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ABSTRACT

This thesis is a feasibility study on the use of a micro

processor to control the delivery of an anesthetic agent in a closed 

loop anesthesia delivery system. The study involved the development 

of a computer simulation of the patient and anesthetic delivery 

programs3 along with the actual testing of the procedure bn several 

dogs. The experimental results show that the system undergoes a large 

initial oscillation which is gradually reduced in amplitude until the 

system oscillates around the desired alveolar concentration. The 

large initial oscillation is caused by the combination of the time 

delay in mixing the anesthetic agent throughout the system and the 

time constant of the anesthesia monitor. The continuing oscillation 

is most likely due to actual changes in the cardiac output and the 

microprocessor’s over compensation.



CHAPTER 1 

BACKGROUND AND INTRODUCTION

Today the anesthetizing of a patient is more a developed skill 

than a science. The anesthesiologist’s success in achieving and 

maintaining the desired depth of anesthesia is dependent upon his 

experience and ability.k He determines the depth of anesthesia by 

observing the patient and the patient’s vital signs.

The development of accurate and reliable gas analyzers that 

respond to the concentration of anesthetic agent would help con

siderably; This would allow the anesthesiologist to indirectly 

monitor the anesthetic concentration in the portion of the lungs where 

gas. diffuses into the blood stream . (alveolar concentration). Alveolar 

concentration provides a reasonable measure of anesthetic concentration 

in the patient and would be useful to the anesthesiologist in main

taining the desired depth of anesthesia. Alveolar concentration also 

controls the patient’s uptake of anesthesia and thus can be used to 

calculate the time of administration and amount of anesthetic 

required to maintain the proper alveolar and body concentrations. 

Monitoring alveolar concentrations and calculation of the time of 

administration and amount of anesthetic agent can be accomplished by 

a microprocessor based system.

This thesis is a feasibility study of the use of a micro

processor to control the delivery of the anesthetic agent in a closed



loop anesthesia delivery system as shown in Figure 1. The micro

processor accepts information from the anesthesia monitor and calcu

lates and displays the following values: (a) time since the initial

dose of anesthetic agent, (b) time for delivery of the next dose of 

anesthetic agent, (c) cumulative amount of liquid anesthetic delivered 

into the system and (d) the patient’s estimated cardiac output 

calculated from the expected and measured alveolar concentrations of 

anesthetic agent.

A common anesthesia delivery system used in hospitals is the 

semi-closed circle system shown in Figure 2. The system involves a 

partial rebreathing of exhaled gases and the use of unidirectional 

-valves to maintain airflow in only one direction. The carbon dioxide 

absorber removes exhaled carbon dioxide from the system. The reservoir 

bag augments airflow to the patient during the inspiration period when 

the flow rate into the lungs exceeds the flow rate of oxygen being 

.delivered into the system. The exhaust valve releases gases from the 

system when the circuit pressure exceeds a preset level. It is 

normally set to expel part of the exhaled gases from the system.

The average person inhales and exhales approximately five 

liters of air per minute. Therefore a semi-closed system must be 

able to achieve this flow rate and maintain the desired concentration 

of anesthetic agent. Dependent upon the preset level of the exhaust 

valve a fraction of the exhaled gases are vented into the operating 

room. This creates a potential for an explosion if an inflammable 

anesthetic agent is used. However, more importantly it exposes 

operating room personnel to the anesthetic. It is now believed that
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long term exposure of personnel to anesthetic concentrations found in 

operating rooms may be hazardous II],

In the closed circle system shown in Figure 1? total rebreathing 

occurs and the amount of fresh oxygen and anesthetic entering the system 

equals the amount of oxygen and anesthetic absorbed by the patient. 

Typical flow rates of new gases into the system are 200 to 500 

milliliters per minute versus the 5 liter per minute of a semi-closed 

circle system. The lower flow rate of a closed circle system 

significantly reduces the amount of anesthetic agent required. The 

exhaust valve is only used as a safety valve to prevent over 

pressurization which would damage the patient7s lungs.1 Under normal 

conditions no gas is vented into the operating room. This eliminates 

both the explosion potential and prevents the exposure of operating 

room personnel to the anesthetic vapor.

The principle of both the closed circle system and the 

conventional system is to control the alveolar concentration of the 

anesthetic agent. In order to control the alveolar concentration, it 

is necessary to know both the distribution of anesthetic agent in the 

lungs and the uptake of the anesthetic agent by the body. Following 

is a brief description of the operation of the lungs and the equations 

describing the uptake of anesthetic by the body.

The human respiratory system consists of two lungs composed of 

two functional areas called the dead space and the alveolar space ? 

(Figure 3). The first and smaller space is the dead space consisting 

of the trachia, bronchi, and all areas where there is no exchange 

between gas and the blood. The alveolar, space is defined as locations
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where diffusion of gas molecules between the lung and blood occur,.

For a 70 kilogram man the dead space volume is approximately 150 ml 

and the alveolar space is approximately 350 ml [4].

During inspiration the dead space fills with inspired gas and 

the gas originally in the dead space, along with some inspired gas, 

enter the alveolar space. The anesthetic concentration in the alveolar 

space is a function of the anesthetic concentration and volume of the 

dead space, the anesthetic concentration and volume of the alveolar 

space, and the anesthetic concentration in the newly inspired gas.

The volume of air entering the lungs during a single breath is 

called the tidal volume and is approximately 500 ml for a 70 kg man.

The total volume of air entering the lungs per minute is called the 

minute ventilatory volume or minute ventilation. A typical value is 

5000 ml for a 70 kg man. The volume of air entering the alveolar 

space per minute is called the alveolar ventilation. A typical value 

is 3500 ml [4]. .

During expiration the air in both compartments is partially 

exhaled and, at the end of an expiration the air in the dead space is 

air that was originally in the alveolar space. The volume of air in 

the lungs at the end of a normal expiration is called the functional 

residual capacity. This is made up of the expiratory reserve volume, 

defined as the volume of air in the lungs after a normal expiration 

and the residual volume, defined as the volume of air in the lungs 

after a maximum expiration. Typical values for a 70 kg man are one 

liter for the expiratory reserve and one liter for the residual 

volume [4].



The anefehetic in the alveolar space diffuses in the blood 

stream which carries it to various organs and tissues, where it is 

absorbed at varying rates. The total anesthetic uptake by the body is 

the cumulative anesthetic uptake of the various organs and tissues.

A model of the whole body uptake of an anesthetic has been developed 

which is based on the sum of the anesthetic uptake in the various 

body organs [3].

A simpler version of the whole body uptake model and the 

version used in this work is based upon the observed linear relation

ship between the whole body uptake of the anesthetic agent and the 

square root of time [3]. This expression, shown in Equation (1), can 

be used to approximate the- whole body uptake per minute.

- 1/2
‘W - Ca • Q • t • (

where C = anesthetic concentration in the arterial blood
a (ml of anesthetic/100 ml of blood)

= milliliters of anesthetic vapor absorbed per minute

\ Q = cardiac output (dl/minute)

t = time (minutes)

The whole body uptake of anesthetic agent for a given time

interval is found by taking the integral of Equation (1).

Q = 2 • C • Q • t1/2 . (an a

where Q = milliliters of anesthetic vapor absorbed

In Equation (2) the two unknown values are cardiac output and 

arterial concentration of anesthetic. However, both of these
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.values can be derived. Cardiac output can be estimated from the 

patient's weight as follows [1].

Q = 2 • W3/4 (3)

where W = patient•s weight (kg)

Arterial concentration of the anesthetic agent is a function 

of the alveolar concentration and the blood-gas partition coefficient.

As shown in Equation (4).

Ca = CA " XB/G (4)

where = alveolar concentration of anesthetic agent.
,ml anesthetic vapor.
100 ml alveolar air

= blood-gas partition coefficient
, ml of anesthetic vapor per 100 ml of blood ^
ml of anesthetic vapor per 100 ml of.alveolar air

Equations (3) and (4) are used to expand Equation (2) into an 

equation describing the whole body uptake of a single anesthetic 

agent. This is shown in Equation (5).

