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Abstract An automatic thermal control system is proposed
for the treatment of cerebral injury and inflammation. The
system is based on the reference model adaptive control
method. It works adaptively according to the difference
between individuals, and chronic change of the patient’s
physiological state, and changes in the environmental con-
ditions. Using the human thermal system of the Stolwijk-
Hardy model, the brain temperature is dynamically related
to the ambient temperature of the head, trunk, and extremi-
ties and their metabolic heat production. The dynamic
characteristics of brain temperature under various physical
conditions, as examined by simulation experiments, provide
improved understanding of clinical brain cooling treatment,
which simultaneously give good evidence for the validity of
the model. The brain temperature is adaptively controlled
in accordance with the appropriate physiological state sug-
gested by various clinical experiences. This kind of adaptive
control system is useful for the practical implementation
of automatic hypothermia control in seriously injured or
inflamed brain.

Key words Brain cooling - Biothermal simulation - Refer-
ence model - Automatic control

1. Introduction

It is necessary to maintain hypothermia for a definite period
in the treatment of serious brain injuries caused by internal
or external causes. It is inevitable that the desired range of
brain temperature, as prescribed by pertinent doctors, will
be reached, although its accurate control is difficult and
laborious. It is thus clinically necessary to control the brain
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temperature of patients in a simple, fast, and safe manner by
theoretically sound methods.

On the other hand, various human biothermal models
have been proposed and have been widely applied to
medical and/or engineering domains, because they repre-
sent human internal thermal dynamics with its relation to
environment.'” Stolwijk and Hardy divided the human
thermal system into head, trunk, and extremities. Further-
more, the head was divided into shell and core, the trunk
into surface (skin and subcutis), muscle, and core, and ex-
tremities into surface and core, with an additional blood
compartment in the center of the trunk. The lumped‘model
is composed of three segments with eight compartments.
Consequently, the Stolwijk—Hardy (SH) model has been
regarded as a standard human thermal model, which can be
readily applied to many fields for the study of human ther-
mal characteristics.

The model proposed by Stolwijk and Hardy' is intro-
duced as a whole-body dynamic thermal model. An appro-
priate control system for using the model is proposed to
allow regulation of brain temperature so that the procedure
is independent of the various internal and external condi-
tions of brain-injured patients.

This study concerns the clinical system for this new
therapy, including the development of the necessary hard-
ware. It will offer a high-quality biofunctional control
method, which can operate according to the difference of
individuals patients, their nonlinearity, and changes in the
state of environmental conditions.

2. Basic concept of controlling brain temperature
2.1 Effectiveness of hypothermic brain

The clinical effect of hypothermia was first proven useful
for the treatment of head injury.® Hypothermia has been
applied to severely brain-damaged patients with injuries
such as external head injury and cerebral hemorrhage. Its
effectiveness has been proved by various clinical studies and



animal experiments.”* Well-known experiments using dogs
discovered a decrement of 6.7% in brain circulatory blood
flow for every 1°C decrement in body temperature.” The
experiments are regarded as forming the first study of the
mechanism of the protective reaction of brain nerves
brought about by hypothermia. Meanwhile, the mechanism
concerned has been clarified according to the progress of
molecular cytology. Among various hypotheses, selective
neuron death based on glutamate-potassium theory has
been expected to be its main causality.””"

On the other hand, from a macroscopic view of hypoth-
ermia treatment, various brain cooling methods including
selective cooling of the head, as shown in Fig. 1, have been
tried in clinics.""”” In time, both positive and negative
aspects of whole-body cooling have been clinically re-
cognized. Meanwhile, an intensive-care procedure was es-
tablished,” in which control of the whole-body temperature
was applied in order to control of brain temperature, adopt-
ing the so-called step-by-step brain-cooling method. The
rate of successful treatment has gradually increased in
achievement of neural protection avoiding its side effects by
hypothermia of body, and taking advantage of its protective
effect for neurons as much as possible.”"”

