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Overview of Studies

Management of Brain Temperaturefor Hypothermia
Adaptive Control of Respiration

Optimal Control of Intracranial Pressure
Monitoring and Deter mination of Physiological State



Development of Automatic Control
System of Hypothermia

Accurate Management of Brain Temperature
Optimal and Fuzzy Control Processes
Release from Heavy L oads

Physical,Psychological & Economic Burdens
| mprove Medical Condition and Treatment

Based on “ System Engineering”
Simulation =» EXperiment
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Set Quick Cooling Brain Temperature
By Using Cooling Cap and Muffler
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Simple Connecting Operation
Quickly Begins Cooling of Brain

SS—

=

\\

Connecting Socket

R ©

To Cooling Branket

g




*\Whole Body Cooling is Effective

Head Cooling as Assistance



— Automatic Control of Brain Temperature
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Automatic Control Apparatus of Brain Temperature

Reference Brain

Temperature Course Water-Cooling

#7] Touch Panel
&~ Display of
Manipulation

Manual/Auto
Switching
Physiological Data Temperature Full Automatic
Control Apparatus



~—— Manual Control of Brain Temperature —

Controller of water temperature

Given brain \
reference

temperature
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Physiological state of

Water-cooling blanket

Diagnosis & |
measur ement Manual setting of actual brain /

’ water temperature temperature

| nfor mation about biomechanism Decision of

Brain & body temperature, ap%gfériate
respl.rgtory& cwcu!atory dynamics, temperature
condition of immunity




Hypothermia Treatment in ICU
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~—— Automatic Control of Brain Temperature —

alculation & regu ation

of water temperature

__ Automatic control system

@en reference braj\n
temperature

State

monitoring
Brain & body temperature, &
respiratory & circulatory dynamics, syste_matic
\condition of immunity ‘ decision




Control of Brain Temperature
by Water-Cooling System

Biophysical System Engineering
Graduate School of Allied Health Sciences
Tokyo Medical and Dental University

H.Wakamatsu, T.Utsuki, T.Wakatsuki




— Schematic Desired Brain Temperature

Recovery of Consciousness
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Step-by-step M anagement of Body Temperature




— Automatic Controller of Brain Temperature N
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M easurement of Temperaturein Hypothermia

Brain Tissue
Temperature

Alternative Temperature

Tympanic, Nasopharyngeal, Esophageal, Rectal etc.




~ Concept of Adaptive Control Engineering——

Different Variouskinds of Changein external
regulation medical treatment envir onmer

Changein internal
environment

Circulatory change
Metabolic change
efc.

Cooling

Unknown
thermal
characteristic

Adaptive control
Realization of desired brain temperature




— Optimal Adaptive Control
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water-blanket
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— Control using Solution by Optimal Calculation
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— Experimental Result
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Brain Hypothermia Treatment Using Thermal Mannequin

Ménnéquin as an
controlled object

Mannequin controlled by water circulation (blood flow) and heater (metabolic heat)



— Overview of Experimental Equipment (1) ——
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Characteristics of Mannequin to Step change of Temperature
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Block Diagram of Fuzzy Control System of Brain Temperature



Membership Function and Inference Rule for the Experiment
Us ng Mathematical Model Sampling period = 4[sec]
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temperature
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On water temperature change during9-12hour
from the beginning of experiment.

Controlled dynamics of brain and water temperature
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Controlled dynamics of brain and water temperature



Membership Function and Inference Rule for the Experiment Using Mannequin
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Experimental Result during Cooling and Stable Period

Suspension of blood (water)
flow in 2 Minutes
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— Alr-cooling I ncubating System

Transparent air-cooling box

Air temperature

Fan °
Mannequin o Brain temperature
11T .
T ° Alr_speed
Radiator l
IIIIII-IIIIIIIIIIIIIIIII v v
—> Peltier module D
Radiator i
Control mechanism
Electric power | DIA

supply




Automatic Air-Cooling I ncubating System for Brain Hypother mia Treatment




— Alir-cooling Simulation Result

~ 5% increase N
In metabolism R
Sudden changein | 33 )
metabolic rate N_hﬁ«
& —
—, 40 =
o 3B W
8 T
> brain
g 3.0 Tar e
@
= 25 Optimal-adaptivci
% alr temperature
I_ \ \ \ \ \

