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Abstract The automatic control system for brain tissue

temperature is studied theoretically for brain hypotherHlla

treatl■ent, In order to realize a human― friendly control

mechanisnl,an automatic temperature regulation system is

constructed to silnulate brain hypotherllia treatinent by

introducing a fuzzy algorithm for possible characteristic

changes in patients.The brain temperature IIlodel is suc―

cessfully realized to follow the desred temperature course

automatically.The model reference fuzzy control of brain

temperature based on water― cooling blankets is verined for

clinical apphcation to brainhypotherIIIIa treatlnents through

various kinds of silnulation experilnent.

Key words HypotherIIlla ・  Brain temperature t Water―

cooling,Fuzzy control system・ Bram resuscitation

lmtroduction

ln brain hypothermia treatl■ ent,the brain tissue tempera‐

ture is kept in moderate hypotherIIlla to prevent severely

brain‐1対ured Or brain inllammed patients from suffering

secondary brain damage.1均 This has been introduced into

their clinical treattnent using water‐ coolillg blankets, in

which expert nursing staff manually regulate the water

temperature to realize the appropriate thermal process

presc五bed by clinicians.3

The hypothermia realized by the coohng blankets is a

standard noninvasive method for brain hypothermia treat―

ment. IIowever, it has to be constantly monitored for

accurate temperature control.恥 us,the nursing staff are

incessantly forced to measure and control brain tempera―
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ture deviation within O.1°C every 20ェ lin,3 which imposes a

heavy lnental and physical burden if the brain temperature

regulation mechanisln not entirely accurate.

In addition,the staff are engaged in the integrated care

of life‐support systems based on the management of brain

hypothermia treatlnent, as well as anesthesia and heart一

lung management, including mechanical respiration,1も

Despite such difnculties,hypotherlnia treatment has gradu‐

ally become a signiflcant clinical technique in sedation to

brain death and resuscitation, although much essential

physiological information can■ ot be obtained from clinical

experil■ents using patients.

In this connection, an adaptive一 optilnal method has

been applied for automatically coping with time―var"ng

and nonlinear characteristics, including differences in

individual patients,49 However,Inore useful methods are

required for actual treatlnents which will apply the control

algorithm to chnical k■ owledge.A fuzzy control systeln is

proposed,which consists of a standard controller coHe‐
sponding to the clinical experience of clinicians and a coHl‐

pensatory controller dealing with differences in individuals
and environmental changes.

Synthesis of the fHtt automatic coHtroi system

Water―cooling control systeII for brain temperature

The automatic control of brain temperature is necessary not

only for effective clinical brain hypotherHlla treatment,but

also for a release from its complications in practice, As

illustrated in Fig.1,there is always some ambiguity due to

disturbances,differences between patients,changes in their

physiological state,and unknown factors resulting fronl dif―
ferent environmentalchanges caused by the chnicaltherapy,

the operation,and so on.46,10 Furtherl■ ore,it IIllght not be

possible to reallze a human‐ friendly thermal process,even

the problematic conditions listed abOve were solved.Thus,

conventional PID― regulations are not appropriate lll the

present case,because their design requires a precise recog‐
nition of the biothermal characteristics Of the patient.In

at the 16th IFAC World Congress, Prague,ヽ July
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Fig.2 a Unity feedback fuzzy control system,and b proposed fuzzy
control systeIII conSistlIIg of two subsystems

order to overcome such difnculties,one possible IIlethod is

the automatic realization of the lnanual processes of hypo‐

therlnia treati■ent,for which adaptive control systems have

been proposed by means of 、 vater‐cooling methods.8,9,11

1nstead of such useful control systems,however,some alter‐

native systems are required on the basis of actual treat‐

ments to utilize the control logic directly related to clinical

knowiedge,Therefore,a fuzzy controlsystem with 2 degrees

of freedom is proposed in this study.