Hypothermia has been tried in neonatal cases.”* It has
been proven effective in both the short and/or long
term.'”"' It should, however, be noted that hypothermia
has some problems in its application which yield some bad
or no special effects,” unless the protective and invasive
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Fig. 1. Management of temperature of head, body, and extremities in
brain hypothermia treatment. Body cooling is achieved by circulating
cold water through blanket, muffler, and cap. SBC, selective brain
cooling

Fig. 2. Step-by-step management of body tem-
perature in brain hypothermia treatment.” The
temperature curve is based on clinical experi-
ence, according to which the patient’s brain
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effects have been well understood in individual patients
beforehand.'"'®

2.2 Control of body and brain temperature in
hypothermia therapy

The critical condition of patients with brain injury and in-
flammation can be effectively stabilized by hypothermia
treatment. However, a harmful side effect on the patients
caused by this treatment is the decrease in immune activity
at lower body temperature.

In order to avoid such negative effects, it has been pro-
posed to clinically control stepwise change in patient tem-
perature over a long period.’ That is, the brain temperature
is controlled in accordance with clinical experiences of the
step-by-step temperature course as indicated in Fig. 2. It is
noted that the body temperatures of about 32°C and 35°C
are clinically essential, and should be attained with care,
because temperature around 35°C is regarded as the
“adaptive zone” and around 32°C is the “critically danger-
ous zone” for maintenance of the patient’s life.

The desirable characteristics are realized by cooling of
the head, trunk, and extremities by using a cooling blanket
and some other materials with the help of cooling water.
The water flow is regarded as constant in all considerations
of hypothermia in this study, because of the theoretical
nature of the discussion; however, flow control in the cool-
ing blanket has often been applied according to clinical
signs.

In the case of seriously brain-injured patients, the main-
tenance of long-term constant brain temperature is neces-
sary. As the direct clinical experiment is restricted in such a
clinical study, simulation experiments are useful in order to
develop new concepts, methods, and necessary apparatus
for the exact comprehension of the treatment in their clini-
cal application.

3. Representation of human thermal dynamics
3.1 Mathematical human thermal model

Figure 3 shows the Stolwijk and Hardy human thermal
model (SH model), which is introduced in the present study.
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In the SH model, for the sake of convenience, the body is
separated into the three parts of the head, trunk, and ex-
tremities, to which a blood compartment is added at its
center. Each part has the core and skin separated by
cocentric cylinder. Thus, the bioheat transfer process is sys-
tematically represented by eight differential equations.' If
the environmental temperatures around head, trunk, and
extremities are respectively assigned to the SH model, the
whole system is represented by the following state equation:

dT ()

7 = AT(t) + BU(t) + Q

M

where its state vector is

T(t) =

[THC(Z) THS(t) TTC([), TTM(t) TTS(t)
Teeld] Tslf) Tenli)] -

The input vector is

U l‘) = [Taml(t) TamZ([) Tﬁ"’3(t)]T

which consists of the neutral temperatures given by T,,,, =
T,., = T,,; = 30°C so that the heat transfer coefficients may

remain the same value as suggested by Stolwijk and Hardy.'
The constant vector is

0= {Mnc —Evg Mys Myc — Evg My
Cuc Chus Cre Crm
7
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The system matrices are as given by
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Fig. 4. Comparison of the effects by various methods. H, head cooling;
T, trunk cooling; E, extremity cooling

0 0 0
by 0 0
0 0 0
0 0 0
B=
0 b 0
0 0 0
0 0 b
0 0 0]

Hereby, the above elemental submatrices are given in
Appendix A2.