'Qan = 4 * CA *■ XB/G * ^  (5)

Equations (3) and (4) are also used to modify Equation (1) to 

show the whole body uptake per minute in terms of the alveolar con

centration, bloodygas partition coefficient, and the patient's weight.

i „  - .  ■ V  w ” ; .-1"
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The last two equations which describe the whole body uptake 

and the whole body uptake per minute of the anesthetic agent will be 

used in the patient model and in the anesthetic delivery equations for 

the microprocessor in the actual closed circle system.



CHAPTER 2

ANESTHESIA DELIVERY CONTROL EQUATIONS ‘

This section covers the development of equations used by the 

microprocessor in the closed loop anesthesia delivery system (Figure 

1). The equations are used to determine the amount and time of 

administration of anesthetic agent during an anesthesia procedure.

There are two possible methods to control the delivery of the 

anesthetic agent. The first is to vary the dose of the anesthetic 

agent and deliver it into the system at regular time intervals. The 

second method is to keep the dose constant and vary the time intervals. 

The second method was chosen since it is the simplest to physically 

implement.

This section includes equations for initial induction dose of 

anesthetic agent and the equations used to predict when to administer 

a fixed amount of anesthetic into the closed circle system in order to 

maintain the desired depth of "anesthesia.

The depth of anesthesia is indirectly controlled by the 

alveolar concentration of the anesthetic agent, Therefore it is 

necessary to calculate the desired alveolar concentration of the agent 

and deliver enough agent to achieve the desired alveolar concentration. 

The alveolar concentration of an agent is expressed as a percentage of 

the Minimum Alveolar Concentration (MAC) of the agent. The MAC is an 

expression of the anesthetic agent's potency defined as the alveolar

■ n
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concentration of the agent at 37°C and 1 .atmospheric pressure at which 

50% of the patients do not have a muscular response to an incision 

[2]. The rate the agent is being absorbed is the whole body uptake 

per minute. Equation (6) described the whole body uptake per minute 

of an anesthetic agent. An expanded form of the equation is shown in 

Equation (7) in which the alveolar concentration of the anesthetic 

agent is defined in terms of the Minimum Alveolar Concentration of the 

anesthetic agent [1].

" f - > C • XB/G " 2 ' w3/4 ' t"1/2 <7)

where f = fraction of the. MAC value desired from a particular
anesthetic agent

The cumulative amount of anesthetic vapor absorbed by the body 

is given by the integral of Equation (7)

Q = 4 • f ' MAC • X , • W3/4 • t1/2 - (8)a n  Jd / G

or in simplified form: .. .

tan * 2 ' Ca ' 9 ' ^  <9)

In the closed loop anesthesia delivery system the anesthesi

ologist wants to administer just sufficient anesthetic to maintain the 

desired depth of anesthesia. Therefore it is necessary to know how 

long it takes for the body to absorb a given amount of anesthetic. In

order to calculate the absorption it is necessary to solve Equation (10)

for the "AT" value. Equation (10) is an expanded form of Equation (8)



and describes the amount of anesthetic vapor taken up tiy the whole

body during a given time period.

D = 2 ' C • Q • [(T. + AT)1/2 - T1/2] (10)G a

where = ml of anesthetic vapor taken up by the whole. body
during the time period At '

T = time at the beginning of the time period AT. In
practice it is zero when the first dose of anesthetic
agent is delivered into the system (minutes).

AT = time period between doses of anesthetic (minutes).

Equation (11) predicts when the anesthetic dose delivered at 

"T" is completely taken by the body.

D r -i/o ^
T + AT = [̂ 7q7q *" T ] (ID

Since the anesthetic agent is delivered into the closed circle 

system in liquid form it is necessary to convert the liquid dose into 

its equivalent volume of vapor in order to use Equation (11). It is 

also necessary to know the cardiac output.

The cardiac output can be directly measured or calculated if

the alveolar concentration of the agent is known. Since the direct

measurement of the cardiac output is impractical in the clinical

situation, a calculated value is used. The first value of the cardiac 

output is calculated from the patientTs weight using Equation (3). All 

future cardiac output values are done using Equation (12) and the 

measured alveolar concentration of the anesthetic agent.
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where - desired alveolar concentration of the anesthetic

agent.
m̂l of anesthetic vapor.
100 ml of alveolar air

C = average alveolar concentration of anesthetic agent 
during the last time period "AT"

The goal of the induction period is to rapidly achieve the 

desired depth of anesthesia. In order to achieve this the initial 

dose of the anesthetic agent must accomplish three things: (a) bring 

the concentration of the anesthetic agent in the closed circle system 

to the desired level, (b) bring the arterial blood concentration of 

the anesthetic to the desired level, and (c) supply enough anesthetic v 

to offset the amount taken up by the body during the induction period.

In order to bring the concentration of the agent in the closed 

circle system to the desired concentration the total volume of the 

system must be known. This volume consists, of the anesthetic delivery 

machine, tubing, carbon dioxide absorber plus the volume of the 

patient's lungs.

The volume of the patient's lungs depends on if the patient's 

breathing is assisted or unassisted. For unassisted breathing the 

patient's functional residual capacity is used as the lung volume. 

However, in assisted breathing it is possible to fully extend the 

patient's lungs. Thus the total lung capacity should be used.

Generally the patient's breathing is unassisted and the functional 

residual capacity is used.

Equation (13) determines the milliliters of anesthetic 

required to bring the concentration of the agent in the closed circle 

system to the desired level. This step is called priming the circuit.
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Q = V • f • MACanc v c. (13)

where Q = ml of anesthetic vapor anc
= total volume of circuit (dl)

The preceding equation is based on the assumption that absorp

tion of the anesthetic by materials in the closed circle system is 

negligible.

to achieve the remaining two objectives it is necessary to know the time 

between the first and second dose. A time period of one minute was 

selected because it involves a small amount of anesthetic agent and 

allows enough time for the liquid to vaporize and circulate throughout 

the closed circle system.

to know the volume of blood passing by the alveolar space during the 

time period. Equation (14) describes the milliliters of anesthetic 

vapor required to achieve the desired arterial concentrations.

period of the initial dose. The previously described whole body uptake 

equation is used to calculate the required amount of anesthetic agent. 

This is shown in Equation (15).

In order to calculate the amount of anesthetic agent required

In order to calculate the amount of anesthetic vapor required

to bring the arterial concentration to the desired level it is necessary

(14)

where Qanb == of anesthetic vapor absorbed by the blood during 
a given time

The final objective of the initial dose is to compensate for

the amount of anesthetic vapor absorbed by the body during the time
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A r m  - A * ' m C  ' \ / G  " W3/Z' ' (15)

where Q = ml of anesthetic vapor taken by the body during a
given time.

The total amount of anesthetic vapor required in the initial 

dose is the sum of the above three calculated doses. This vapor amount 

of anesthetic agent is converted into a liquid amount and injected into 

the reservoir bag at the start of the induction period.

The following is an example to demonstrate the three calcu- 1 

lations for the initial induction dose for a closed circle system and 

patient.

1. The anesthetic agent is halothane with a MAC value of .76.

2. - The volume of the anesthetic delivery system is 4 liters.

3. The patient’s function residual capacity is 2 liters.

4. The patient’s weigth is 70 kg.

5. The initial dose period is one minute.

6. The depth of anesthesia is 1.3 times the MAC value, i.e.,

f - 1.3.

First, calculation of the amount of anesthetic required to 

bring the circuit concentration of the agent in the closed circle system 

to desired level. From Equation (13).

Q = V • f • MAC anv c

= 60 x 1.3 x .76 

= 59.28 ml of anesthetic vapor.



Second, calculation of the amount of anesthetic required to 
bring the arterial concentration to the desired level. From Equation 
(14).

,3/4 . „

= 1.3 x .76 .x 2.3 x 2 x ( 7 0 ) x 1

= 109.99 ml of anesthetic vapor

Third, calculation of the amount of anesthetic required to 

offset the amount taken up by the body. From Equation (15).

Q = 4 • f • MAC • XT/ri • w3/4 • t1/2 anu B/G

= 4 x 1 3  x .76 x 2 3  x (70)3/4 x 1

= 219.97 ml of anesthetic vapor

The total initial dose is the sum of three values.

