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ABSTRACT: The complexity of biological systems, unlike physical science applications, makes the development of
computerised systems for medicine not a straightforward algorithmic solution because of the inherent uncertainty which
arises as a natural occurrence in these types of applications. Human minds work from approximate data, extract
meaningful information from massive data, and produce crisp solutions. Fuzzy logic provides a suitable basis for the
ability to summarise and extract from masses of data impinging upon the human brain those facts that are related to the
performance of the task at hand. In practice, a precise model may not exist for biological systems or it may be too
difficult to model. In these cases fuzzy logic is considered as an appropriate tool for modelling and control, since our
knowledge and experience are directly contained and presented in control strategies without explicit mathematical
models. This paper surveys the utilisation of fuzzy logic in medical sciences, with an analysis of its possible future
penetration. An application involving fuzzy reasoning and control paradigms in anaesthesia is described in some detail.
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1. INTRODUCTION

The complexity of biological systems makes traditional quantitative approaches of analysis inappropriate. There is an
unavoidable substantial degree of fuzziness in the description of the behaviour of biological systems as well as their
characteristics. The fuzziness in the description of such systems is due to the lack of precise mathematical techniques for
dealing with systems comprising a very large number of interacting elements or involving a large number of variables in
their decision tree. Fuzzy sets are known for their ability to introduce notions of continuity into deductive thinking.
Practically, this means that fuzzy sets allow the use of conventional symbolic systems (specified in the form of tabulated
rules) in continuous form. This is essential since medicine is a continuous domain. Many practical applications of fuzzy
logic in medicine use its continuous subset feature such as: fuzzy scores, continuous version of conventional scoring
systems, and fuzzy alarms. The best developed approach is for fuzzy control, providing the most successful application
to date in which a rule-base mapping from input to output variables effectively implements a continuous control law.
In  medicine it is not necessary to deal with micro-phenomena and micro-objectives to encounter the problem of
incompleteness, uncertainty, and inconsistency. The lack of information, and its imprecise, and sometimes contradictory,
nature is much more a fact of life in medicine than in, for example, the physical sciences. These problems have to be
taken into account in every medical decision, where they may have important, even vital, consequences for the object of
medical attention.
The inherited sources of inaccuracy can be classified as:
a) information about the patient, which can be divided into a number of categories, all of which have uncertainty.
b) medical history of patients, which is supplied by the patient, and is usually highly subjective and may include

simulated, exaggerated, or understated symptoms; ignorance of previous diseases, failure to mention previous
operations, and general recollection often leads to doubts about the patient medical history,

c) physical examinations, which the physicians conduct to obtain objective data. They are subject to mistakes and
overlooking important indications, or may even fail to carry-out a complete test. Furthermore, they may misinterpret
other indications because the boundary between normal and pathological status is not always clear.

d) results of laboratory tests are objective data, which depend on the accuracy of the measurements, organisational
problems (mislabelling sample, wrong laboratory etc.), and even on the improper behaviour of the patient prior to
the examination.
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e) results of histological, X-ray, ultrasonic, and other clinical investigations which depend on correct interpretation by
medical staff.

Section 2 surveys the use of fuzzy logic in medicine based on searches in medical data bases such as MEDLINE,
INSPEC and edited books. The purpose of the study was to establish a roadmap which may help to forecast the future
developments of fuzzy technology in medicine and healthcare. A simple search of the word “fuzzy” obtained many cited
papers, in half of which the term was used to describe an unsharp border of structure or situation. For the rest, most of
them recent ones, the word “fuzzy” was used as part of fuzzy sets or fuzzy logic. The main topics which were cited can
be classified into 10 fields (each of which can be further classified into subheadings) as follows: conservative medicine,
invasive medicine, regionally defined medical disciplines, neuro-medicine, image and signal processing, laboratory,
basic science, nursing, healthcare and oriental medicine. In section 3, details of a particular application in anaesthesia
are given.

2. FUZZY CONTROL AND MONITORING IN MEDICAL FIELDS

Imprecisely defined classes play an important role in human thinking. Fuzzy set theory derives from the fact that most
natural classes and concepts are fuzzy rather than crisp nature. On the other hand, people can approximate well enough
to perform many desired tasks. The fact is that they summarise from massive information inputs and still function
effectively. For complex systems, fuzzy logic is quite suitable because of its tolerance to some imprecision. In the
following sections a brief description is given of the key contribution which fuzzy control, estimation, and measurements
technology have made in each of the topics which have been identified in a medical literature search.

2.1. CONSERVATIVE DISCIPLINES

Conservative medicine can be classified into the following disciplines: internal medicine, cardiology, invasive care,
paediatry, endocrinology, oncology gerontology, and general practice. The literature search only found limited
application of fuzzy control mostly in general practice and cardiology. Fuzzy logic is utilised for improved monitoring
in pre-term infants (Wolf et al, 1996).

