy.

Table 2: Timetable of the control of the neuromus-

parameter mean value Min Max
+SD cular blockade

ttling ti 1414 10,2 1 .
[S;ining ime | 33,8 5 | 10,20 | 81,60 Figure 3(a) shows the control result that were ac-
s [N 14502122 | 4,62 | 56,17 cepted by the specialists.
mean For the control of the depth of anaesthesia an actual
neuromus. 90,07 +0,2 | 89,46 | 90,54 study is running. Till now6 patients were success-
blockade{%] fully controlled. Of course, meaningful statistics are
RMSD [%] 1,58 +1,1 0,50 | 4,99 not possible with such a small number of patients.

So it is only an information that a mean error of
] 4,73 + 0,69 for the BIS value was noted. The set-
Table 1: Quality of control of the neuromusculapgint was changed from patient to patient, therefore
blockade the mean error is an appropriate parameter.

In Table 1 the results of the study are summarizegthe control of the depth of anaesthesia appears in
The study was performed on a total 8f, classi- Figure 3(b). Betweerl5 min and25 min was a

fied in ASA 1-3 (American Society of Anesthesistrong pain suspected, because the blood pressure
ologists), patients age8B to 63 which had to un- giso increase dramatically. The control is quite good
dergo a pancreas operation at the Surgical Clinic gf the first15 minutes and in region frons min till

the University of Rostock. Patients with additionagy min without big painful activities from the sur-
problems of big influence to the behavior were ex-



geons. In addition the control of analgesia is neces-
sary to get good results in the control of the depth of

anaesthesia.

Nevertheless, itis possible to say that the fuzzy logic
controller is able to control the depth of anaesthe{4]
sia in the operating theatre. Other strategies for the
control of the depth of anaesthesia are presented by

Stadler et al[10], but using anesthetic gases.

7 Conclusion

As prerequisite for good control of the neuromus-
cular blockade a uniform measurement system was

produced. So, at first time tietechniques MMG,

EMG and AMG were compared simultaneously.
Based on this system controllers for neuromuscula
blockade and for depth of anaesthesia were devel-

oped.

Both developed controllers have proven to be robust
against intraoperative disturbances. The controller:
are able to remove steady state control errors [3
This is an important feature, because the process
gain varies from patient to patient and disturbances

during the surgery, e.g. heavy blood loss.

The presented results show, that a model-based pre-
dictive controller like the GPC can use successfully
in biomedicine. Prerequisite is a good patient model
around the setpoint. If this model is not acceptable,
like in the presented case the model of the depth of
anaesthesia, a robust structure could be useful. But

than the control quality decrease.

For control of the depth of anaesthesia is important
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