Q.n = Q +-Q , + QiD. anc anb anu

= 59.28 + 109.99 + 219.97 

= 389.24 ml of anesthetic vapor



CHAPTER 3

PATIENT SIMULATION

This section consists of two parts. The first part develops 

the equations to describe the anesthetic uptake'and distribution in 

the lungs. The second part'simplifies the equations into the final 

equations used Jin the computer model to test the anesthetic delivery 

control equations developed in Chapter 2. In developing the equations 

to describe the anesthetic distribution in the lungs, the steady state 

equations" are developed first and then the transition period equations.

space depends on the ventilation rate of the dead space, alveolar 

ventilation rate, and minute ventilation along with the concentration 

of the agent in the dead space and inspired air. Equation (16)

The concentration of the anesthetic agent entering the alveolar

describes the anesthetic concentration of the air entering the alveolar

space.

(16)

where Cg = concentration of anesthetic agent entering the
alveolar space — -100 ml

C^ = concentration of anesthetic agent in the inspired
ml

gas 100 ml

V. = alveolar ventilation A
dl

minute

18
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dlV-p, = dead space ventilation — ;----D r minute

= minute ventilation —T minuteT =

Since the concentration of anesthetic agent entering the 

alveolar space and the ventilation per minute are known is is possible 

to determine the rate the anesthetic agent enters the lungs. The whole 

body uptake rate is the rate the anesthetic is removed from the lungs. 

Thus it is possible to develop equations for the distribution and 

uptake of the anesthetic agent in the lungs. The steady state equa

tions are developed first. In the steady state the anesthetic agent 

accumulates In the alveolar space at a rate equal to the anesthetic 

agent entering minus the whole body, uptake rate. Equation (17) 

describes this relationship. ,

CA * \  = CE * \  ” \ / G  ' Q ' CA * t (17)

The alveolar concentration of anesthetic agent for the steady 

state condition is found by solving for "C^." The solution is given 

in Equation (18) with "C^11 replaced by the right side of Equation (16).

. 2
VA /  CI . .

. . .  - Ca  =

Since the alveolar concentration of anesthetic agent does not 

immediately reach the value described in Equation (18) it is necessary 

to include a transition period in the complete equation. The actual 

respiratory system is a discontinuous process involving the breath by
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breath mixing of gasses in the lungs, However in order to simplify 

the mathematical solution the system will he treated as a continuous 

system. The time constant of the system is functional residual 

capacity divided by the alveolar ventilation. The complete equation 

for alveolar concentration of the anesthetic agent is shown below.

CA =

VA ' CI

• V VA
VA V„ + XB/G ‘ Q

.-1/2
i - exp[-(yArt)/vFRC] AO

(19)

where C.^ = alveolar concentration at the start of the time AO .. , ml
per:Lod W m l

V F R C = functional residual capacity (dl)

In order to simplify the computer simulation the following 

conditions are applied: (a) the dead space is neglected since it is 

generally less than one third of the tidal volume and (b) the whole 

body uptake of the anesthetic during a given time period is calculated 

from the average alveolar concentration of the anesthetic during the 

time period. Equation (20) describes the amount of anesthetic agent 

in the lungs, at the end of a time period. This equation is based on 

the two previous equations and the above assumptions

VFRC " CAN = ĈA0’VFR(P +  ̂('CI “ CA0') ‘ ̂  ~ exP ^ ^ F R C ^  " VFRC

^CAN + CAoj
B/G Q • [(T + AT)1/2 = Tly/2] (20)



21
where AN = alveolar concentration of anesthetic agent at end of 

a time period

The first term on the right side of Equation (20) is the amount

of anesthetic agent in the lungs at the start of a time period. The 

second term is the amount of anesthetic entering the lungs and the final 

term is the amount of anesthetic taken up by the body during the time 

period. The solution for the alveolar concentration at time "T" is 

shown in Equation (21).

The only unknown term in the equation is the inspired concentra

tion ,fC Equation (22) gives the concentration of anesthetic agent 

in the circuit after the injection of agent into the system. This 

equation is a simplification since it neglects the patient’s lung 

volume thus giving a higher value of anesthetic concentration but it 

assumes a uniform mixing throughout the system which tends to lower 

the peak value compared to the gradual mixing which would produce a 

higher peak concentration.

C
VFKC + AB/G ' Q ' KI + AT)1/2 - T1/2]

CA0 XB/G ' Q • [<T+AT)1/2 - T1/2] 

VFRC + XB/G • « • [ « +  W 1'2 - T1/?I
(21)

C • V + D.
C. c c i (22)I Vc

where



22
C = anesthetic concentration in the circuit prior to the 

injection

Vc = circuit volume (dl)

= anesthetic vapor delivered into the system (ml)

Equation (23) gives the inspired concentration of anesthetic 

agent with time as the anesthetic is taken up by the whole body.

c™  - tcI0 • Vc - (C^ - cA0) • vrac]/vc

(CM  + CA0> • XB/G ' Q • [(T + 41)1/2 - Tl/2) /v^ (23)

where C = inspired concentration of anesthetic agent at the end
of a given time period ('-] qq^-i )

= inspired concentration of anesthetic agent at the 
start of a time period (^oo^ml^

Equations (21), (22), and (23) solved in sequence produce a 

continual updating of the indicated variables. Equation (22) is solved 

first following an injection of anesthetic and gives the initial 

inspired concentration. Equations (21) and (23) are then repeatedly 

.solved to approximate a continuous system between injections. Equation 

(21) gives the alveolar concentration of the anesthetic at the end of 

a small time interval. "Equation (23) is then solved to get the 

inspired gas concentration at the end of the same small time interval. 

This inspired gas concentration is then used to resolve Equation (21). 

This loop is continued until the next injection time. At that time 

Equation (22) is again used.



CHAPTER 4

TESTING THE PATIENT SIMULATION AND ANESTHESIA 
DELIVERY CONTROL EQUATIONS

This section covers the testing of closed loop anesthesia 

delivery program [Equations (11), (12), (13), (14), (15)] using a 

simulated patient. The patient simulation uses Equations (21), (22), 

and (23) as previously described. The results of the closed loop 

anesthesia delivery program are compared to the results produced from 

the whole body uptake equation. Since the whole body uptake equation 

has been successfully used this method, will provide a reliable check 

of the combined patient simulation and anesthesia delivery program. One 

difference in the two models is that the whole body uptake equation 

assumes a constant alveolar concentration while the closed loop 

anesthesia delivery program can respond to varying alveolar concentra

tions.

The simulation and execution of the closed loop anesthesia 

delivery program was done on a Southwest Technical Products Corp. 6800 

minicomputer with BASIC programming language. The flow chart for the 

patient simulation and control program is shown in Appendix A.

The program proceeds as follows. A value for the patient’s 

blood-gas ̂ partition coefficient and cardiac output is stored as data 

for the program. The user also inputs the following parameters:

1. Anesthetic agent to be used (halothane, methoxyflurane,

ethrane forane).
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2. One of three possible barometric pressures and temperature 

combinations• These are used in the conversion from liquid 

to gas.

3. Desired depth of anesthesia expressed as a per cent of MAC.

For normal procedures a value of 1.3 or 130 per cent of MAC is 

used.

4. The patientv s weight in kilograms.

5. Total circuit volume including the patient’s lung volume.

6. The volume of liquid anesthetic to be injected for each

time interval (except initial dose).

7. The length of time the simulation is to run.

The program calculates the initial volume of anesthetic 

required to prime the circuit and provide for uptake by the patient / 

during the first minute. At this point the patient simulation begins. 

The program calculates alveolar concentration of anesthetic every 30 

seconds of simulated time. This coincides with the 30 second sampling 

rate of the anesthesia monitor which was used during laboratory 

experiments. In the simulation, a time constant of one minute is 

allowed for response of the anesthetic monitor.