2.1.1. Invasive Medicine

The invasive medicine field involve surgery, orthopaedics, anaesthesia, and artificial organs. The field of surgery is very
wide as many factors contribute to it such as diagnostics, image processing, pathophysiological reasoning, and
anaesthesia control. In anaesthesia, many applications have been reported in the use of fuzzy logic to control drug
infusion for maintaining adequate levels of anaesthesia, muscle relaxation, and patient monitoring and alarm. In the field
of orthopaedics, there has been no reported application of fuzzy control.
The field of anaesthesia is where most of the applications of fuzzy control have been reported. It involves monitoring the
patient vital parameters and controlling the drug infusion to maintain the anaesthetic level constant. It includes depth of
anaesthesia (Abbod and Linkens, 1998), muscle relaxation (Linkens and Mahfouf, 1988; Westenskow, 1997),
hypertension during anaesthesia (Oshita et al, 1993), arterial pressure control (Zbinden et al, 1995) and mechanical
ventilation during anaesthesia (Schaublin et al, 1996), and post-operative control of blood pressure (Ying and Sheppard,
1994).
Different methods have been used which utilise fuzzy logic, the first being a real-time expert system for advice and
control (RESAC) based on fuzzy logic reasoning (Greenhow et al, 1992). Later examples involve a basic fuzzy logic
controller (Linkens and Mahfouf, 1988), self-organising fuzzy logic controller (Linkens and Hasnain, 1991), and
hierarchical systems (Shieh et al, 1999).
Most of the fuzzy logic control applications in the field of artificial organs are concerned with artificial hearts. A fuzzy
controller has been implemented for adaptation of the heart pump rate to body perfusion demand by pump chamber
filling detection (Kaufmann et al, 1995). Another more advanced system based on neural and fuzzy controller for
artificial heart was developed by Lee et al (1996). Future prospects for cardiac assist patients involving fuzzy logic was
described by Mussivand (1998).
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2.2. REGIONALLY DEFINED MEDICAL DISCIPLINES

There are different fields which belong to regionally defined medical disciplines: gynaecology, dermatology, dental,
ophthalmology, otology, rhinology, laryngology and urology. Although there are many application fields, the literature
search has only resulted in a single application of fuzzy inference to dental medicine. Although the application is not
directly related to control, it utilises fuzzy inference for personal identification / sex determination from teeth (Takeuchi,
1993).

2.2.1. Neuromedicine

Neurology, psychology, and psychiatry are the sub-subjects of the neuromedicine field. The neurology sector did not
score literature on fuzzy control. In psychology, there has been modelling of the functional status of a human operator
based on fuzzy logic which is used to predict and evaluate the operators behaviour (Astanin, 1989). Also, fuzzy logic
was used to analyse the effect of face expression on speech perception in direct communication (Massaro and Cohen,
1996). The prediction of patient response to new pharmacotherapies for alcohol dependence has been measured using
fuzzy logic since it has been not successful using standard statistical techniques (Naranjo et al, 1997).
In the field of psychiatry, a complex psychiatric computer expert system, including functions that help the physicians
and the hospital staff in the administrative, diagnostic, therapeutic, statistical, and scientific work has been developed
(Kovacs and Juranovics, 1995).

2.2.2. Image and Signal Processing

Image and signal processing are mainly concerned with signal processing, radiation medicine, and radiology. The
application of fuzzy control is divided into two sections, control and monitoring. Most of the applications have been
concerned with signal processing. The first application is a combined fuzzy monitoring and control of the electrical and
chemical responses of nerve fibres (al-Holou and Joo, 1997). Another application is the automation of matrix-assisted
laser desorption/ionization mass spectrometry using fuzzy logic feedback control (Jensen et al, 1997). Fuzzy feedback
control was implemented for artificial ventilation of lungs (Vasi'leva et al, 1989). On the monitoring side, fuzzy signal
processing has been implemented in many applications such as sleep monitoring (Gath et al, 1983), monitoring of
preterm infant (Wolf et al, 1996), clinical monitoring of disease progression (Steimann, 1996), and analysis of eyes
movements (Allum et al, 1998).
Radiation medicine is mainly concerned with tumour monitoring and quantification. Fuzzy clustering is used to analyse
magnetic images of tumour response to therapy (Vaidyanathan et al, 1997; Velthuizen et al, 1995). In another
application, high energy radiotherapic images with poor quality, have used a fuzzy image enhancing process (Krell et al,
1998). Lastly, a two dimensional image restoration technique using fuzzy logic was developed for diagnostic and
treatment planning for radiation therapy (Butt et al, 1998).