3.2 Cooling effects by various methods

The brain temperature is usually controlled by the regula-
tion of environmental temperature using a cooling blanket
and a cooling cap with cold water." From investigation of
the temperature response to the cooling, it is possible to
cool the brain to 35°C with the cooling cap and ice water
(T,.; = 0.0°C). The skin temperature of the head becomes
very low but its difference from that of the core temperature
is large. There is no practical difference between body and
brain temperatures where they go down together according
to cooling by ice water. This kind of brain temperature
control is regarded as being clinically useful only for cooling
of the head while the patient is carried to hospital in emer-
gency, because it is possible to attain 35°C for the initial
rescue control of brain temperature in ambulance vehicles.
It is, however, important and necessary to maintain brain
temperature between 32° and 35°C clinically. In order to
compare with the effects from cooling various parts of body,
the ambient temperature of all parts concerned is altered in
a step change from 30°C to 10°C, as the water temperature
of the cooling blanket is set about 10°C."” Figure 4 shows the
temperature response of the head to the step change.

If 32.5°C is the desired temperature of the brain,
the previously mentioned skin cooling of the head is not
effective when compared with cooling of other parts. It
requires a temperature lower than —15°C to maintain the
appropriate brain temperature, which is practically impos-
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Fig. 5. Body cooling including or excluding head cooling. Broken line,
the desired temperature of 32.5°C. T}, controlled brain temperature;
T, temperature of cold water
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sible to realize because of possible chilblains and the diffi-
culty in maintaining such cold media. For this purpose, all
possible parts of body should be cooled clinically, including
cooling of the circulatory system of the extremities. This
kind of cooling is shown to be effective when compared
with cooling through the circulatory system of the trunk,
because the SH model gives the relative proportions of the
surface area of the head, trunk, and extremities as 9:37:54,
respectively. Thus, the simultaneous cooling of the trunk
and extremities is expected to provide hypothermia of the
brain core much more effectively than by skin cooling of the
head.

3.3 Control of brain temperature by body and
head cooling

First, cooling of the whole body excluding the head is dis-
cussed. The desired temperature of 32.5°C is realized even
if the cooling water is colder than 24°C. This phenomenon is
consistent with the clinical experience. That is, brain tem-
perature of 32°-33°C can be obtained by controlling the
cooling water temperature to 24°-26°C and the bladder
temperature to 31°-32°C."

Next, whole-body cooling is considered, including the
use of head cooling with ice water. In this case body cooling
temperature as high as 28°C can provide the desired brain
temperature. Head cooling is thought to be useful as a
secondary means to help cool the brain effectively.

Figure 5 shows the results from the regulation of tem-
peratures by body cooling with and without head cooling.

3.4 Follow—up control of the standard temperature
change given by doctors

The optimal combination of the temperatures of cooling
waters used in blankets should be made clear for each of the
cooling parts. It is essential to evaluate the side effects of
the proposed cooling methods and it is also important to
clarify the response of transient characteristics in the brain-
cooling process. Figure 6 shows the result from the control
of temperature of the head and other parts.
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Fig. 6. Control of brain temperature achieved by cooling body. T,
reference brain temperature prescribed by doctors; Ty, brain tem-
perature controlled by P-control action by the water temperature 7,
in the cooling blanket

It is obviously difficult to cool the brain to 32.5°C using
only head cooling, in spite of its usefulness in the recovery
process. On the other hand, whole-body cooling even ex-
cluding the head can easily attain the lower brain tempera-
ture. Thus, the combination of various kinds of cooling
methods is expected to be useful. Nevertheless, head cool-
ing is applicable to rehabilitation at home, and this applica-
tion shall require the development of a new cooling
apparatus for its specialized use.

