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Abstract — An automatic thermal control system is
proposed for the treatment of cerebral injury and/or
inflammation. The system is based on the model
reference adaptive control method. It works
indifferently from the difference of individuals,
chronic change of patients’ physiological state and
environmental change. Using the human thermal
system represented by Stolwijk-Hardy model, the
brain temperature is dynamically related to the
ambient temperature of the head, trunk and
extremities and their metabolic heat production. The
dynamic characteristics of brain temperature under
various physical conditions by simulation experiments
provide better understanding of the clinical brain
cooling treatments, which simultaneously give good
evidences for the validity of the concerning model.
Then, the brain temperature is shown adaptively
controlled
physiological state suggested by various clinical
experiences. That is, this kind of the adaptive control
system is useful for the practical use of the automatic-

hypothermia control in seriously injured and/or’

inflamed brain.
Keyword cerebral hypothermia treatment, automatic-
hypothermia control system, brain temperature

1. INTRODUCTION

It is required to maintain hypothermia in a definite period
for the treatment of the seriously damaging brain injured
by internal and/or external causes. It is inevitable in such
cases to realize the desired range of the brain temperature
set by pertinent doctors, although its accurate control is
difficult and laborious. It is thus clinically necessary to
control the brain temperature of the patients simply,
quickly and safely by the theoretically guaranteed
methods. Hereby, the model proposed by Stolwijk and
Hardy is introduced as a whole body thermal dynamical
model [1]. The appropriate control system using the
model is proposed for the regulation of brain temperature
so that it becomes independent on the various internal and
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external conditions of the brain injured patients.

This is a basic study of clinical system for the new
therapy including the development of necessary hardware
apparatus. It will offer high quality of bio-functional
control method, which can indifferently work from the
difference of individuals, their chronic change and
nonlinearity.

2. BASIC CONCEPT OF CONTROLLING BRAIN
TEMPERATURE

2.1 Effecriveness of lypothermic brain

The clinical effect of hypothermia was first proved useful
for the treatment of head injury [2]. Since that experience,
the hypothermia has been applied to the severely brain
damaged patients such as external head injury and/or
cerebral hemorrhage. Its effectiveness has been much
proved by various kinds of clinical studies and animal
experiments [3, 4, and so on]. The well known
experiments using dogs meanwhile discovered the
decrement 6.7% of brain circulatory blood flow for every
1 centigrade (hereafter, [C]) decrement in their body
temperature [5]. It has been regarded as the first and basic
study of mechanism of protective reaction of brain nerve
by hypothermia. Meanwhile, that mechanism has been
clarified according to the progress of molecular cytology.
Among various hypotheses, selective neuron death based
on glutamate acid-potassium theory has been expected to
be its main causality [3,6]. :

On the other hand, from the macro-view of hypothermia
treatment as shown in Fig. 1, various brain cooling
methods inclusive of selective cooling of head have been
tried in clinics [7,8]. Then, both positive and ncgative
aspects of whole body cooling have been clinically
recognized. Meanwhile, an intensive care was established
[8], in which control of whole body temperature was
applied to the control of brain temperature, and step-by-
step brain cooling method was adopted. The treatment
scoring has gradually increased in achievement of neural
protection avoiding its side effects by hypothermia of
body, taking its advantage of protective neurons as much
as possible [3,8].
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Fig.l. Management of temperature of head, body and
extremities in the cerebral hypothermia treatment.
(The body cooling by circulating cold water through
blanket, muffler and cap)

As for neonatal cases, hypothermia had been tried [9, 10].
It has been in those cascs effectively proved both for short
and/or long-term [6, 11, 12].

[t should however be remarked that hypothermia has
some problems of its applicability [13] which yield some
bad or no special effects, unless the protective and
invasive effects have been well understood in individual
patients beforehand [[6, 14].

22 Contol of body and bram lemperatire  in
tfypothermia therapy

The critical life of patients with brain injury and
inflammation can be effectively protected by hypothermia
treatment, which however has harmful side effects on the
patients caused by the decrease in immune activity in a
lower body temperature.

In order to avoid such negative effects, it has been

clinically proposed to control stepwise change in patients’

temperature for a long period [3].