2.2.3. Laboratory

The only direct application of fuzzy control strategies was the application of pH-state to fed-batch cultivation of
genetically engineered Escherichia coli. The control of the substrate concentration at an appropriate level was sought in
order to avoid the accumulation of acetate, thereby elevating the expression level of plasmid-encoded protein (Jin et al,
1994).
Analysis and interpretation of laboratory data sets was the other indirect application of fuzzy logic. Two typical
applications are: interpretation of pathophysiology by laboratory data (Shimizu et al, 1990), and analysis of the
variations of clinical test data on fasting therapy using a fuzzy similarity dendrogram (He et al, 1991).

2.2.4. Basic Science

Basic science consists of different categories: medical information, anatomy, pathology, forensic medicine, genetics,
physiology, pharmacology, and education. The use of fuzzy logic in medical informatics began in the early 1970s.
Recent work on fuzzy controllers is more concerned with stability, self-organising, and synergies with other computing
techniques such as neural network and genetic algorithms. Management and retrieval of information using fuzzy logic is
one of the possible application discussed by Chiodo et al (1994).
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In the fields of anatomy, pathology, forensic medicine and genetics, there are many application of fuzzy logic mostly
based on image analysis and fuzzy clustering. In pathology, an expert system was used based on fuzzy logic for
reasoning with uncertainties in selecting treatment strategy suitability (van Ginneken and Smeulders, 1991). In forensic
medicine, fuzzy logic was used to personal identification (sex determination) from teeth (Takeuchi, 1993). In genetics,
fuzzy logic has been used to develop control strategies for the application of pH-state to fed-batch cultivation of
genetically engineered escherichia coli (Jin et al, 1994).
In pharmacology and biochemistry, fuzzy logic prediction was used for the rodnet carcinogenicity of organic compounds
using a fuzzy adaptive least squares method (Moriguchi et al, 1996). In education, the use of fuzzy logic has different
facets. Fuzzy mathematics was utilised for evaluating the teaching of students in a clinical setting (Chen, 1996).
Evaluation of the self-taught ability of nursing administrators with fuzzy medicine was also reported (Wang and Sun,
1996).

2.2.5. Healthcare

There has been a growing interest in healthcare among many people. Some topics related to healthcare are: drinking
water quality, driving fatigue, health risks in work environment (Genaidy et al, 1998), and healthcare organisations.
During the management process in health organisations, certain situations can arise when data necessary for decision-
making is in fuzzy form. As an example, the problem of resource allocation among consulting rooms in the outpatient
division of one hospital in Tbilisi was chosen. The aim is to minimise patients' queues as well as physicians' idle time
(Kachukhashvili et al, 1995).

3. CONTROL OF DEPTH OF ANAESTHESIA

The field of Depth of Anaesthesia (DOA) is a very challenging area for fuzzy control since direct measurements are
unavailable. Thus, a hierarchical structure containing fuzzy reasoning at every level is being developed. A previous
system developed by Linkens et.al. (1994) based on fuzzy logic, called “SADA”, provided good control algorithms with
self-learning capabilities, but only limited measurement inference based mostly on cardiovascular indicators (i.e.
changes in blood pressure (BP) and heart rate (HR)). However, these changes are subject to influence by drugs used in
anaesthesia (e.g. opioids and anticholinergics), by surgical situation or patient’s circumstance (e.g. fluid loss and blood
loss), so they are unreliable. In the search for a reliable monitor of DOA the electroencephalogram (EEG) is an obvious
signal to investigate. The EEG, generated from within the central nervous system (CNS), is not affected by
neuromuscular blockers, and the raw signal has been known for some time to show graded changes with increasing
concentration of anaesthetics. However, extensive research has proved disappointing because these changes vary for
different agents and no unifying feature has been identified for measure of DOA in spite of extensive signal processing.
Attention, therefore, has turned to Evoked Potentials (EPs) in the EEG, in the search for a signal which reflects the
subjective clinical signs that anaesthetists have used over the years to assess their patients during anaesthesia. The signal
should show similar graded changes with anaesthetic concentration for different agents; show appropriate changes with
surgical events; and indicate awareness or very light anaesthesia. The EPs, which are changes in electrical potential
evoked by auditory, somatosensory or visual stimuli, have two advantages over the EEG in the study of anaesthesia: (a)
the EP is an indication of the responsiveness of the CNS whereas the EEG reflects the resting level; (b) the EPs have
anatomical significance. The auditory evoked potential (AEP) has been tested with the above criteria in mind (Thornton
et.al, 1993). Thus, having validated the mid-latency auditory evoked potential (MLAEP) as a measure of depth of
anaesthesia (Schwender et.al, 1994), we are now proceeding to test it in the clinical context. The main features of
MLAER, which reflect the anaesthetic depth, are the changes in latencies and amplitudes of its waves. A digital signal
processing (DSP) technique was carried out to smooth MLAER and improve the signal to noise ratio (S/N). Feature
extraction has been implemented to extract the factors describing the changes in amplitudes and latencies of MLAER
waves which are related to DOA. Three factors have been obtained and merged together using fuzzy logic to create a
reliable index for DOA.
Previous research on closed-loop control has indicated that patients can be modelled and controlled better with Artificial
Intelligence techniques such as fuzzy logic and neural network (Linkens, et.al., 1993, 1994). Muscle relaxation has been
controlled using a fuzzy logic controller. Depth of anaesthesia is, however, more difficult to measure. Recent research
on the measurements of DOA has concentrated on use of the AEP signal (Newton, et.al., 1992, Schwender, et.al., 1996).
More recently, neural networks and fuzzy logic have been used to analyse the signal and measure the DOA (Webb,
et.al., 1996). In recent work by the authors, the use of neural networks and fuzzy logic (Linkens, et.al., 1996) have been
used to control the amount of infused drug using a rule-based fuzzy logic controller.
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This paper describes the structure of a real-time measuring system based on fuzzy logic as shown in figure 1. The system
uses neuro-fuzzy and multiresolution wavelet analysis for monitoring the DOA based on AEP signals. The measuring
system uses a DSP signal processing chip hosted in a PC, providing averaging and analysis using multiresolution
wavelet analysis. The analysed signal is fed to a neuro-fuzzy system where the inference takes place to obtain a measure
for the DOA. Another measure for DOA is based on the cardiovascular system status using a rule-based fuzzy logic
classifier. The two measures are merged together using rule-based fuzzy logic data fusion to decide the final DOA.
Based on the classified DOA, a target concentration is decided by a rule-based fuzzy logic controller which feeds the
target to a Target Controller Infusion algorithm (TCI). The patient is represented on a different machine using a
mathematical model with numerical simulation. The system forms a closed-loop controller for monitoring the DOA for
patients undergoing surgical operation.