Upon reaching the next injection time the following information 

is printed by the computer: (a) total amount of anesthetic agent 

injected into the system, (b) the calculated cardiac output during the 

last injection period, (c) the average value from the anesthesia 

monitor during the last injection period, (d) the time from the initial 

injection, and (e) the time for the next injection.
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The following parameters were used to compare the total amount 

of anesthetic delivered by the anesthesia delivery program versus the 

amount predicted by the whole body uptake equation: (a) the anesthetic 

agent was halothane, (b) the patientTs cardiac output was 48 deciliters 

per minute, (c) the patientT s alveolar ventilation was 35 deciliters 

per minute, (d) the patient7s functional residual capacity was 2 liters, 

(e) the circuit volume was 4 liters, and (f) the desired depth of 

anesthesia is 130 per cent the- MAC value of halothane.

The comparison of the cumulative amount of.anesthetic agent 

predicted by the whole .body uptake and by simulation is shown in 

Figure 4. The amount of anesthetic agent predicted by the whole body 

uptake is greater than the amount based on the simulation. This is 

because the whole body uptake equation assumes a constant alveolar 

concentration of the agent while the simulation allows for the dist

ribution and uptake of the agent resulting iii a lower alveolar 

concentration of the agent which in turn reduces the amount of 

anesthetic taken up by the body.

Figure 5 shows the average alveolar concentration based on the 

patient simulation as read by an ideal anesthetic monitor with zero 

time constant. The alveolar concentration appears as a damped oscilla

tion.

Figure 6 shows the average alveolar concentration for the 

anesthetic monitor with a one minute time constant. The result of the 

time delay is that the system has larger excursions of alveolar 

concentrations due to errors in calculating the cardiac output. .
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Figure. 7 compares the calculated cardiac output for a system with and 

without the monitor time constant. The ideal cardiac output value is 

4.8 liters.
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CHAPTER 5

THE MICROPROCESSOR SYSTEM

The anesthesia delivery control equations which were tested with 

the simulated patient were programmed into a microprocessor system.

The microprocessor controlled closed loop anesthesia delivery system is 

shown in Figure 1. In this system the microprocessor obtains information 

from the anesthesia monitor^ makes the previously described calculations 

and displays the results. The basic components of the system are a 

closed circle anesthesia delivery system, an anesthesia gas concentra

tion monitor, a KIM-1 microprocessor, and a display.

The anesthesia gas monitor is a device under development at 

The University of Arizona.. It is equipped with a digital display 

and binary coded decimal, character serial bit parallel data output. 

Preliminary testing of the monitor indicates that the time constant of 

the monitor is a function of the flow rate through the monitor.

The microprocessor is a KIM-1 unit with an additional three 

thousand byte of memory in the form of an Erasable Programmable Read 

Only Memory (EPROM), and a display board. ; The block diagram of the 

microprocessor system is shown in Figure 8. The KIM-1 has on-board 

software (SCANS and GETKEY programs) to scan and decode the keyboard.

The KIM-1 Peripheral Interface/Memory device is used to interface the 

unit to the anesthesia monitor.
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CONTROL BUS
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Figure 8. Block Diagram of the Microprocessor and Anesthesia Monitor
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The display board in Figure 9 shows the following items: (a) the 

time from the first injection (000.0 to 999.9 minutes), (b) the next 

injection time (000.0 to 999.9 minutes), (c) the cumulative amount of 

liquid anesthetic agent injected into the system (000.0 to 999.9 ml),

(d) the calculated cardiac output (00.0 to 99.9 1/min), and (e) the 

operator alert which provides the following data to the operator.

A "C" is displayed when the calculated cardiac output deviates by more 

than - 50% from the original cardiac output based on the patient’s 

weight. A !1DDn is displayed when it is time for the operator'to inject 

the next anesthetic dose into the reservoir bag. An "8" is displayed 

when the computer generates a number too large for the double precision 

routines used by the 8 bit processor.
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01* 00

03 02
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Figure 9. Display Board Showing Eight Display Locations 00 to 07 —
Time— Displayed in 00 and 01; Next Injection Time— Displayed 
in 02 and 03; Cumulative Liquid Dose— Displayed in 04 and 
05; Calculated Cardiac Output and Operator Prompts—  
Displayed in 06 and 07.



CHAPTER 6 

MICROPROCESSOR OPERATION

This section provides a description of the operation of the 

closed loop anesthesia delivery system. Flow charts of the main 

computer program and the subroutines are in Appendix B.

The system is designed for operation with a single anesthetic 

agent such as halothane. In order to simplify the system the dose size 

is fixed and the program calculates the time to inject the next dose. 

All doses except the initial dose are half milliliter of liquid 

halothane.

In starting the system the user enters: (a) the desired depth 

of anesthesia as a per cent of the MAC value of halothane (normally 

130%), (b) the patient’s weight (kg), and (c) the total volume of the 

system (liters). The program calculates and displays the following:

(a) time from first injection is set to zero, (b) next dose injection 

time is one minute, (c) the milliliters of liquid halothane required 

for the initial dose, (d) the cardiac output in deciliters based on 

patient’s weight, and (e) ”DD” to prompt the operator to inject the 

first dose into the reservoir bag.

Upon injecting the first dose the operator presses the ”D” key 

which starts the clock and initiates program operation.

The anesthesia monitor is read every 30 seconds and the program 

continues until the next injection time is reached. The program then 

calculates and displays a new cardiac output value based on the average 

anesthesia monitor value during the preceding interval. If the cardiac

35
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output value deviates by at least i 50 per cent of the original cardiac 

output based on the patient’s weight the program displays a ,!Cfl along 

with the cardiac output. If the cardiac output value is still 

acceptable to the operator the "A" key is pressed. Otherwise the 

operator presses the ,TEn key and the cardiac output value is replaced 

by the original value. The program now displays ,!DD!1 indicating time 

to deliver the next dose. After the operator injects the dose into the 

reservoir bag and presses the !,DH key the program calculates and 

displays the next injection time, and the cumulative amount of liquid 

. halothane injected into the system. This process is repeated until 

the end of the experiment.



CHAPTER 7 

EXPERIMENTAL METHODS

The microprocessor controlled closed loop anesthesia delivery

system was successfully tested in two dogs. This section describes

the system used in,the tests and the results obtained.

The experimental test system is sh<zrwn in Figure 1, The system 

consists of the following items: (a) the anesthesia delivery machine 

and carbon dioxide absorber, (b) the anesthesia monitor, (c) the KIM-1 

microprocessor, and (d) a blood pressure and EKG monitor along with an 

IV saline drip. In order to minimize the absorption of the anesthetic 

by the circuit both the tubing and reseivoir bag were nonabsorbing 

plastic.

Before the dog is placed in the closed loop anesthesia delivery 

system it is rendered immobile by an injection of pentabartial,. Since

the anesthesia system is airtight the oxygen flow rate into the system

is meant only to replace the oxygen used by the dog. Thus a flow rate 

of approximately 250 ml of oxygen per minute was used. The initial 

dose of halothane depended upon the dogT s weight and the total 

circuit volume. However all other doses were a half milliliter of 

liquid. The halothane was injected from a syringe into/the reservoir 

bag. The reservoir bag was then shaken by hand to hasten the vaporiza

tion of the halothane.
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Two different procedures with respect to cardiac output calcula

tions were followed for the two dogs tested. In the first procedure 

(26 kg dog) the calculated cardiac output value was always accepted.

In the second procedure (18 kg dog) the cardiac output value was 

rejected if beyond the 1" 50 per cent limit and replaced by original 

cardiac output. This value was used to calculate the next injection 

time.

For both procedures the cumulative halothane dose, the average 

anesthesia monitor reading for each interinjection period, the calcu

lated cardiac output, and the anesthesia monitor readings of two 

minute intervals were recorded and plotted in Figures 10 through 17.
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CHAPTER 8

EXPERIMENTAL RESULTS

The results for both procedures. Figures 10 and 14, show that 

average alveolar concentration oscillates around the desired value of 

.99 which is 130 per cent the MAC value of halothane.

This same characteristic is shown in the computer simulation of 

the closed loop anesthesia delivery system Figures 5 and 6. This 

initial oscillation is not due to a program error but is caused by the 

combination of the anesthesia monitor?s time constant and the time it 

takes for the halothane to vaporize and mix throughout the system. The 

fact the alveolar concentration continues to oscillate throughout the 

test is most likely due to a combination of actual changes in the 

cardiac output and the computer's compensation. Since the program 

calculates the next injection time on data gathered * during the preceding 

interval the correction will always lag the actual cardiac output 

changes.