That is, the brain temperature control is performed in
accordance with clinical experiences reported by doctors
such as its step-by-step desired value given by Fig.2. It is
remarked that the body temperature at about 32[C] and
35[C] are clinically essential, which should be carefully
treated, because temperature around 35[C] corresponds to
adaprive zone and 32[C] is critically dangerous zone as
for the maintenance of patients” life.

The desirable characteristics is realized by the cooling of
head, trunk and extremities using cold water with the help
of cooling blanket and some other materials in the clinical
experiences. The water flow amount is regarded constant
in all consideration of hypothermia in this study because
of theoretically essential discussion, although its flow
control in the cooling blanket has been often applicd
clinically.

In the case of seriously brain injured patients, the
maintenance of long-term constant brain temperature is
incvitable. As the direct clinical experiment is restricted in
such a clinical study, the pertinent simulation experiment
is very useful in order to develop new concept, method
and necessary apparatus for the comprehension of exact
characteristics of treatment in their clinical application.
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Fig.2. Step-by-step management of body temperature in
the cerebral hypothermia treatment [3]. (The
temperature curve is based on the clinical experience,
according to which the patient's brain temperature is
controlled by doctors)

3. REPRESENTATION OF HUMAN THERMAL
DYNAMICS

I 1 Humar mathematical thermal model

Figure 3 is the human thermal model given by Stolwijk &
Hardy (hereafter, named S&H-model), which is
introduced in the present study. In the S&H-model, the
body is for convenience sake separated into three parts of
head, trunk and extremitics, to which a blood
compartment is added in its center. Each part has the core
and skin separated by cocentric circles. Thus, bioheat
transfer process is systematically represented by eight
differential equations [1]. If the environmental
temperatures around head, trunk and extremities are
respectively assigned to the S&H-model, the whole
system is represented by the following state equation:

gf(t) = AT+ BUDH+ O 0

where its state vector is
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The input vector is

A =T T Ty

which consists of the neural temperatures given by
7=T=I,=30[C] so that the heat transfer
coefficients may remain the same value as suggested by
Stolwijk and Hardy [1].
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Fig.3. Revised Stolwijk & Hardy model [1]. ( ' represents
the temperature, 47 the basal metabolism, £v, the
heat loss assigned to the respiratory heat dispersion
and 7, the water temperature)



The constant vector is
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The system matrices are as given by
“ sc,
r AC,
A=
E BC,
B, BL. B
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0 0 0
g = 0 0 0
0 4, 0
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Hercb_y the above elemental submatrices are given in
Appendix A2.

3.2 Cooling efféct by various methods

. The brain temperaturc is usually controlled by the
regulation of environmental temperature using a cooling
blanket and a cooling cap with cold water [7]. From the
investigation of the terperature response to the cooling, it
is possible to cool the brain until 35[C] by ice water
(T4mi=0.0[C]) covering the head. The skin temperature of
the head becomes very low but its difference from the
core temperature is large. There is no practical difference
between body and brain temperatures where they go
down together according to the ice water. This kind of
brain temperature control is supposed clinically useful
only for the cooling of the head while carrying the patient
in emergency to hospital, because 35[C] is possible to be

realized for the initial rescue control of brain temperature - -

in ambulance cars, It is however important and necessary
to maintain 32 or 35[C] of brain temperature clinically. In
order to compare with the effects by cooling the various

possible parts of body, the ambient temperature of all -

~ concerning parts is changed step-like from 30[C] to 10[C],
as the water temperature of cooling blanket is clinically
set about 10[C] [8].

If 32.5[C] is the desired temperature of brain, the
previously mentioned head skin cooling is not effective
comparing with the ones by other parts cooling. It
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Fig4. Comparison of the effects by various methods.

(H designates head cooling, T means trunk cooling

and E extremities cooling)

requires the lower temperature than -15[C] to maintain
the appropriate brain temperature, which is practically
impossible to be realized as there might be possible
chilblain and the difficulty in keeping cold media. For this
purpose all the possible parts of body should be cooled
clinically, including the cooling by circulatory system of
extremities. This kind of cooling is effective comparing
with the cooling through the circulatory system of the
trunk, because the S&H-model provides the ratio of the
surface arca of head, trunk and extremities as
9%:37%:54%. Thus, the simultaneous cooling of trunks
and extremities is well expected to get hypothermia of the
core brain with more effect by the extra head skin
cooling.