Figure 1: Block diagram of DOA control system

3.1. AUDITORY EVOKED RESPONSES FOR DOA ASSSESMENT (AER_DOA)

Depth of anaesthesia is measured via the evoked brain potentials which are measured using one or more scalp
electrodes. The auditory evoked potentials (AEP) are the responses in the EEG to clicks applied to the ear. It can be
recorded in operating theatre and extracted from the EEG by computer averaging. The signal is recorded using a
computer fitted with a DSP card which produces the auditory stimulus in the patient’s headphone, and samples the EEG
at 1 kHz for a sweep period of 120 ms after each click. The computer produces an average of 188 data sweeps plus
calculation time, each 30 sec. A typical AEP signal can be classified into three sections: brain stem (0 - 15 ms), early
cortical (15 - 80 ms), and late cortical (80 - 1000 ms). The response features comprise a number of peaks with different
amplitudes and latencies. The peaks appearing in the early cortical section are labelled as Na, Pa, Nb, and Pb. A
Pathfinder electrodiagnostic system has been used to record AEP signals using a 0.1 ms click duration at a 6.122 Hz
stimulating frequency. A study carried out by Schwender et.al. (1996) measured latencies of the peaks V, Na, Pa, Nb,
and Pb (ms) and amplitudes Na/Pa, Pa/Nb, and Nb/Pb (�V). The AER signals were recorded for awake and sleep
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patients. A grand average was calculated for different levels of anaesthesia for constant level of anaesthetic drug,
showing the relationships which exist between DOA and latencies.

3.1.1. AER Signal Muliresolution Wavelet Analysis

One of the methods of analysing the AEP signal is the of Fourier Transform (FT). Schwender et.al. (1994) have used it
for the analysis of MLAEP to find the region corresponding to the maximum power in the frequency spectrum as a
means to identify the major oscillatory components in the signal. They showed that an increase in the DOA yields a shift
in the power spectrum of the oscillatory component along with an attenuation in the response. The shortcoming of FT is
that it can not represent the transient nature of the peaks in the signal. However, the Wavelet Transform (WT) has the
ability to deal with non-stationary signals, as well as the ability to decompose the signal into its frequency components,
allowing the identification of major oscillatory components.

3.1.2. ANFIS for Classifying AER Based DOA

The Adaptive Network Based Fuzzy Inference System (ANFIS) architecture and learning is based on a fuzzy inference
system implemented in a framework of an adaptive network (Jang, 1993). Using a hybrid learning procedure, ANFIS
can learn an input-output mapping based on human knowledge (in the form of if-then fuzzy rules). The ANFIS
architecture has been employed to model non-linear functions, identify non-linear components on-line in a control
system, and predict a chaotic time series.
ANFIS performs the identification of an input-output mapping, available in the form of a set of N input-output
examples, with a fuzzy architecture, inspired by the Takagi-Sugeno modelling approach (Bersini et.al., 1995). The fuzzy
architecture is characterised by a set of rules, which are properly initialised and tuned by a learning algorithm. The rules
are in the form:

1) if input1 is A11 and input 2 is A12 then output =f1(input1,input2)
2) if input1 is A21 and input 2 is A22 then output =f2(input1,input2)
where Aij are parametric membership functions.