Basic concept of the control system using a

characteristic inodel

Figure 2a is a basic fuzzy control system often applied for

various kinds of control.However,the control perforIIlance

Fig。3. Clmically typical response of the brain temperature to step
changes in water temperature

of this unity feedback control system is not always enough

to cope with the undesirable effects of differences and

characteristic changes in individual patients,about which

essential information cannot be known in advance.These

unknown effects lnust be dealt with correctly by the thermal

control systems,even when the ttetab01ic change may be

caused by shivering due to inadequate anesthesia for

the life‐support system in clinical brain hypotherHlia

treatlnent.1'2

The proposed controlsystem is composed oftwo control

subsystems,as shown in Fig.2b,using a cんα/αcr2/,sricれο冴夕″

ofthe standard biothermal characterisics of patients under―

30ing brain hypothermia.Figure 3 shows the clinically
typical response of the brain temperature of adult patients

to the step―change of water temperature. Based on the

precise heattransfer dynamics of a body with a surrounding
blanket,5,12 the flrst―order lag system can be assigned to its

estilnated cんα/αc″夕/おric,角οttβ′relating to the possible func―

tion ofthe actual biothermalsystenl ofthe patient based on

clinical experience.Thus,its discrete‐time representation is

given by

兜訳'十リーα
抗
兜よう十う
い
轍訳0      0

and neglecting the relatively small dead―tilneと,where aCh
=一 exp(―ムr/の,う

Ch= く
1-eXp(― ムr/の), and the relevant

parameters are estilnated experimentally.Here,the sufax
ch indicates the parameters concerned and the variables

with a samphng intervalム ″,time constant i and gainに T

With a Sutt indicates the brain or water temperature,and
r dellotes the temperature difference from its initial value.

In this study,parameters for the cttα /αc″/など,cれ θ冴夕′are

estimated as τ=3.Oh and x「 =0.9.

Subsysteln-l is for essential control, and its output is

regarded as a reference of brain temperature in subsystem―

2,which is for accurate adiustment Of the temperature

deviation from the output ofthe cttα/αc″/な所cれ Ottτ′caused

by environmental change and constitutional differences

between patients.Thus,it is seen that the temperature of

the circulating water is anally given by both the fuzzy signal

synthesis mechanisms, During the clinical treatinent of

patients by doctors,that conceptis analogous to their stan―
dard treati■ent based on clinical data and experience,and

on specined precise management according to the medical

history, idiosyncrasies, or allergic constitution of each

patient Thus,the merit of this control system is the so‐
called human― friendly control,physiologically and without
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Fig.4.a Fuzzy rule fOr the

contro■cr corresponding to Fig

2a.b‐l Fuzzy rules for

contro■er-l and b‐2 for

controller-2 corresponding to

Fig 2b
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any particular burden,in which controllers are not needed

to re‐design the system according to the differences and

characteristic changes in patients.

F u z z y  r u l e s  a n d  m e m b e r s h i p  f u n c t l o n s

The unity feedback systenl shown in Fig.2a is the same as

subsysteln‐l in Fig.2b,excluding the fuzzy rules shown in

Fig,4,if the patient,7ヽatcr(た),and Tbrah(た)are substituted
byあαttc姥/な,c ttο冴冴,TttteF(た)'and rtth(た),respectively.
Thus, the mathematical relation is mentioned only in

the case of a proposed controi system consisting of two

subsystelns.

In subsysteェ1-1,the relatively rough deterttlination of the

water temperature of the blanket is characterlzed by fuzzy

controller-l given by Eq.2,for which the inputs are the

deviation夕(た)and itS derivative Δc(ゅof Output rtth(た)Of
the cんα″c″/な所cれθ冴冴缶om reference沢 (た)。The twO inputs

b‐2bol
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C(た)andム 2(た)are uSed appropriately,because the cん α初ご
―

姥/なric″2θガタ′has been represented by the rlrst_。rder lag

system.The input Tttter(た)tO the cんαttcttrな,c ttθ冴冴is

given by『畝tcr(た-1)and the water temperature derivative

ム″(た),Where the latter is calculated from the membership
functions of the consequent rule and the fuzzy rule corre―

sponding to fuzzy controller-1.