3.7 Control gf braim termperuture by body and head cooling

First, the whole bedy cooling is discussed in the case of
excluding head cooling. The desired temperature 32.5[C)
is realized, even if their cooling water is less than 24[C].
This phenomenon is coincident with the clinical
experience. That is, the brain temperature 32-33[C] can
be obtained by controlling water 24-26[C] and bladder
temperature 31-32[C] [8].

Next, the whole body cooling is taken into account
including head cooling with ice-water. Then, the body
cooling temperature with even 28[C] realizes the desired
brain temperature. The head cooling is thought useful as a
secondary mean to make the brain cool effectively.

Figure 5 indicates the result from the regulation of
temperatures by the body cooling with and without head
cooling.

J4 Follow-up control of the standard temperature
change given by dociors

The optimal combination of the temperatures of cooling
water in blankets should be made clear for the conceming
cooling parts. It is essential to evaluate the human
friendliness of the proposed cooling methods and also
important to clarify the response inclusive of transient
characteristics in the brain cooling process. Figure 6
indicates the result from the control of temperature of the
head and other concerning parts.

The control has been performed indicating well
following-up characteristics. It is obviously difficult to
cool the brain until 32.5[C] only by the method of head
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Fig.5. Body cooling including or excluding head cooling
(The broken line means the desired temperature
32.5[C] 7, represents the controlled brain
temperature and 7, the temperature of cold water)
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Fig.6. Control of brain temperature by cooling body.
(7., denotes the reference brain temperature
prescribed by doctors. 7 rcpresents brain
temperature controlled by P-control action by the
water temperature 7, in the cooling blanket)

skin cooling, in spite of its usefulness in the recovery
process. On the other hand, the whole body cooling even
excluding head easily realizes the lower brain temperature.
Thus, the combination of various kinds of cooling
methods is expected useful. Nevertheless, the head
cooling is also applicable to the rchabilitation at home
which shall require the development of new cooling
apparatus for its limited use.

4, MODEL REFERENCE ADAPTIVE CONTROL

4./ Necessity of adaptive rteckhnique for the control of
lemperature

The physiological controller of a temperature consists of
hypothalamus with feedback information from the
circulation. This thermal control function is forcedly
changed by the control law, which is generated from the
controller under environmental condition, although it

would work according to the physiological control law

characterized essentially. This physiological control”
dynamics is much dependent on the parameters which
cannot be known exactly. In addition, there exist
numerous unknown factors affecting its dynamics. Thus, .
the exact physiological function including parameter
change cannot be absolutely known in any case. That is,
the necessary information for the synthesis of control
systems cannot be usually obtained in an exact form
beforehand, Therefore, there can always exist in a
conventional method theoretical difficulty of their
facilities resulting from their imperfect recognition. Such
problem, however, does not have to be cared, so long as
an adaptive control system is concerned, which is a
significant method in present situation without explicit
parameter estimation. Thus, a desirable brain temperature
can be realized by the adaptive control system according
to clinical demands. Regardless of chronic change and
individual difference of the conceming system, and
environmental change, the control system is designed on
the assumption of its physiological representation by an
appropriate mathematical model. There is no practical
knowledge about the thermal system based on input-
output relation, which is different according to individuals
and difficult to estimate exactly. However, exact
knowledge of a thermal system is not required for the
design of an adaptive control system as mentioned

“and parameters &,,,..

previously. Thus, the mathematical system is assumed so
that its dynamics are characterized by only ambient
temperature as an input and brain temperature as an
output.

In the control of the system, the output as a
physiologically inner-causal state change of a patient is
here regarded as the one resulting from parameter change
in the controlled object and environmental change.

4.2 Adaptive control theory for the thermal system with a
linear mathematical model

In order to control the core brain temperature, the model
reference adaptive control system is adopted. The S&H-
model is used as a practical thermal system represented
by its discrete model. For the essential discussion, the
single-input-single-output system is taken into account,
which deals with same temperature of cooling water in
the parts of head, trunk and extremities.