4. Model reference adaptive control

4.1 Necessity of adaptive technique for the
control of temperature

The physiological controller of body temperature consists
of the hypothalamus with feedback information from the
circulation. This thermal control function is forcibly
changed by the control law, which is generated from the
controller under the environmental conditions, although it
would work according to the characterized physiological
control law. This physiological control dynamics are
strongly dependent on parameters that cannot be exactly
known. In addition, there exist numerous unknown factors
affecting the dynamics. Thus, the exact physiological func-
tion 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 some theoretical difficulty
with facilities because of imperfect recognition. Such a
problem, however, does not have to be considered, so long
as an adaptive control system is concerned, which is a sig-
nificant method in such a situation without explicit param-
eter estimation. Thus, a desirable brain temperature can be
realized by the adaptive control system according to clinical
demands. Regardless of chronic change, individual differ-
ences of the system concerned, and environmental change,
the control system is designed on the assumption of its
physiological representation by an appropriate mathemati-
cal model. There is no practical knowledge about the
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thermal system based on input-output relation, which is
naturally different according to individuals and is difficult to
estimate exactly. However, exact knowledge of a thermal
system is not required for the design of an adaptive control
system as mentioned previously.

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

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

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

e )= ) o
where

Am(z*l) =1+a,z " +...+ agnz ®

B, (") = byw + binz ™ ot by

and the parameters a,,,, - - - , g, Doms O1ps - - - » b7, are known
according to Eq. a5 (Appendix Al), denoting m, model;
HC, head core; am, ambient.

Here, the following linear mathematical model with fi-
nite memories is assumed for the thermal system to be
identified considering the discrete SH model.

A7 VTuc(k) = 27 B(z™ JTum (k) 3)
where

AlZ)=1+az" +...+ a2

B(z*l) b+ bz +...+ bz

and the parameters a,, . . . , ag, by, by, . . . , b; are estimated in
the adaptation process at the sampling time k.

The adaptive controlling input 7, (k) to the thermal sys-
tem represented by Eq. 3 is determined using parameters
estimated at previous sampling times so that the adaptation
error e* = 0 is satisfied.”

That is, the adaptation algorithm is given by

A, (27 T (k + 1) = P (k)®o(k)
=) he @

where the state variables and estimated parameter vectors
are defined as follows:

O (k) = [T (K), 5 (k)] = [Tam (k). Tom(k = 1),...,
Toa(k = 7), Tuc(k)y-., Tuclk = 7))

T (k) =
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Fig. 7. Diagram of the adaptive hypothermia treatment system. 7.,
reference brain temperature given by doctors according to Fig. 2; Ty,
controlled brain temperature; e, error of Ty from T, P, estimated
parameter vector

P (k) = [bo(k), B (k)] = {bo(K), bi(k), .., bs(k),
[alm -4 (k)]’ M) [aSm - aS(k)]}a
The adaptation error e* described by

A, (z‘l)THC(k) — P"(k — 1)®(k — 1)
1+ " (k- 1)F(k — 1)®(k — 1)

e* (k) = (5)

is guaranteed to converge to zero, which leads to the
realization of characteristics of the reference SH model
represented by Eq. 2, if parameters are adaptively esti-
mated by

~
p—
>
T,
I

P(k — 1) + F(k — 1)®(k — 1)e* (k) (6)

where 0 < M(k) = 1,0 = h,(k) <2, F(0) > 0.

Figure 7 shows the block diagram for controlling
the thermal system according to the above-mentioned
method.

4.3 Adaptive control experiment using SH model

In the present simulation experiment, the reference model
output is given directly by the appropriate curve as shown in
Fig. 2. The revised SH model is considered to take the place
of the actual thermal system. This means that the actual
system is introduced as a known system representing the
abnormal state of the patient by using different parameters
of the previous SH model. It implies that dynamic charac-
teristics have been considered in hypothermia treatment to
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Fig. 8. Simulation result obtained from adaptive control of the brain
temperature

simulate more realistic phenomena in order to control the
brain temperature, which yields the good result as shown in
Fig. 8.

5. Discussion

In the present study, significant results were obtained that
are consistent with the physiological and clinical experi-
ences by setting appropriate model parameters. This means
that the simulation explained many physiological phenom-
ena. As for the control of brain temperature, step-by-step
control is relatively easily realized by the proposed present
method by using a combination of head and body cooling
according to the state of the patients. However, some prob-
lematic phenomena of the high-frequency input wave
change were observed, which will be limited and removed in
a practical clinical situation. It was also difficult to make the
brain cool with the body slightly warmed, which is the clini-
cally expected and 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.