ι(た)=R(た)一冤呂h(た)

綻協三2摘銘課【_り     °
The lnembership functions are given as shown in Fig.4b‐ 1,

1■Mた近ch the antecedents are used in order to fuzziflcate c(た)
andム ι(た).The third illustraton is fOr the consequent rule,
and the bottom table is the fuzzy rule fOr subsystem-1.

In subsysteHl-2,the water temperature of the blanketis

regulated by Ttttcr(た),With a cOmpensatory value of water
temperatureッ (た)described by Eq.3.The brain tempera―
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ture deviation alた)and itS derivativeムc(た)are Obtained
from the output rtttcr(た)Of the cぁαttc姥/なガcれθ冴冴and
brain temperature拓岐ah(た)Ofthe patient,clた)andムくた)are
fuzziflcated based on the membership functions of the

antecedents given by Fig.4b-2 for fuzzy controller-2.The

two inputs o(た )and ム ε(た)are alSO used appropriately,
because the cttα/αc′gr2s'cれ θttι′has been represented by

the irst‐orderlag system.ム ソ(た)is Calculated from the mem‐
bership functions of the consequent rule and the fuzzy rule

corresponding to fuzzy controller-2,taking into account the

resolution of the ttstruments measurttg temperature in

actual hypotherHlia treatinent,

ε(た)=7課hまた)―Tbrab(た)
ムε(た) =ε(た)一ε(た

- 1 )

ソ(た) =ムソ(た)十ソ(た
- 1 )

鴫江er(た)=ソ(た)+7幌准r(た)

Note that the range of fuzzy variables increases in the ante―

cedents and the consequent change in a sufnciently Well‐

perforHling system dynamics13in prOportion to the dewlation
and derivative of the brain temperature caused by the dis―

turbances and differences in individual patients and water

temperatures.

Thus,the lnembership functions were designed as shown

in Fig.4a, b‐2. For greater environmental changes, the

output is not only easily controued back to the desired

value,but also accurately controlled to ehnlinate any small

deviation in brain temperature Tbraln(た).
This hypotherHlia control systen■ works aPpropriately

for patients for whom precise infOrmation about their envi―

ronmentis not available beforehand,asin the case of adap―

tive control.Note that the product一 sum gravity lnethod is

used for fuzzy inference,in which fuzzy vttables are defuzz―

iflcated.The theoretical water―cooling system is anally con―

trolled by the input temperature rwater(た )using a signal
s y n t h e s i s  m e c h a n i s m  t o  f o l l o w  u p  t h e  o u t p u t  r t t t c r  o f  t h e

c力α/αc姥/がric〃2θttc′.That is,the inputis given by two regu―

lators which consequently realize the desired brain tem―

perature course given by clinidans.

Experi8mental resuit and discwssio81

Human biothermal lnodel used for a patient

Figure 5 shows a human biothermal lnodel consisting of 8

Segments and 18 compartinents with cooling blankets.6 The

reSPirator,denoted by the square box,represents respira‐

tory control in brain hypothernlla treatl■ ent. Blood flow

into the lung compartl■ ent is equal to the total blood flow

into other compartments brought together into the same

square box by the dotted line.The double― headed open

arrows represent direct heat exchange between the two

compartlnents. Solid arrows represent convective heat

exchange due to blood perfusion.Thl IInpOrtant parame―

ters of the standard biothermal lnodel are sumlnarized in

Table l、
1年16

Note that the various kinds of siinulation experllnent

substantially conarmed that the present human biothermal

model is an appropriate description of the actual thermal

dynattlics.Thus,a macroscopic step response is given by the

缶st―order lag system,with a cttnically obtained tilne con―

stant and gain, including the characteristics of the main

parts ofthe body,on the lneasurement of brain temperature
by tympanic temperature.17 HoweVer,the temperature dis―