The discrete S&H-model is

AV (R)= 2" B ()T () )
where

A =1+ 2.7 +...+ &L

(&)= bn+8uT +..t b’

oy s éﬂw élm---,

according to Eq.(a5).
Here, the following linear mathematical model with finite
memories is assumed for the thermal system to be
identified considering the discrete S&H-model.
Az e (K) = z"m{z-‘ )7, (4) ©)
where
AZY)=1+az' +..+a&Z’
Bz Y=h+br' +...+ 57
and parameters 4, ..., @, &, &, ...,
the adaptation process.
The adaptive controlling input 7(4) to the thermal
system represented by Eq. (3) is determined using
estimated parameters at previous sampling time so that
the adaptation error &*= 0 is satisfied [15].
That is, the adaptation algorithm is given by

= | o
T(h)= Au(Z ) on (K +1) R (HB(4) @)
_ 4(4)
where the state variables and estimated parameter vectors
are defined as follows:

T =7h,d®
= Z2(R, Tl 1) gy Teh=T) TR o Zie(A=T))

P =lhw, 2w
58,50, 5 (B 4By (e~ (B

The adaptation error ¢*described by

2 | -
A= ATV (k) - P (K l)ﬂk-—l) (5)
) 1+ @ (£ -1)F&-D)D(k-])
is guaranteed to converge to zero, which leads to the
realization of characteristics of the reference S&H-model
represented by Eq. (2), if parameters are adaptively
estimated by :

PR = Phk=1)+ F(k— 1)45(&-1).9 053] (6)

&, are known

& are estimated in

_4_
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Fig. 7. Diagram of the adaptive hypothermia treatment system.
(7, designates the reference brain temperature given
by doctors according to Fig.2. 7. represents the
controlled brain temperature, eis the error of 7,from
7,. P is the estimated parameter vector and 7, is
the water temperature of adaptive controlling input
into the cooling blanket)
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Figure 7 shows the block diagram of controlling the
thermal system according to the above mentioned
method.

4.3 Adaptive control experiment by using S&H-model

In the present simulation experiment, the reference model
output is directly given by the appropriate curve as shown
in Fig. 2. The revised S&H-model is considered to take
the place of the actual thermal system. That is, the actual
system is introduced as a known system representing
abnormal state of the patients by using different

parameters of the previous S&H-model. It implies that’

dynamic characteristics have been considered in
hypothermia treatment to simulate more realistic
phenomena in order to control the brain temperature,
which yields the good simulation result as shown in Fig 8.

5. DISCUSSION

In the present study, significant results have been obtained
which coincide with the physiological and clinical
experiences by setting appropriate model and its
parameters. That is, the simulation has explained lots of
physiological phenomena. As for the control of brain
temperature, its step-by-step control is relatively easily
realized by the proposed present method using
combination of head and body cooling according to the
state of the patients. However, some problematic
phenomena of the high frequency input wave change
have been observed, which will be limited and rerhoved
in practical clinical situation. It is also remarked that it is
pretty difficult to make the brain cool with the body
slightly warmed up, simultaneously, which is expected
clinically more desirable control method. If the face is
used as one of the operating parts for the brain cooling,
the present method can be expected to cool it more
efficiently.
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Fig. 8. Simulation result obtained from adaptive control
of the brain temperature. (7 designates the reference
brain temperature. 77, represents the adaptively
controlled brain temperature by the water of
temperature 7, as a controlling input)

The simulation results using the revised S&H-model have
been in accordance with the general knowledge about
clinical experiences, which justify it as a proper and
useful model. However, the S&H-model still needs its
structural improvement, because the blood from lower
extremitics flows through the body trunk to the brain,
whereas the head is represented only by two-layer
concentric and cylindrical parts in the S&H-model. Thus,
the better head model divided into the upper and lower
parts, such our three-layer semi-spherical model [16], is
necessary for the construction of an appropriate thermal
system model, in which even the body and extremities
remain same as given by the S&H-model. It is hereby
remarked that the surface area of extremities is larger than
the one of body trunk. Thus, its. cooling effect by
extremities should be more utilized in clinics.

6. CONCLUSION

It is clinically remarked that hypothermia is expected as a
new medical treatment that gives rise to new knowledge
about the frontier of life and death of the patients in the
case of their serious brain injury and inflammation.