0 4 8 12 16 20 24 28 32
Time [hr]




— Simulation Result

Comparison of water and air cooling methods
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AUTOMATIC CONTROL OF RESPIRATION TO
DEAL WITH DIFFERENCE OF INDIVIDUAL
CHARACTERISTICS
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Overview of Talk

 Development of a Basic Control System for
Controlled and Assisted Respiration

 Experimental Confirmation on Automatic
Control of Alveolar CO,-concentration



Background
Automatic Control of Organic Functions

- Organic Function -

o A Controlled Object with Controllers
« Remarkable Characteristicsin Organisms
Non-linearity, Chronic Change Individuality

- Respiratory Regulation System -

e Possibility of Measurement and Control
Non-invasively and at Real-Time



/ Respiratory Regulation System \

Ventilation & Gas-exchange
System
Intake of O, , Discharge of CO2 _
« Controller : Respiratory Center Interaction
e Sensor . Peripheral  Chemoreceptor p \
g Central Chemoreceptor ~/
Blood Buffer
. System
| nteraction :
Maintenance of
[H*] in body fluid
\_

/

/Circulatory System

Transportation of O2 & CO,
et Interaction

e Controller ;: Cardiac Center
e Sensor :  Baroreceptor
V asomotion

e Chemical Regulation
\__* Vasomotor Regulation -/




Points of Design of the Control System

/Respi ratory Regulation System h
e Non-linearity
 Chronic Change
o Individuality

\ e Change of Environment Y

@ In order to control

» Understanding by Detection of |ts Characteristics
e Design of Control System based on Detected Characteristics

| ntroduction of an
“ Adaptive System”



Significance of the Control System
Based on Adaptive Method

( . . )
Respiratory Regulation System
* Non-linearity
e Chronic Change
e Individuality
\ « Change of Environmen p

@ |ncluded In

Deviations of the Parameter s of
the Mathematical M odel




Subject

M easur ement of

Alveolar Coéconcentration

Controlled Value
(Measured Data)

=3 Programmable

.............. Respirator

—>
-

¢

Computer

A

[

Monitoring Data
Ventilation Rate

Oz-saturation of Peripheral Arterial Blood]

Pulse Rate

—>» Signal Flow
=== Air Flow

Concept of the control system of artificial respiration



Technological assumption for the design of control

stem of respiratory regulation system
_System ol respiratory reguiation Systerr

[1] The dynamics of arespiratory system isassumed
to be characterized by the relation of input
(ventilation rate) and output (alveolar CO,-
concentration).

[2] No consideration of the effect of interaction of
ventilation rate with metabolic rate on alveolar CO,-
concentration.

3] Contribution of metabolic rate change to output
Is regarded as a characteristic change resulting from
parameter deviation.




Design of Control System Coping with Ambiguous
Knowledge about Respiratory Regulation System

The control system of a respiration is designed only on the
assumption of its description by the appropriate mathematical
model that may represent essential characteristics of a

respiratory system including characteristics of experimental
equipment (Wakamatsu, et al., 1990)



Control System of _
Alveolar CO,-concentration

Pole Assignment & Controller [

L Adaptive | dentification
Delﬁirefl Value A | S
(Alveolar CO,- Actuator
concentrahon)) | _,IProgrammable] +——
Respirator Controlled Value:
o Alveolar _
Input : Ventilation Rate CO,-concentration
Respiratory ' —|Circulator
) Lun y
e o | Lung —x | Alveolus ~<—|System
Ventilation & Gas-exchange
System System

Adaptive control system of a respiration using pole assignment method



Control System
of Resplratlon Ventilation — Actuator — _
Rate Data Controlled Object
Pump for || | :
= + 1 1 Inspiration > Respiratory
—> K()—~>O—> R (k,z %) ? > Regulation
Desired A 9
Value A A Pump for {g.f-...| System
Expiration [
— _ Alveolar
< 1iming Slgnal _ s /CO,- |
for Sampling concentration

Mathematical —O
—>| Model

L /P Determination |[«—— (

Adaptation
Mechanism

SA'(k,Z_l) <

Block-diagram of control system of alveolar CO,-concentration
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Interior view of the all-built-in-one type respirator Developed all-built-in-one type respirator



Assisted Respiration and Its
Digital Control

[Assi sted respiration ] :Depending on a patient’s
Spontaneous respiratory rhythm

'Sampling interval |

g
Disagreement of sampling
Constant | ==l Time with measuring time
\of alveolar co,-concentration

.