trlbutlon in each compartl■ ent was not collsldered and the

heattransfer dynamics were nottaken into account,because

their time constants mean that they can be ig■ ored.The

blood―now change, including heartbeat and blood CC)2‐

concentration,was not physlologically considered as a func―

tion of body temperature,but the metabottc rate change

was taken into account by thc introduction of its relevant

coettcients.Thus,the heat radiation ability per unit area is

theoreticaliy included in the order:face>head>neck>

infcrior extremities>chest>abdomen>superior extreHli‐

ties,Furthermore,the cooling efnciency ofthe hypotherHlia

treatl■ent is suggested toじe in the orderi abdomen>supe―

五or extreIIllties>chest>head>face>inferior extreElities

>neck,which is useful knowledge for the construction of a

human― friendly brain―temperature control system.

(3)

Fig,S. 】=ulnan biotherElal mOdel

consisting of eight se3ments and

18 related compartlnents

Inferior

limbs
Abdomen  Heart  Thorax Neck Face

Superior

linbs

8 settentS 08 comparments)

Head
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Table l. The parameters for the human biothermal lnodelillustrated in Fig.5

Segments   Compartments   Segment   Outer radius of

length     compartment

(HIIII)   (mm)

Heat       B10od       Metabolic

t簿櫓;∝搬静yS ttudbn(wめ
Thermal

conductance

(W/」
°
C)

Density

(kym3)

Hcad     Brain

Core

Shell

Face      Core

Shell

Neck    Core

Shell

Superlor    Core

lilnbs     Shell

Thorax    Lungs

Core

Shell

Heart

Abdomen   Viscera

Core

Shell

lnferior   COre

血 bs     Shell

８６

０１

０４

６８

７８

５５

５７

３４

４２

η
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７９
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２６

４８
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84

1609

306

552

0_49

1.16

034

042

034

042

034

0.42

0.34

028

042

0.34

053

042

034

0.42

0,34

1080

1500

986

1258

900

1118

974

1139

907

550

1143

944

1000

1123

874

1142

918

3850

1591

3180

2351

2652

3464

3112

3278

2703

3718

3247

2932

3550

3697

3421

2472

3252

2770

10.13

0

318

020

236

047

3.60

043

0.27

14.32

042

063

431

046

0.15

042

030

13400

0

237

250
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221
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539
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is given schematically in Fig。  6 on the basis of clinical

experlences.

Figure 7 shows a long‐ term display of brain and water

temperatures with the given reference brain temperature,

including a controlled error.The seven graphic representa―

tions show the whole 32‐ h experilnental procedure under

different control and physical conditions.Onc group is con―

c e r n e d  w i t h  t h e  u n i t y  f e e d b a c k  s y s t e m  w i t h ( a ) a  S t a n d a r d

blothemal model and(b)a Smaller body size with a differ‐

ent metabohc rate.Thc、 proposed control system is assessed
With(C)a standard body size,(d)a smaller body size,and

(e)a different metabolic rate.The modined biothermal
modelrneasures the effect of changes in water temperature

On(fl the change in metabolic rate,and(g)the changes in

blood perfusion rate during ll-14h fron■ the start of the

experiment.

Figure 7e一 g show the whole experilnental procedure
under the three different kinds of envttonmental and condi‐

tion changes during ll-14h frorl the beginning of the

thermal process.Figure 7e shows that the brain tempera―

ture changed by O.1° C and returned to its original level

about 9min after a step‐like water temperature increase of

2°C.In Fig.7f,the controlled dynamics are given in the case

ofa 10°/。metabolic rate increase.Figure 7g gives the results

when the blood perfusion rate decreases by 10° /。on average

in the whole body.