The change in procedure for the second dog experiment was an 

attempt to reduce both the amplitude and duration of the initial 

oscillation. The results are shown in Figures 14 through 17. Figure 

14 of the average alveolar concentration shows the initial overshoot 

and start of the undershoot. However, at 40 minutes in the test the 

calculated cardiac output was reduced by more than 50 per cent of the
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original value and was replaced By the original value. This prevents 

the large undershoot observed in the first procedure (Figure 10).

A comparison of the calculated cardiac output values for the 

two procedures (Figures 12 and 16) shows that in the first procedure 

there is an undershoot and then an overshoot. This is because the 

initial overshoot in the alveolar concentration resulted in a calculated 

cardiac output value that is lower than the actual cardiac output, 

However, during the first few minutes the system is still mixing the 

anesthesia throughout the system resulting in erroneous alveolar 

concentration values. Eventually the system corrects itself because 

the calculations based on the too low cardiac output caused insuffi

cient anesthetic to be delivered into the system. The result is a 

decrease in the alveolar concentration of the anesthesia. This decrease 

causes an increase in the calculated cardiac output. Such a system 

will show a damped oscillation and the experimental result confirms 

this.

In the case of the second procedure the initial undershoot of 

the cardiac output (Figure 16) was stopped when it dropped below 50 per 

cent of the original value and was replaced by the original value.

The result is that the alveolar concentration of the anesthetic 

does not start the large overshoot which in turn causes a too large of 

a correction factor in the calculated cardiac output. Instead there is 

a gradual reduction in the alveolar concentration.

In both procedures the graphs showing the alveolar concentration 

every two minutes (Figures 11 and 15) show a large variation in the 

alveolar concentration between injection times. The alveolar
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concentration reaches a peak within 1 to 2 minutes following an inject 

tion and an approximately exponential decrease as the anesthetic is 

taken up by the body.



CHAPTER 9

CONCLUSION

In conclusion the microprocessor controlled closed loop 

anesthesia delivery system is able to maintain the desired alveolar 

concentration except at the very start of the induction period. The 

combination of the anesthesia monitor’s time constant and the time 

required for the anesthetic to mix throughout the system caused too 

high an alveolar concentration value. This results in the computer 

correction that causes the undershoot in the alveolar concentration. 

The continuing oscillation is most likely caused by actual changes in 

the animal’s cardiac output and computer correction.

The problem of the large overshoot and undershoot of the 

alveolar concentration may be solved by decreasing the time constant 

of the monitor and by gradually injecting the anesthetic into the 

airflow. One approach to decrease the time constant of the monitor 

would be to use the microprocessor to monitor the rate of change of 

the anesthesia monitor output and predict what the final value would 

be. The gradual injection of anesthetic into the airflow could be 

accomplished by a microprocessor controlled syringe pump which would 

calculate the injection rate for each period and drive a stepper motor 

to control the delivery of the anesthetic from the syringe into the 

airflow.
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APPENDIX A

FLOW CHART FOR COMPUTER SIMULATION 
AND ANESTHETIC DELIVERY PROGRAM
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Q  START^)

PRINT THE PRECEDING VALUES

READ CODES FOR THE ANESTHETIC AGENTS AND 
THE TEMPERATURE AND PRESSURE COMBINATIONS

READ THE MINIMUM ALVEOLAR CONCENTRATION 
VALUE FOR THE ANESTHETIC AGENTS

PRINT THE TEMPERATURE AND PRESSURE CODES 
AND WHAT THEY REPRESENT

PRINT THE ANESTHETIC CODES AND THEIR 
ANESTHETICS

PRINT "ANESTHETIC DELIVERY PROGRAM'

READ THE BLOOD-GAS PARTITION COEFFICIENT 
FOR THE ANESTHETIC AGENTS

READ THE CONVERSION FACTOR FOR LIQUID 
TO GAS CONVERSION

PROMPT THE OPERATOR TO ENTER THE DEPTH OF 
ANESTHESIA, PATIENT WEIGHT, ANESTHETIC CODE 
TEMPERATURE AND PRESSURE CODE, AND THE 
PRESENT DOSE IN ML OF LIQUID '

PROMPT THE OPERATOR TO ENTER THE TOTAL 
CIRCUIT VOLUME, INCLUDING THE PATIENT



CALCULATE THE AMOUNT OF ANESTHETIC 
REQUIRED TO PRIME THE CIRCUIT

// ARE >.
DATA VALID

NO READ 
PATIENT 
. DATA

. PRINT. TOTAL INITIAL DOSE IN.ML OF VAPOR
AND LIQUID AND THE DATA OUTPUT FORMAT ; '\

ADD THE TWO PREVIOUS VALUES AND CONVERT 
_____________TO ML OF LIQUID

SET THE TIME TO "ZERO" AND THE TIME PERIOD 
TO A HALF-MINUTE

PROMPT THE OPERATOR TO ENTER THE LENGTH . 
• OF TIME.THE PROGRAM IS TO SIMULATE

PRINT THE REQUIRED CIRCUIT DOSE IN.ML OF 
VAPOR AND LIQUID

CALCULATE THE INITIAL PATIENT UPTAKE OF 
ANESTHETIC .

READ THE PATIENT'S BLOOD-GAS PARTITION 
COEFFICIENT, CARDIAC OUTPUT, AND THE TIME 

IT IS VALID TO (PATIENT DATA)
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/■TIME \  
TO DELIVER 
X XI)OSE? //

YES

NO

YES

END

/TIME ̂  
TO STOP

CALCULATE CARDIAC OUTPUT SINCE LAST DELIVERED 
DOSE AND CALCULATE NEXT TIME TO 

DELIVER DOSE

CALCULATE THE PATIENT'S ANESTHETIC UPTAKE 
CIRCUIT CONCENTRATION, AND THE ANESTHESIA 

MONITOR VALUE EVERY HALF MINUTE

PRINT: THE CUMULATIVE AMOUNT AND DOSE IN ML
OF VAPOR AND LIQUID 
CARDIAC OUTPUT IN LITERS/MINUTE 
TIME '
AVERAGE ANESTHESIA MONITOR VALUE FOR 
THE INTERINJECTION PERIOD 
NEXT DOSE DELIVERY TIME



APPENDIX B

FLOW CHARTS FOR ANESTHETIC DELIVERY 
PROGRAM AND SUBROUTINES
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Overall Flow Chart of the Closed Loop 
Anesthetic Delivery System

CALCULATE THE ARTERIAL CONCENTRATION

CALCULATE THE CARDIAC OUTPUT AND THE UPPER 
AND LOWER LIMITS FOR CARDIAC OUTPUT

CALCULATE THE AMOUNT OF ANESTHESIA TO PRIME 
THE CIRCUIT

CALCULATE THE REQUIRED ALVEOLAR
CONCENTRATION

ENTER DEPTH OF ANESTHESIA, PATIENT'S WEIGHT 
AND TOTAL SYSTEM VOLUME

SET THE TIME PERIOD FOR READING THE MONITOR 
AND THE TIME FOR THE SECOND DOSE. SET THE 

CLOCK TO "ZERO"

CALCULATE THE AMOUNT OF ANESTHETIC TAKEN UP 
BY THE PATIENT IN ONE MINUTE AND THE AMOUNT 

TO PRIME THE BLOOD

TOTAL THE ANESTHETIC REQUIRED TO PRIME THE 
CIRCUIT AND THE AMOUNT TAKEN UP BY THE 
PATIENT IN ONE MINUTE. CONVERT THE VAPOR 

AMOUNT TO LIQUID
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CONVERT THE BINARY VALUES OF THE INITIAL 
DOSE, CARDIAC OUTPUT, AND NEXT INJECTION TO 
DECIMAL VALUES AND DISPLAY ALONG WITH THE TIME

■>f
DISPLAY DD INFORMING THE OPERATOR TO DELIVER 
THE DOSE. .OPERATOR PRESSES THE D KEY ■ - 

SIGNAL "DOSE DELIVERED"

NO / / IS 'i h e 'x .
LIVERED^>
?