The simulation results using the revised SH model were
in accordance with general knowledge of clinical experi-
ences, which justifies it as a proper and useful model. How-
ever, the SH model still needs structural improvement,
because the blood from lower extremities flows through the
body trunk to the brain, whereas the head is represented
only by its two-layer concentric and cylindrical parts. Thus,
a better head model divided into upper and lower parts,
such as our three-layer semispherical model,” is necessary
for the construction of an appropriate thermal system
model, in which the body and extremities remain as given
by the SH model. It is hereby remarked that the surface
area of the extremities is larger than that of the body trunk.
Thus, the cooling effect of the extremities should be utilized
more in clinical settings.
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6. Conclusions

Hypothermia has been recognized as a new medical treat-
ment that gives rise to new knowledge of the border be-
tween life and death in patients serious brain injury and
inflammation.

From the viewpoint of control engineering, hypothermia
control is one example of the few biophysical controls. At
present, it is the best possible treatment for the rescue of
patients with severely brain damage caused by injury and
inflammation.

It is, thus, extraordinarily significant to clarify the clinical
applicability of hypothermia treatment through precise in-
vestigation and to make further progress in this area in
cooperation with numerous studies on biomedical measure-
ments. The adaptive control system allows us to realize a
high quality of control and it may be a generally applicable
biophysical control, especially to the clinics, by taking into
account the difference of individuality, chronic change of
state, nonlinearity, and environmental condition of the pa-
tients. It presents clinical medicine one of the influential
means, which may not only open the door to sophisticated,
high-level automatic therapy but also provide significant
aid to interdisciplinary research of medicine, physics, and
technology.
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. i . Then, the pulse transfer function is
Al. Discrete SH model and its pulse transfer function
The SISO continuous-time SH model is given by Gz} = Z [THC (k)] =0 _ il
(Z) D(ZI AD) By
ar(r) 2{Ten )
t
T = ACT(t) + BCTam (Z) + Q (al) L Z_l(b()m + blmz_] pa o b7,1,Z_7) (35)
1+ @,z +...+ agz®
Tﬂc(t) = CcT(t) (32)
h where ay,, ..., @yn Do Dips---, by, are obtained by
I Fadeeva’s algorithm using the parameters given in
Table Al.
HE BCy
TR BCr . 3 ;
Ac = EX BC.| A2. Submatrices and their elements concerning Eq. 1
E and Al
BL, BL: BL: CC
BE=(0 by 0 0 by 0 bg 0), _ pewnc + Kycns Kcus
HE = CHC CHC
Cc=(1 00000 0 O) Kcs _Pewns + Kicns
; : ; C C
The submatrices or elements are included in A2. o e
The initial temperature conditions determine the neutral
state of the patients characterized by the following constant
values:
Table Al. Parameters for Stolwijk and Hardy model'
Segment Compartment (symbol) C (kcal/°C) M (kcal/h) w (I/h) A (m?) K (kcal/h °C™)
Head Core (HC) 3.94 12.42 513 Kucns = 2.63
Skin (HS) 0.27 0.12 1.66 0.165
Trunk Core (TC) 20.1 44.7 210.0 Krery = 4.85
Muscle (TM) 9.7 43 133 Koyirs = 23.0
Skin (TS) 1.12 0.48 343 0.677
Extremity Core (EC) 21.1 8.5 20.3 Keeps = 17.7
Skin (ES) 1.64 0.69 6.42 0.989
Central blood (CB) 1.12

Respiratory heat loss assigned to core of head is Evy = 4.5kcal/h. Product of density and specific heat of blood is 0.92kcal/°C. Environmental heat

transfer coefficient is 4 = 6.0kcal/m*h™" °C™'

C, Thermal capacitance; M, basal metabolic heat production; w, blood flow; A, area of skin; K, thermal conductance
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where the necessary physiological parameters are given in
Table Al.