It is obvious that the controlled error in the brain teln―

perature compared with the given reference is smaller using
the proposed control system than using the unity feedback

system(Fig.7a,c and Fig。 7b,d).In addition,it is conflrmed

thatthe brain temperature fol10ws the given reference tem‐

perature to within O.1° C, even if an environmental or

conditional change occurs in the patient, which may be

concerned with some fatal danger to the patient's life in

clinical therapy,

8        16       24       32
Time[h]

Fig.6. Assumed schematic reference temperature for brain hypother―
IIIIC treatment

Experilnental conditions and various PosSible types of

procedure

Silnulation experilnents based on lnathematical conditions

are necessary under circumstance where new clinical

methods can not ethically be applied directly to the treat‐

ment of critical patients,Thus,when there were some phe―

nomena which were inconsistent with the ones given by the

standard human therlnal system, ths was appropriately

revised after various chncial veriflcations, including, i.e.,

compensation for any lnetabolic rate increase by the use of

the coefflcient α=1.5 duttng a body temperatllre fall under

anesthesia.6

Despite such lilnits in clinical discussion,this brain hypo―

thermia experilnent was performed with a sampling interval

of l min according to the previously mentioned method,

using the biothermal I■ odel in Fig.5 and Table l for the

patient's details.The resulting reference temperature course
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The unity feedback system is assessed on a a standard body size,and

b a smaller body size with a different lnetabolic rate The propOsed
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size,and e a dむrerent lnetabohc rate The lnodilled blothermal lnodel

measures the effect of changes in water temperature on fthe lnetabolic
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n rate change duing ll-14h1lom

These results suggest to us that the proposed fuzzy

control system with two controllers is much亀 『iendlies to

patients than the unity feedback system or the adaptive―
optimal systeln discussed prevlously.年

9 However, in the

case oflarge biothermalinertia in the patient,5,12some prob‐

lems rnay be still expected in actual clinical brain hypother,

■lia treatl■ent.These willimpose some technical dificulties

in terlns of a quick response and accurate control of the

brain temperature,

Nevertheless, the proposed combinatory fuzzy control

mechanism for water― coo上ng was conttmed as a useful

automatic regulatory systenl to realize the brain tempera―

ture needed by the dinicians. Thus, the present work

encourages us to develop an automatic clinical water―

cooling system to replace the conventional lnanual water―

cooling system in brain hypotherEIlla treatlnent,

ConciwsicH

A fuzzy control algorithコ ■ was applied to a therapeutic

water―cooling blanket systena to automatically reahze the

desirable brain temperature scheduled by the clinicians,

The control system,consisting of two control subsystems,

was shown to be appropriate for coping with possible envi―

ronmental and conditional change in patients,which are

unavoidable in actual brain hypothermia treatl■ ents.

It、vas found to be useful to apply the irst― order lag

cんα/αcrを/なガc ttοttι′, substantially obtained from clinical

experience,to brain temperature control for hypotherrlic

patients.Thus,the proposed model reference fuzzy control
system was basically conarmed as being successful for the

realization of effective and human― friendly reglllation of

brain temperature At the same tilne,it was shown that as

well as adaptive control systems,the present Fuzzy control

system was dinically applicable in overcoIIling the individ―

ual characteristics of patients, and any possible environ‐

mental and conditional changes in some therapeutic

systems,

Consequently, many problems which arise in manual

regulation,such as the mental and physical burden of clini―

cians,、vill also be overcome by the automatic controlsysteln,

so that the general lnanagement of respiration,cIIculation,

and anesthesia in connection with brain hypotherHlia treat―

ment may be satisfactorily ensured.In addition,it would

provide the medical staff、 with appropriate ways of using

hypotherlnia treatment oII the basis of precise and neces―

sary dinical information a priori from its pertinent silnula―

tion process,as they could freely change the thermal process

destted.
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