3.1.3. ANFIS Classifier System Training

Multiresolution Wavelet Analysis was used to obtain the coefficients of the Detail components D1-D4 of the AEP. A 5-
point weighted moving average was used to smooth the data; it was observed that this weighted moving average did not
add any noticeable delay in the signal (Linkens et al, 1997a, 1997b). These wavelet coefficients were then used to
calculate the average energy in each of D1, D2, D3_1, D3_2, D3_3 and D4. The notes taken down during the course of
the surgical procedure were then used to label the features.  These features were furthermore labelled with the
anaesthetist’s expert opinion (based on the clinical signs of anaesthesia and his experience) on the DOA at different
stages of the surgical procedure. Thus,  labelling of the data could be carried out. Six labels, corresponding to distinct
anaesthetic depths were used: awake, light, ok_light, ok, ok_deep, and deep. The data outliers were removed and the
remaining data were normalised to zero mean and unit variance for each of the six categories. The data from nine
patients were used to create a training and a validation set. 1131 data point were used in the training and validation
session.

3.2. FUZZY LOGIC RULE-BASED CLASSIFIER FOR CV BASED DOA (CV_DOA)

The CV_DOA classifier is based on two inputs, namely HR and SAP and the output is the DOA. The input variables can
be classified into three linguistic levels for each variable, low, medium, and high. Medium means the input variable is
within the normal range, low and high mean below or above the normal range respectively. In contrast, the output
variable (DOA) has six linguistic levels, deep, ok_deep, ok, ok_light, light, and awake as shown in Table 1. Details of
the rule-base derived from anaesthetists’ experience have been reported in a previous study by  Linkens et.al. (1996).
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SAP
CV_DOA high medium low
high awake ok_light ok

HR medium light ok ok_deep
low ok ok_deep deep

Table1: CV_DOA classifier rule-base.

3.3. FUZZY LOGIC RULE-BASED DATA FUSION FOR MERGING AER_DOA AND CV_DOA

The last junction is to merge the to classified DOA measured from the previous agents (AER_DOA and CV_DOA) to
produce a final DOA(F_DOA) using rule-based fuzzy logic data fusion. As mentioned in the last two sections, each
variable has 6 linguistic levels. The same structure will be used for the output measure of DOA. The rule-base for
merging the two measures is shown in Table 2.

AER_DOA
F_DOA awake light ok_light ok ok_deep deep
awake awake awake light light ok_light ok
light awake light ok_light ok_light ok ok

CV_DOA ok_light light ok_light ok_light ok ok ok_deep
ok ok_light ok ok ok ok ok_deep
ok_deep ok_light ok ok ok ok_deep deep
deep ok ok ok_deep ok_deep deep deep

Table 2: F_DOA classifier rule-base.

3.4. TARGET CONTROLLER INFUSION (TCI)

The TCI system was first introduced by Alvis and co-workers (Alvis et.al., 1985) who controlled fentanyl infusion
during anaesthesia. The idea behind the system is to keep the plasma concentration level constant. In order to do that,
the infusion rate has to be determined. Once the desired level is reached, the system maintains the concentration in an
open-loop manner
The TCI system used in this study is based on a three-compartment patient model and uses the pharmacokinetic
parameters used by Glass et.al. (1989). The three compartment pharmacokinetic model of the patient as well as the
pharmacokinetic parameters (in min-1) describes the flow rate of the drug between the various compartments. K10 is the
rate constant for elimination from the central compartment, K

12
 is the rate constant for drug transfer from the central

compartment to compartment 2, K
13

 is the rate constant for drug transfer from the central compartment to compartment
3, K

21
 is the rate constant for drug transfer from the compartment 2 to the central compartment and K

31
 is the rate

constant for drug transfer from the compartment 3 to the central compartment. The values of the pharmacokinetic
parameters describing the patient model are shown in Table 3.

V1 (litres Kg-1) K10 (min-1) K12 (min-1) K13 (min-1) K21 (min-1) K31 (min-1)
0.159 0.152 0.207 0.040 0.092 0.0048

Table 3: V1 is used to derive Vc, the volume of the central compartment (also sometimes referred to as compartment 1)
from the mass of the patient using the equation Vc = mass × 0.159  (Glass et.al., 1989).