: : Distorted recognition of the

%Bfgt%%zfﬁy\{m === characteristics depending on
the sampling interval

.




Significance of Adaptive System In
Assisted Respiration

-

o

4 . :
Respiratory regulation system

e Non-linearity

e Chronic changes

e Individuality

e Change of environment

\

)

\_

|

Distorted recognition of
the characteristics depending
on sampling interval

@ |ncluded In

Deviations of the parameters of
The mathematical model




Controlled Respiration and Its
Digital Control

[Controlled respiration ] : Respiratory rhythm set
by medical staff

'Sampling interval |

Constant | =====— | No ifficulty in controlling




Experiment

e Subjects : Healthy Persons
(Male7, Female2, Age:2/7-38)
e Breathing : Lacking Own Respiratory Rhythm
and Supported by the Respirator

e Desired Value : Step-like Function Decreased
by 1.0[Vol%] after 10 min] from the Start of the
Experiment



Controlled Respiration During Light Exercise
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Controlled Respiration at Rest

— CO,-concentration
-~ Desired Value
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CO,-concentration [V ol %]
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» Sampling Interval : 30 [sec]
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Assisted Respiration

(& 6
S
5
) %
= |
= 3|
= — CO,-concentration
é -- Desired Vaue
c
$N e Variable Sampling Interval :
8 0 Every 7 Ventilatory Periods

0 15 30 (23.3 30.0[seq])
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Controlled-Respiration
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Assisted-Respiration
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Relative frequency to total

Distribution of errors of the outputs from the desired values



Concluding Remarks

 Development of a Computer-based Control
System of Artificial Respiration by Adaptive
Pole-Assignment M ethod.

e Clinical Possbility to Control the Respiratory
Regulation System |rrespective of Metabolic
Rate Changesin Different Subjects



Additional Remark

Availableto any patient whose
dynamic char acteristics cannot
be completely Known

Generally useful to control of
other organic functions



Control of Intracranial Pressure
By Administration of Mannitol based
on Mathematical M odel
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Cause of Intracranial Hypertension

74%

Glia + Neurones

Intracranial cavity

o dOl

ﬁwaB

<> space-occupying lesions hematoma
{- brain volume *brain edema

< blood volume *brain swelling

< CSF volume *hydrocephalus

:> 15mmHg



Therapy of Intracranial Hypertension

Surgical Treatments
External Decompression
|nternal Decompression
Removal of Space-Occupying Mass
Drainage of CSF

Conservative Treatments
Dehydrators Osmotherapy
Corticosteroids Therapy
Oxygen tent
Hypothermia
Barbiturate Therapy



Background and Aim of the Study

Intracranial hypertension caused by brain edema

|ter ative Administration based on experience of Doctors

Theoretical A
nalysis

-

\_

eDetemination of most effective administration process
e Dynamical Prediction of in racranial Pressure




M ethod

M athematical

Model
Mannitol Brain
Phar macokinetics Hydrodynamics
| nput Output

Administration of Resporgse |ntracranial
M annitol Pressure

PID Control _

Optimal Control



Schematic Representation of M odel

blood flow to brain

F gt C&m Vs

’ capillary \ ¢\é%nuosus
>
pillary :
sf gmicsf
> Cgp #WCiE R
*F e gray
matter
s CSF
(output)
extracellular fluid of body
mannitol (except brain) X
administration Lo Cecf —
(input) mannitol

excretion
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Phar macokinetic M odel of M annitol

gray matter dC g [ PS o (C C&®)+Qun(Cet —CZ)]
capillary dt V d ?