From the viewpoint of control engineering, this
hypothermia control is one example of the few
biophysical controls. It is the possible best way in the
present medical situation for the treatment and rescue of
the patients with severely damaging brain by injury and
inflammation.

It is, thus, extraordinarily significant to clarify its clinical
applicability through its precise investigation in order to
make further progress in this area in cooperation with
numerous studies on biological measurements. The
adaptive control system provides us to realize high quality
of control as it may be a general applicable to biophysical
control, especially to the clinics, indifferently from the
difference of individuality, chronic change of state,
nonlinearity and environmental condition of the patients,
It presents the clinical medicine one of the influential
means, which may not only open the door to new
sophisticated high level automatic therapy but also
provide the higher significance to the interdisciplinary
research among the medicine, theory and technology.
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APPENDIX
AZ Discrete S&H-model and its pulse' transfer

function y ] e
The SISO continuous-time S&H-model is given by

d
TuH=CITY) (a2)
where
V4 BC,
. r 86|,
i 5. B

BL, BL, BL, CC
Bi=(0 64 0 0 & 0 & 0),
Co=(1L 0000 0 0 0)

The submatrices or clements are included in A2.

The initial temperature conditions determine rewrad state
qf‘] the patrents characterized by the following constant
values:

Oy=|3752 3607 37.62 3668 3589 3676 3556 3744
lts discrete-time representation in sampling period o
with zero-holder gives

T(h+1)= A T(A) + BT (K) (@3)
Tl #) = CoTA) (ad)
where .
T(4) = T(4o) + A Q
Ap=e"°, 8, :lj:'e""“’"’ﬁcdl:, CosCa
Then, the pulse transter function is

Z(Tc(4)) )
A =———"=Colzd-A)" By
AT(4) (as)
= T+ 8l +et b2

V4@ +ot iz

where 4,...., By Bype.., By, are obtained by
iaclleeva"s algorit”ﬁrn u;mg the parameters given in Table

A2, Submatrices and their elements concerning £g. (1)

and Al
H= [— (Pfr"”w + &, th)/ Cre e m/ Cuc )
 Koens| Cus ~(petus + Knns)| Cus
~(peritBeernl G Koerf G 0
7o BndGe  AFntpomtfanY Ge Kok
0 Kk Gs —perst K Gs
£= ~ (Pt + Kpess)] o Koear| Ce: )
Koensf Cos —(peres + A, .mn')/ Cos

BC, =W Cpe Pot,] Crs)’
BC, = (lx""rrlcyr Fx""rm"rcru_ Pewre| Crs)’
BC,=(pewse|Crr Pewes| Crg)’
BL,=\pen, | Coy oW, Cry)
Bl =\pew, | Cry o1, [ Coy  powyg Cy)
Bl =\pewy | Coy  peWes] Cra)
CC=| " uet AW+ H C
+ Wyt EWy ot PCW et POWge[ 2
5, =Aﬁlt,,/ Cusr bp= Amﬁf/ Cror by =Ap | Cos

where the necessary physiological parameters are given
in Table A-1.
Symbol  Value Symbol Value
Thenmal _Cue 394  Cp 0.27
capacitance Crp 20.1 Cp 9.7
[Keal/C]**** L2 < C 21.1
Cry 1.64  Cip 1.12
Basal My 1242 My 0.12
metabolic heat A7, 447 My, 43
production M 048 M., 8.5
[Kcal/hr] M 0.69 Ly 45
Blood flow - 513wy 1.66
[(U/hr) Wy 2100wy, 13.3
Wiy 343wy 20.3
W 642 ¥+ 0.92
Thermal Koews 263  Kpaxy 23.00
f;t‘:ﬁ;‘sg‘ic Kroe 485 Ky 1770
Area of skin Ay 0.165 A 0.989
[m?] 7 0677 /6.0

* respiratory heat loss assigned to core of head.

** product of density and specific heat of blood, (Keal/C).
*** environmental heat transfer coefficient, (Keal/m*hr/C).
*+++ C:core, M:muscle, S:skin, CB: central blood.
H: head or head cooling,

T: trunk or trunk cooling.

E: extremity or extremity cooling.
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