The three-compartment model described here is a linear model since the pharmacokinetic parameters describing the
model are constant.  The rate of transfer of the drug from one compartment to another is proportional to the amount of
drug present in the first compartment.
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3.5. CLOSED-LOOP SYSTEM FOR CONTROL OF DOA

The system has been implemented on two computers, one acting as the controller and the other acting as the patient
simulator. The controller computer is used as a host for the DSP chip card for recording the AER signal. In the
meantime, its used for analysing the signal, recording heart rate and blood pressure, and the associated calculation
regarding DOA. The TCI system is also implemented on the controller computer for calculating the amount of the
infused drug. In some of the latest syringe driver systems, a TCI system is installed on board the device, in which case
the TCI system would not be required.
On the simulator computer, the patient model is simulated using a 4th order Runge-Kutta algorithm in two parts, the
pharmacokenetic model and the pharmacodynamic model. The output of the pharmacodymanic model is the plasma
concentration which is fed to two paths, the first path is to the pharmacodynamic model block (effect compartment) then
to the non-linear effect block (Hill equation). This output is the mean arterial pressure which is fed in turn to two more
blocks, to calculate the associated systolic pressure, and the heart rate. The second path is to the AER signal simulation
block which consists of a look-up table for the AER signal classified based on the plasma concentration from nine
patients. According to the plasma concentration calculated by the model, a certain group is selected which is related to
the present plasma concentration, then a single AER trace is selected randomly from ten stored traces. Each trace
consists of 120 data points sampled at 100msec. The selected trace is used as an output AER signal via DA converter.
The AER signal is released on the reception of the trigger signal from the AER system amplifier which is used in reality
for the earphone trigger.
The input to the simulator is the infused drug calculated by the controller computer via an AD converter. The final
output of the simulator is SAP and HR at 30 second update intervals. The AER signal is sampled at 120msec for each
trace.
The controller computer is connected to the DSP chip board which its aim is to collect the AER signal via the amplifier
board as well as providing the auditory trigger signal at 6.122Hz rate. 188 sweeps are collected each of 120msec, and by
the end of the collection the data are averaged and filtered to produce the final AER signal every 30 sec. Other
measurements are recorded such as the heart rate and systolic blood pressure each 30 sec, therefore the whole system
sampling rate is 30 second.
After collecting the AER signal, it is fed to the wavelet analysis block to analyse the required components of the signal
then fed to the ANFIS block where the AER_DOA is calculated. In the meantime the recorded HR and SAP are fed to
the fuzzy logic rule-base for analysis of CV_DOA. Prior to that both SAP and HR are filtered using a weighted moving
average filter. The last stage in DOA analysis is to feed CV_DOA and AER_DOA to the final DOA analysis block. The
calculated F_DOA is fed to the next block in the system which is the plasma concentration controller block. Based on
the current target concentration and the measured DOA, a new target concentration is calculated using a fuzzy logic
rule-based controller. The target concentration controller consists of three rule-bases. One rule-base is selected
depending on the required DOA level. The three levels are ok_light, ok, and ok_deep.
The plasma target concentration is fed to the TCI block which is based on the initial information supplied. It calculates
the drug infusion rate and feeds it to the syringe driver which in our case will be the simulator via a DA converter. The
initial settings for the TCI algorithm are based on the patient weight, maximum infusion rate, and the initial infusion
rate.

3.6. SIMULATION RESULTS

Simulation runs were conducted for different patients: nominal patients with three different weights, a sensitive patient,
and a resistive patient The type of AER signal used in the simulator and the random selection gives the phenomenon of a
random component in the AER signal, as well as the inherited noise through the amplified AER.
The following parameters were used during the simulation run reported here:

Patient weight 60 Kg
Propofol Concentration 10000 ng ml-1
Maximum Infusion Rate 6000 mg hr-1
HR base line  70 BPM.
SAP base line  140 mmHg.
Patient Sensitivity (gain) Normal: 6.58
Moving average filter used for HR, SAP, AER_DOA, CV_DOA, and F_DOA.
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In the simulation run graphs, each figure is divided into four subplots: the target, central compartment concentration, and
the infused drug are shown in the first plot (a). The second plot (b) shows the heart rate and blood pressure, the third
plot (c) shows the classified AER_DOA and CV_DOA, while the last plot (d) shows the final DOA as the two
intermediate DOAs are merged together.
A simulation case is shown in figure 2, the simulated condition of the patient being in steady state for the whole period.
AER_DOA had a deeper level of anaesthesia than CV_DOA, but the final level after merging was in the ok level, as
required by the input command signal.
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Figure 2: simulation run for a nominal 60 Kg patient