YES
r

vJJOSE Iv-hu 

>
CLEAR DD FROM THE-'DISPLAY

-H

START THE CLOCK AND CONTINUOUSLY DISPLAY 
THE TIME IN DECIMAL VALUES

IME 
TO READ TH 

ONITOR!REPEAT

YES
READ THE BCD MONITOR VALUES

!

CALCULATE THE NEXT TIME TO READ THE MONITOR

I
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CONVERT THE BCD MONITOR VALUES AND ADD TO THE 
PREVIOUS VALUE

IS THE 
NEXT DOSE DE

LIVERY TIME LESS T 
THE NEXT TIME TO READ THE 

MONITOR!GO TO REPEAT

CALCULATE THE AVERAGE MONITOR VALUE- THIS IS 
THE AVERAGE ALVEOLAR CONCENTRATION

w
CALCULATE THE NEW CARDIAC OUTPUT

Jl
CONVERT THE CARDIAC OUTPUT TO DECIMAL FORM 

AND DISPLAY THE VALUE

DISPLAY "C". IF THE CARDIAC 
OUTPUT IS ACCEPTABLE, THE 
OPERATOR PRESSES THE "A" KEY.
IF NOT ACCEPTABLE, THE OPERATOR

E CARDIA 
OUTPUT WITHI

LIMIT 
? PRESSES THE "E" KEY

IS
THE VALU 

'NwACCEPTAB 
?

REPLACE WITH 
ORIGINAL CAR 
DIAC OUTPUTIS 

T NEXT 
DOSE DELIVER 

TIME 
?
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DISPLAY ND INFORMING THE OPERATOR TO DELIVER THE DOSE. 
OPERATOR PRESSES THE D KEY TO SIGNAL DOSE DELIVERED

NO IS
THE DOSE 
DELIVER

YES
A'

CLEAR DD FROM DISPLAY
\' _________  ___________ .

CALCULATE THE NEXT DOSE DELIVERY TIME

ADD THE LAST DELIVERED DOSE TO THE PREVIOUS VALUE
 _______ b ______
CONVERT THE BINARY VALUES TO DECIMAL AND DIS
PLAY THE CUMULATIVE DOSE, THE CARDIAC OUTPUT,

AND THE NEXT DOSE DELIVERY TIME

GO TO REPEAT
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Anesthetic Control Program for the "KIM”

START ^

■SUBROUTINE SDEDOS

SUBROUTINE SDISPL

SUBROUTINE ' SQBL

SUBROUTINE SINITL

SUBROUTINE SDOSIN

SUBROUTINE SARTCO

SUBROUTINE SDOSBD

SUBROUTINE STIME

SUBROUTINE SDOSCT

'SUBROUTINE SPAC

SET THE INTERRUP REQUEST VECTOR, THE TIMER 
TO 244 AND ENABLE THE INTERRUPT

SET THE INPUT/OUTPUT PORTS TO READ THE 
MONITOR AND THE TIMER INTERRUPT
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>  SUBROUTINE SDELAY

SWAITSUBROUTINE

SUBROUTINE SREAD

BOBBIN

ADD THE NEW MONITOR TO THE OLD VALUE AND INCRE- ' 
MENT THE NUMBER OF TIMES THE MONITOR HAS BEEN READ

// T AST^%es 
TME TO READ 
. MONITOR .

NO

SUBROUTINE SAVMON

SCORVSUBROUTINE '

SUBROUTINE • SNEWQ

SDISPLSUBROUTINE

SLIMITSUBROUTINE
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IT \  
DOSE DELIV: 
\  TIME.? /

NO

ES

SUBROUTINE SINJCT

SUBROUTINE SDISPL

SUBROUTINE SDEDOS

ADD THE LIQUID AMOUNT DELIVERED TO THE TOTAL 
LIQUID AMOUNT DELIVERED INTO THE CIRCUIT
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BCDBIN

BINBCD

DIVIDE

DXVSON

ITIME

MULTI

SARTCQ

SAVMON

SCORV

SDEDOS

SDELAY

SDISPL

SDOSBD

Subroutine Directory
Converts a four-digit BCD number into a two-byte binary 
number.

Converts a two-byte binary number into a four-digit BCD 
number.

Divides a two-byte binary number by a one-byte binary 
number. The result is a rounded off one byte number.

Divides a four-byte binary number by a two-byte number.
The result is a rounded two-byte number.

Is the interrupt subroutine used to keep track of the time 
and shows it is Displays 0 and 1.

Multiplies two two-byte' binary numbers into a four-byte 
result.

Calculates the required arterial_blood concentration by 
multiplying the desired alveolar concentration of the 
anesthetic by the blood-gas partition coefficient.

Calculates the average anesthesia monitor value since the 
last anesthetic dose delivery time.

Calculates the cardiac output correction value by dividing 
the desired alveolar concentration of the anesthetic by 
the * average monitor value.

Displays MDDn in Display 7 to inform the user to deliver 
the dose of anesthetic agent into the circuit. When the 
user presses the nDn key to signal that the dose was 
delivered, the computer acknowledges by displaying "00" in 
Display 7.

Calculates the last time to read the anesthetic monitor 
before the next dose delivery time. It also sets the 
cumulative monitor value and the number of times the 
monitor was read to."Zero."

It displays three values. The first value is the next dose 
delivery time in Displays 2 and 3. The second value is 
total dose in ml of liquid in Displays 4 and 5. The third 
value is the cardiac output in deciliters in Displays 6 
and 7.

■ Calculates the amount of anesthetic vapor taken up by the 
body in one minute.
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SDOSCT

SDOSIN

SINJCT

SINTL

SKEYBD

SLIMIT

SNEWQ

SPAC

SQBL

SQRT

Calculates the amount of anesthetic vapor required to prime 
the circuit.

Adds the amount of anesthetic vapor taken up by the body 
in one minute and the amount of anesthetic vapor required 
to prime the circuit. This value is converted in ml of 
liquid. .Next, it converts the preset liquid dose of 
anesthetic into ml of vapor,-

Calculates the next anesthetic dose delivery time to the 
nearest tenth of a minute.

Is the initialization program for the microprocessor. It 
sets all variables, counters and displays to "Zero,11 It 
allows the user to enter via the keyboard the three 
parameters required to run the program. The first is the 
desired depth of anesthesia, the second is the patient? s 
weight in kilograms, and the third is the total circuit 
volume in deciliters.

Allows the user to enter four-digit values via the keyboard. 
In order for the computer to accept the value, the user 
must press the. "A" key after entering the value.

Checks if the cardiac output is within the limits on the 
cardiac output. The limit is ± 50% of the cardiac output 
determined from the patientv s weight. If the value 
exceeds the limit, a "C" is shown in Display 7. If the. 
user presses the "A" key, the value is used. If an "E" key 
is pressed, the calculated cardiac output is replaced by 
the value based on the patient1s weight.

Calculates the new cardiac output by multiplying the old 
values by the correction value.

Calculates the desired alveolar concentration of the 
-anesthetic by multiplying the desired depth of anesthesia 
by the minimum alveolar concentration of the anesthetic 
agent.

Determines the cardiac output in deciliters based on the 
patientfs weight in kilograms. Next, it calculates the 
upper and lower limits for the cardiac output, The limit 
is ±50% of the original value.

Calculates the square root of a two-byte number. The method 
used is the Newton-Raphson technique.
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STIME Used at the start of the program to set the time between

monitor readings to 30 seconds and set the first preset dose 
delivery time for one minute after the initial dose is 
delivered,

SWAIT Used in a wait loop to determine when to read the
anesthetic monitor.