per meation blood flow
whitematter  dC i [Pswm (Cif — C8) + Qum (Coxr — CEF)]
capillary dt

dci¥ 1 o~
gray matter o [PSgm (CS® — Cih)]
dt ng

white matter dC‘;V 1 [ PSum (C cap \;vsrfn )]

stroma dt Wm
4c administration
ECF ecf
except brain dt = Vec (meC\?v?ﬁ + ngCcap QbrCecf — KaeCecf + | )

excretion



Hydraulic Model of Brain

gm __ meta
B Kgm(FgCrip + |:gm - |:gm—wm - Fgm—csf )

dt

gray matter Based on Starling’ s Hypothesis

C i [ isf
|:grip = Lcap[(Pcap — Pgm)_ZGi(ncap_ngm)_GmaRT(C;?np_Cg )]

m

dP
CSF TZ Kcsf (Fsec+ me—csf + Fgm—csf - chf —vs)
dem ca meta
dt — me (mep + meet + |:gm—wm — me—csf )

NS Dueto Difference of Static Hydr@lic Pressure

|:gm—wm = Lgm—wm(Pgm B I:)wm)



Dynamic Pressurein a Bolus Administration

30
T 25 —€—32
S |
= 15|
glok/
o ! i
hoSi
SN N

1 2 3 4 5 6 7 8
Time[hr]

Administration of Mannitol 0.1g/kg/min in thefirst 15min

I ntracranial pressure quickly decreasesin 2min and showsthe minimum valuein
about 1hr after mannitol administration .
Then, it increases slowly and comes back to the 96.8% value of initial onein

shr. I Consistent

1. Reduction of cerebrospinal fluid pressure occurs within 15 minutes of the start of a mannitol infusion and
lastsfor 3to 8 hoursafter theinfusion isdiscontinued.” The extra phar macopacia. 29th edition, 1989.

2. “By quick infusion to vein ICP decreasesin 1-5 min and is expected toreach minimum in 20~60min”
(Critical Care Medicine) 25:1561-1564,2001.




Dynamics of Mannitol Concentration in a Bolus Administration
35

P extracellular fluid

. ray matter capillary
25 K/ 9
’ . white matter capillary

20 |} llary
s\

| \ gray matter |SF

Y

00025 1 2 3 4 5 6
Timehr]

Administration of Mannitol 0.1g/kg/min in thefirst 15min

10
5

white ma{ter | SF

Concentration of mannitol
[mmol/I]

Mannitol concentration of extracellular fluid, gray matter capillary and white
matter capillary. They decreases exponentially after their peak on the last
moment of infusion. I .

Consistent

“Six human subjectsreceived mannitol asan introvenous dip infusion. In each subject, the concentration of
mannitol reached the maximun at the end of mannitol administration. Then, it exponentially decreased.”
Acta neurochir (suppl). 60: 538-540,1994.
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Optimal Control of Pressure by Mannitol
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Comparison of Different Methods by Simulation

28

[mMmHq]

Administration of CSF pressure ICP

mannitol [mmol/min]

Timelhr] Administration of Mannitol
By PI-Control
Decrease of |CP by Less Amount of Optimal Control  ——

Mannitol in aOptimal Control Process & |ntermittent Control




Animal Experiment

| -

A/D

Measuring of

Converter Intracranial

Pressure

__________

<

v

Administration | |nfusion

of Mannitol pump

Cold Lesion Edema

Control of Intracranial Pressure Using Rat



ToMakethe Cold Leson Edema

———luy E

— B > Edema
m
Rat Hole made by Reveal
Cranial Born Dental Drill of Dura

" ’r Probe Kept
_, ' Contact with

Copper-probe Cooled
by Dry Ice



On-line Monitoring of parallel
___ Pnysological Data
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Monitoring System of Parallel Physiological Data



Conventional Monitoring of Physiological State

Control of Anesthesia
Control of Metabolism

|nfusion, Fluid Replacement
| ntravenous Anesthesia

Respiratory Control

Artificial Respiration
Respiratory Sound
Expired gas analysis

Temperature Control

Body Temperature (Brain T.,
Tympanic MenbraneT.
nternal Juglar vein blood T.
Peripheral cutaneousT.)

| ntracranial Pressure

Decision of
Warming Time

Blood Pressure
Blood gas analysis

Control of Circulation



Various Physiological Data
Monitored from Patients

Estimation of
Physiological State
]

Display & Alarm if necessaD

Evaluation and Alarming System
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—®  Fuzzy Inference
<> Comparison of Two Estimates
| i Q Physiological [tem to be measured
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. Physiological Item to be estimated

Estimation of Physiological Data by Fuzzy | nference Network
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