3.7. CLINICAL TRIALS

The system is being used on-line in the operating theatre for clinical trials in the Royal Hallamshire Hospital, Sheffield.
This procedure required connecting the system to a Datex device for recording HR and BP, as well as a Graseby 3400
syringe pump via the RS232 serial port.
The procedure for using the system starts when the patient is brought to the anaesthetic induction room, prior to the
operating theatre. The anaesthetic room is equipped with a Datex AS/3 machine, which measures the blood pressure and
heart rate, meanwhile, there is another Datex AS/3 machine in the operating theatre. At the start, the system is connected
to the Datex machine in the anaesthetic room, together with the Graseby pump. The AER system is linked to the patient
by connecting the probes to the forehead and to the back of the ears after cleaning the contact areas, while the earphones
are placed in the patient’s ears.
When starting the system, the first stage is calibration, when signals are recorded from the patient while he is awake, and
the skin conductivity, including the probes, is measured. A threshold level is set to either accept the probes connection
or to re-do it. The second stage is to record an offset level for the system recordings. Following these two stages, the
system will be ready for infusion. After injecting the drug fentanyl, the anaesthetist decides a TCI level for the drug
propofol, and then starts the infusion stage. The infusion stage is initiated by the computer after pressing the start
infusion key. After a while the patient will be anaesthetised which can be monitored from the DOA measure on the PC.
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When the patient is anaesthetised adequately, he is moved to the operating theatre, during which the Datex
measurements system is halted, the RS232 cable is disconnected from the Datex AS/3 machine and reconnected to the
other machine in the theatre. A special key has been designated to this procedure in order to stop the Datex readings and
re-initiate then after being re-connected. The other equipment, i.e. the syringe pump and AER amplifier box are moved
with the patient to the theatre.
Once in the theatre, the anaesthetist can either chose an advisory mode or automatic infusion mode. The former mode
gives advice to the anaesthetist on the recommended TCI level based on the current level of DOA. This advice can
either be ignored or accepted, depending on the anaesthetist’s judgement. The latter mode is based on feedback control
to maintain a constant level of DOA. During the operating procedures, many events can take place including the infusion
of other drugs, such as muscle relaxants which interferes the blood pressure and heart rate indication of DOA. Also the
use of a diathermy machine has a large effect on the AER signal causing saturation.
The result of a clinical trial involving a small incision cholecystectomy plus operative cholangiogram is shown in Figure
3. The patient details are given below:

Patient Name: BG
Sex: Male
Weight: 59 kg
Date of Birth: 17-9-1937 (Age: 61)
Blood Pressure: 152/77
Heart Rate: 66
Operation Type: Small incision cholecystectomy plus operative cholangiogram
Anaesthesia: start with 200 µg fentanyl, 35 mg atracurium, propofol was started at 4000 mg/ml.
Estimated recovery time = 11.4 min
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Figure 3: Time response for a clinical trial (patient BG).
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The anaesthesia procedure started with the infusion of 200 µg fentanyl followed by oxygen administration. The propofol
infusion was started after 4 minutes at 4000 mg/ml target concentration. The effect of the drug was shown by a
depression change in blood pressure and heart rate which indicated an ok level of the CV_DOA and an ok_deep for
AER_DOA. The patient went to sleep and intubation took place. After 11 minutes the patient moved to the theatre
where the Datex machine was disconnected and reconnected to the operating theatre Datex machine. When the incision
was made, the blood pressure and heart rate increased which indicated a low level of CV_DOA, this being compensated
by the AER_DOA such that the final DOA was kept in the ok region. The operation went smoothly except for two
occasions when diathermy occurred, the AER_DOA then indicating ok_light. At the end of the operation the infusion
was stopped and recovery occurred after 10 minutes, which was near to the estimated recovery time (11.7 min).

4. CONCLUSIONS

Based on this study, future developments of fuzzy technology in medicine and healthcare can be tentatively forecast.
The sectors of medical activities can be brought together in a hierarchical scheme according to the mode of the medical
procedure. This means that significant methodologies, relationships and demands are correlated. This scheme
substantiates the hypothesis that a successful application in one sector should lead to a successful application in
neighbouring sectors. All information gathered in this study retain their time value. The papers are arranged on a time
scale. This means that not only the actual state of the art, but also the dynamic process of the information spread in each
sector can be determined. This two dimensional representation is useful in the prediction of future events. It suggests
that in 2 to 3 years the spread of fuzzy logic applications will follow the tendencies of recent years. Table 4 summaries
the number of application of fuzzy logic for each criteria classified on a yearly basis based on two databases: MEDLINE
and INSPEC. Each database is different, since MEDLINE mainly reviews medical journal papers, whereas, INSPEC
reviews computer science journals and conferences papers. It is noticeable that, however, there is a surprisingly limited
intersection between the two databases which grows as the number of publications increases. A notable exception is
Adlassnig (2000) who is well known in both fields. Nevertheless, the two databases are correlated, as there is an
increase in the number of publications as the year scale progresses.
From such an analysis, some tentative conclusions are:
1. Internal medicine, anaesthesia, radiology, electrophysiology, pharmacokinetics, and neuromedicine already use fuzzy

logic methods to a considerable degree. Such techniques are: fuzzy expert systems, fuzzy control, fuzzy signal and
image processing, fuzzy modelling, and fuzzy neural simulation. Table 5 shows a breakdown of such techniques
across the medical sub-disciplines.

2. In the field of surgical disciplines, dental medicine, general practice, and nursing, there are no specific applications
to date.