Subroutine BCDBIN

START

SUBTRACT BCD VALUE FROM 9999

STORE RESULT AS THE NEW BCD VALUE

YES

NO

RETURN

ADD 1 TO THE BCD VALUE

SET TWO BYTE BINARY VALUE TO ZERO

SET DECIMAL MODE

CLEAR DECIMAL MODE

ADD 1 TO THE TWO BYTE BINARY VALUE. STORE 
THE RESULT IN "BIN2" AND ,:BIN1"
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Subroutine BINBCD

START ^

riNARYX
lLUE A  , 
■iQOVK 

\ YES

JB1NARY 
rALUE 2 
Xpoa>

NO

.YES

NO

RETURN

THE REMAINING BINARY VALUE IS THE 1's DIGIT

SET THE DECIMAL DIGITS TO "ZERO

COMBINE THE 1000's DIGIT AND 100's DIGIT INTO 
1 BYTE CALLED "BREST2" •

COMBINE THE lOO'sv-DlGIT AND 1' s DIGIT INTO 
1 BYTE-.CALLED "BRESTl" "

SUBTRACT 10 FROM THE BINARY VALUE AND 
INCREMENT THE 10's DIGIT

SUBTRACT 100 FROM THE BINARY VALUE AND 
INCREMENT THE 100's DIGIT

SUBTRACT 1000 FROM THE BINARY VALUE AND 
INCREMENT THE 1000's DIGIT
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Multi-Byte Word Length Division Subroutine

IS
//IjBPER 2 
BYTES OF DIVISION 
SRESULT > DIVISOR'

NO

YES

NO ITS =0?

YES

START OF DIVIDE

DECREMENT BITS

START OF 
DIVISION 
SUBROUTINE

SET 4TH & 3RD BYTES OF DIVISION RESULT TO "ZERO

SHIFT LEFT THE 4 BYTE DIVISION RESULT

SET "BITS" TO THE NUMBER OF BITS 
IN THE WORD (2 BYTES = 16 BITS)

MULTIPLY THE REMAINDER BY 2. DONE BY SHIFTING 
LEFT THE 4TH AND 3RD BYTES OF DIVISION RESULT

LOAD TWO BYTE DIVIDENDS INTO 1ST & 2ND BYTES 
OF DIVISION RESULT

SUBTRACT 2 BYTE DIVISOR FROM 4TH AND 3RD 
BYTES OF DIVISION RESULT
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;sult >
NO

YES
ADD 1 TO THE QUOTIENT

RETURN

SUBTRACT THE 2 BYTE DIVISOR FROM THE NEW REMAINDER

DIVISOR IS TWO BYTES —  "DIVR2" AND "DIVR1"

DIVIDEND IS TWO BYTES —  "DIVD2" AND "DIVD1"

THE RESULT IS FOUR BYTES —  "DREST4," "DREST3," 
"DREST2," AND "DREST1"



Subroutine ITIME

START

NO . — (THE PERI O'

YES

RETURN

RESTORE THE X AND YREGISTERS AND THE ACCUMULATOR

DECREMENT THE COUNTER CALLED PERIOD

INCREMENT THE DECIMAL TIME SHOWN IN 
DISPLAYS #0 AND 1

RESENT THE TIMER TO 244. THE TIMER IS 
DECREMENTED EVERY 1024 MICROSECONDS

INCREMENT THE LOCATION KEEPING TRACK OF 
TIME IN BINARY NUMBERS .

PUSH THE CONTENTS OF THE ACCUMULATOR, THE X 
REGISTER AND Y REGISTER ONTO THE STACK

RESET PERIOD"TO 24<' THE-ELAPSED.TIME IS 244 x 
1024 x24 xlO"6 = 5.'96 SECONDS. THIS IS .1 MINUTE



Multi-Byte Word Length Multiplication Subroutine
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START

z/flRST BIT^ 
x d f  multip.lie: NO

YES

NO
BITS" = 0

RETURN

DECREMENT "BITS

SHIFT RIGHT THE 4 BYTE MULTIPLICATION RESULT .

SET "BITS" TO NUMBER OF BITS IN WORD

SET 4TH AND 3RD BYTES OF MULTIPLICATION ROUTINE TO "ZERO

LOAD TWO-BYTE MULTIPLIER INTO 2ND AND 1ST 
BYTES OF MULTIPLICATION RESULT

ADD TWO BYTE MULTICAND TO 4TH AND 3RD BYTES 
OF MULTIPLICATION RESULT

THE MULTICAND IS TWO BYTES —  "MULTC2" AND "MULTC1"

THE MULTIPLIER IS TWO BYTES —  "MULTP2" AND "MULTP1"

THE RESULT IS FOUR BYTES —  "MREST4,"'"REST3," "MREST2," 
AND "MREST1"



Subroutine SARTCO

START J

RETURN

SCALE THE RESULT BY MULTIPLYING BY 10

STORE ARTERIAL CONCENTRATION IN 2 BYTES 
"ARTC2" AND "ARTC1"

MULTIPLY THE DESIRED ALVEOLAR CONCENTRATION BY 
A CONSTANT EQUAL TO THE ANESTHETIC "MAC" VALUE 
TIMES THE ANESTHETIC BLOOD-GAS PARTITION CO
EFFICIENT



Subroutine SAVMON

START

RETURN

FOR SCALING PURPOSES MULTIPLY THE TOTAL BY 10

GET THE SUM OF THE ANESTHETIC MONITOR VALUES

STORE THE AVERAGE MONITOR VALUES IN THE 
2 BYTES "AVMON2" AND "AVMON1"

DIVIDE THE RESULT BY THE NUMBER OF TIMES 
THE MONITOR WAS READ



Subroutine SCORV

START

RETURN

DIVIDE THE RESULT BY THE AVERAGE MONITOR VALUE

STORE THE RESULT CALLED THE CORRECTION VALUE 
IN "CORV2" AND "CORV1-"

FOR SCALING PURPOSES, MULTIPLY THE DESIRED 
ALVEOLAR CONCENTRATION BY 100



Subroutine SDEDOS

START

.KEY PRESSED

NO

NO KEY PRESSED

NO

YES

RETURN

DISPLAY "00" IN DISPLAY #7

DISPLAY DD IN DISPLAY #7

GO TO SUBROUTINE "SCANDS

GO TO SUBROUTINE "SCANDS

GO TO SUBROUTINE "GETKEY" TO DECODE 
•THE KEY



Subroutine SDELAY

START

RETURN

SET THE CUMULATIVE MONITOR VALUE AND THE 
NUMBER OF TIMES THE MONITOR WAS READ TO 
"ZERO." MONITOR VALUE IS STORED IN TWO 
BYTES, "MONV1" AND "MONV2."
SAMPLES IS STORED IN "SAMPLE

THE NUMBER OF

SUBTRACT THE TIME PERIOD BETWEEN READING THE 
MONITOR FROM THE NEXT DOSE DELIVERY TIME.
THE RESULT IS STORED IN TWO BYTES, "TDELY2" 
AND "TDELY1" AND IS USED TO DETERMINE THE 
LAST MONITOR READING BEFORE THE NEXT DOSE 
DELIVERY TIME.



Subroutine SDISPL

^START ^

DISPLAY THE VALUE IN DISPLAYS #4 AND #5

DISPLAY THE VALUE IN DISPLAYS #6 AND #7

DISPLAY THE VALUE IN DISPLAYS #2 AND #3

CONVERT THE TOTAL LIQUID DOSE FROM A 
BINARY VALUE TO THE BCD VALUE, USING 

SUBROUTINE BINBCD.

CONVERT THE CARDIAC OUTPUT FROM A BINARY 
VALUE TO A BCD VALUE, USING SUBROUTINE 

BINBCD

CONVERT THE NEXT DOSE DELIVERY TIME FROM A 
BINARY VALUE TO A BCD VALUE USING SUB

ROUTINE BINBCD

RETURN
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Subroutine SDOSBD

RETURN

DOUBLE THE VALUE

MULTIPLY THE ARTERIAL CONCENTRATION BY THE 
CARDIAC OUTPUT

RESULT IS THE AMOUNT OF ANESTHETIC VAPOR 
TAKEN UP BY THE BODY IN ONE MINUTE. 
RESULT IS STORED IN TWO BYTES "DOSBD2" 

"AND" "DOSBD1"



Subroutine SDOSCT

RETURN

MULTIPLY THE DESIRED ALVEOLAR CONCENTRATION 
BY THE TOTAL SYSTEM VOLUME

STORE THE TWO BYTE RESULT IN "DOSCT2" AND 
"DOSCT1"



Subroutine SDOSIN

Q  START

RETURN

CONVERT THE VAPOR AMOUNT TO LIQUID BY 
DIVIDING BY 231

ADD THE INITIAL BODY UPTAKE DOSE AND THE 
CIRCUIT PRIMING DOSE

STORE LIQUID DOSE IN TWO BYES, "D0SL02 
AND "DOSLOl".