3. Most regionally defined medical disciplines are developed from methods used in neighbouring disciplines.
4. Papers in the field of medical reasoning and decision support sciences are growing rapidly in number. This will keep

developments in other sectors growing.
Although the literature search was not exhaustive, it is sufficient to illustrate the main features governing the penetration
of fuzzy technology into the medicine and healthcare aspects of the life sciences. It is hoped that the survey will prompt
the identification of matching techniques and subject areas where further exploitation of fuzzy systems may be both
feasible and timely.
A closed-loop control system for monitoring and control of depth of anaesthesia has been developed based on two
different measures, the AER system and the cardiovascular system. The system aims to provide more reliable
measurements of DOA than has been achieved via manual and other approaches.
The system has been validated for three different patients sensitivities: nominal, sensitive, and resistive. A simulation
study using a numerical model of the patient shows that the closed-loop system effectively maintains the patient at the
clinically acceptable anaesthetic depth even when the stimuli reflect those of real surgical procedures. Furthermore, the
system has been tested in clinical trials for measuring the depth of anaesthesia during operations. Although it was used
only in advisory mode, it proved to be reliable and gave good indications of the level of DOA. More validations tests are
scheduled to be carried out in preparation for closed-loop control mode investigations.
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Publication year <89 90 91 92 93 94 95 96 97 98
Conservative disciplines
internal medicine - - - - 1 - - - 1 -
cardiology - - - - - 2 2 - 2 3
intensive care 1 - - - - 1 - - - 1
paediatry - - - - - - - - - -
endocrinology - - - - - - - - - -
oncology - - - - - 1 2 - 2 1
gerontology - - - - 1 - - 2 2 2
general practice 1 1 - - 1 1 1 2 4 2
Invasive medicine
surgery - - - - 2 1 - 2 3 1
orthopaedics - - - - 1 - 1 - -
anaesthesia 4 1 1 4 4 4 2 5 7 2
artificial organs - - - - - - 2 2 5 3
Regionally defined medical disciplines
gynaecology - - - - - - - - - -
dermatology - - - - - - - - - -
dental medicine - - - - - 1 - - - -
ophthalmology - - - - - - - - - -
otology, rhinology etc - - - - - - - - - -
urology - - - - - - - - - -
Neuromedicine--
neurology - - - - - - - - - -
psychology - - - - 1 - 1 2 1 2
psychiatry - - - - - - 1 - -
Image and signal processing
Signal processing 1 - - - - 1 1 2 2 2
radiation medicine - - - - - - - - - -
radiology - - - - - - - 1 1 -
Laboratory
biochemical & tests 3 1 - - 1 1 - - - -
Basic science
medical information 2 - 2 1 2 4 1 1 1 -
anatomy, pathology etc - 1 - - 2 1 2 - 1 2
physiology 1 - - - - - - - 1 -
pharmacology 1 - - - 1 - - - 1 -
education 1 - - - 1 1 - - 1 1
Nursing - - - - - - 1 - - -
Healthcare 1 - - - - - 2 - 1 1

Table 4: Number of fuzzy technology publications applied in each medical sectors based on time scale.
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C-L O-L PID Iden M-B Adp Mnt Class S-L Hyb
Conservative disciplines
internal medicine - - - - - - - 2 - -
cardiology - - - - 1 2 2 2 - 2
intensive care 1 - - 2 - - - - -
paediatry - - - - - - - - - -
endocrinology - - - - - - - - - -
oncology 1 - - - - - 2 1 - 2
gerontology - - - 2 1 - 1 2 - 1
general practice 3 - - 1 3 1 - 3 - 2
Invasive medicine
surgery 3 - - - 2 - 2 - - 2
orthopaedics - 1 - - - - - - - 1
anaesthesia 18 2 3 - 1 4 - - 3 3
artificial organs 7 - - - - 1 - 2 - 2
Regionally defined medical disciplines
gynaecology - - - - - - - - - -
dermatology - - - - - - - - - -
dental medicine - - - - - - - 1 - -
ophthalmology - - - - - - - - - -
otology, rhinology etc - - - - - - - - - -
urology - - - - - - - - - -
Neuromedicine
neurology - - - - - - - - - -
psychology - - - - 1 - 2 3 - 1
psychiatry - - - - 1 - - - - -
Image and signal processing
Signal processing - - - - 2 - 2 3 - 2
radiation medicine - - - - - - - - - -
radiology - - - - - - - 2 - -
Laboratory
biochemical & tests - - - - - - - 4 - 2
Basic science
medical information - 2 - - 4 2 3 2 - 2
anatomy, pathology etc - 3 - 3 1 - - 2 - -
physiology - - - - 2 - - - - -
pharmacology 3 - - - - - 2 - - -
education - 2 - - 2 - 1 - - -
Nursing - - - - - - - 1 - -
Healthcare - 1 - - 2 - 1 1 - -

Table 5: Type of fuzzy technology application within each medical field.

Notation: C-L: closed-loop, O-L: open-loop, PID: proportional-integral-derivative, Iden: identification, M-B: model
based, Adp: adaptive control, Mnt: monitoring, Class: classification, S-L: self-learning, Hyb: hybrid controllers.
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