CONVERT PRESENT LIQUID DOSE .5 ml INTO 
ML OF VAPOR

STORE THE CONSTANT GAS DOSE IN TWO BYTES 
"0GAS2" AND "DGAS1" .



Subroutine SINJCT

START

RETURN

SQUARE THE VALUE

SCALE THE RESULT BY DIVIDING BY 50

SCALE THE RESULT BY DIVIDING BY 100,000

SCALE THE TIME BY MULTIPLYING BY 10

DETERMINE THE SQUARE ROOT OF THE SCALED 
■ TIME VALUE

SCALE THE SQUARE ROOT BY MULTIPLYING BY 10, 
AND ADD TO THE "B TERM",

MULTIPLY THE CARDIAC OUTPUT BY THE DESIRED 
ARTERIAL CONCENTRATION

THE RESULT IS THE NEXT INJECTION TIME TO THE 
NEAREST TENTH OF A MINUTE STORED IN "TINJT2" 

AND "TINJT1"

DIVIDE THE PRESENT DOSE IN ML OF VAPOR BY 
THE PRECEDING SCALED VALUE. THE RESULT IS 

CALLED THE "B TERM"



Subroutine SINITL

SET ALL DISPLAYS TO ZERO

RETURN

SET ALL VARIABLES AND COUNTER TO ZERO

GO TO SUBROUTINE SKEYBD AND ENTER THE DEPTH 
OF ANESTHESIA VIA THE KEYBOARD

CONVERT THE BCD VALUE INTO A BINARY NUMBER 
AND STORE IN "F"

CONVERT THE BCD VALUE INTO A BINARY NUMBER 
AND STORE IN "WKG"

GO TO SUBROUTINE SKEYBD, AND ENTER THE . 
PATIENT'S WEIGHT VIA THE KEYBOARD

GO TO SUBROUTINE SKEYBD AND ENTER THE TOTAL 
. VOLUME OF THE SYSTEM

CONVERT. THE BCD VALUE INTO A BINARY VALUE 
STORE THE TWO BYTES IN."VOLCT2" AND

"VOLCT1" ■ v



Subroutine SKEYBD

START

YES

NO

YES

NO

^  KEY ̂  
PRESSED,

/ I S
:ey valid>

GO TO SUBROUTINE SCANDS

TO TO ROM SUBROUTINE GETKEY TO DECODE THE 
PRESSED KEY

GO TO ROM SUBROUTINE SCANDS TO SCAN THE 
KEYBOARD

SET KEY NUMBER, KEY VALID AND KIM DISPLAY 
TO ZERO. SET X.= 1



86

YES
IS

IT THE 2ND 
OR 4TH DIGIT2

0

SCORE BCD VALUE IN UPPER 4 BITS AND DISPLAY 
VALUE IN DISPLAY #4+X '■

MASK UPPER 4 BITS AND OR WITH PREVIOUS
VALUE’

DISPLAY VALUE IN DISPLAY #6+X

 DECREMENT X INCREMENT KEY VALID

NO THE KEY
^sAN-

YES

CLEAR DISPLAYS #6 AND #7
>/

RETURN



Subroutine SLIMIT

START

IS THE 
CARDIAC OUTPUT 

WITHIN THE LOWER 
s. LIMIT?

NO

YES

IS THE1 
CARDIAC OUTPUT" 

■ WITHIN THE UPPER 
X l LIMIT? X

NO

YES
RETURN



©
_jL

SHOW "C" IN DISPLAY #7

YES

NO

YES

/ /  IS I T \  
THE "E" KEY

RETURN

. SHOW 00 IN DISPLAY #7

USE SUBROUTINE SCANDS TO DETERMINE WHEN A 
KEYBOARD KEY IS PRESSED

USE SUBROUTINE GETKEY TO DECODE THE VALUE 
OF THE PRESSED KEY '

REPLACE PRESENT CARDIAC OUTPUT VALUE WITH 
THE ORIGINAL CARDIAC OUTPUT VALUE



Subroutine SNEWQ

START

RETURN

SCALE THE VALUE BY DIVIDING BY 100

MULTIPLY THE OLD CARDIAC OUTPUT BY THE 
CORRECTION VALUE

STORE THE CARDIAC OUTPUT IN DECILITERS 
IN TWO BYTES, "Q2" AND "Ql"



Subroutine SPAC

RETURN

SCALE THE RESULT BY DIVIDING BY 10

MULTIPLY THE DESIRED ANESTHESIA DEPTH BY 
THE MINIMUM' ALVEOLAR CONCENTRATION VALUE 

OF THE ANESTHETIC

THE RESULT IS THE DESIRED ALVEOLAR CONCENTRA
TION, THE TWO BYTE VALUE IS STORED IN "PAC2" 

AND "PACT"



Subroutine SQBL

START

RETURN

DIVIDE CARDIAC OUTPUT BY 2

DIVIDE ORIGINAL CARCIAC OUTPUT BY 2

SUBTRACT THIS VALUE FROM THE ORIGINAL VALUE 
AND STORE THE LOWER LIMIT IN TWO BYTES, 

"QLL2" AND "QLL1"

• ADD THE PRECEDING RESULT TO THE ORIGINAL 
CARDIAC OUTPUT. STORE THE HIGH LIMIT IN TWO 

BYTES, "QUL2" AND "QULl"

GET THE CARDIAC OUTPUT IN DECILITERS FROM THE 
TABLE LISTING CARDIAC OUTPUT VALUES RELATED 
TO WEIGHT IN KGS. STORE IN ONE BYTE, "Q"



Subroutine SQRT

START

SET SHIFT RIGHT COUNTER TO 2

IS
NUMBER < 

1000?

SET SHIFT RIGHT COUNTER TO 4

YES IS
NUMBER < 
4080?

SET SHIFT RIGHT COUNTER TO 5

IS
NUMBER < 
8190?

SET SHIFT RIGHT COUNTER TO 6

UMBER

SET SHIFT RIGHT COUNTER TO 7



NO

YES

YES.ESULT

COUNTER
0?//

RETURN

MULTIPLY THE NUMBER BY 2

SQUARE THE NUMBER N

DECREMENT SHIFT RIGHT COUNTER

THE VALUE OF THE NUMBER 
IS THE SQUARE ROOT. THE 
ORIGINAL NUMBER STORED 
IN 2 BYTES, "SQRT2" AND 
"SQRT1"

SHIFT THE NUMBER TO THE RIGHT BY 1. 
EQUIVALENT TO DIVIDING BY 2. N ̂ 1

SUBTRACTING THIS VALUE FROM THE 
NUMBER GIVES THE NEW VALUE OF THE 
NUMBER N = N-C

DIVIDE THE RESULT FROM THE SUBTRACTION 
STEP BY TWICE THE VALUE OF THE NUMBER

2N

SUBTRACT THE ORIGINAL NUMBER VALUE FROM THE 
NUMBER SQUARED VALUE
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Subroutine STIME

START

RETURN

SET THE TIME INTERVAL BETWEEN READING THE 
MONITOR TO HALF A MINUTE. STORE IN "TINTR1

SET THE NEXT TIME TO READ THE MONITOR TO HALF 
A MINUTE. STORE IN TWO BYTES, "TREAD2" AND

"TREAD1"

SET THE NEXT TIME TO DELIVER THE DOSE TO ONE 
MINUTE, STORE IN TWO BYTES, "TINJT2" AND

"TINJT1"



Subroutine SWAIT

START

NO
ESULT <

YES

SUBTRACT THE TIME TO READ THE MONITOR FROM 
THE PRESENT TIME

SET THE TIME PERIOD BETWEEN READING THE MONITOR 
TO THE CURRENT TIME TO READ THE MONITOR. THE 
RESULT (THE NEXT TIME TO READ THE MONITOR) IS 
STORED-IN TWO BYTES, nTREAD2n AND t,TREAD1m

 ¥ ___
>  RETURN
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