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ABSTRACT
 

EVALUATION OF EXERCISE-RESPIRATORY
 
SYSTEM MODIFICATIONS AND INTEGRATION
 

SCHEMES FOR PHYSIOLOGICAL SYSTEMS
 

R.R. GALLAGHER, Ph.D.
 
DEPARTMENT OF E'LECTRICAL ENGINEERING
 

KANSAS STATE UNIVERSITY
 
MANHATTAN, KANSAS
 

Exerc-ise subroutine modifications are implemented in an exer

cise-respiratory system model yielding improvement of system res

ponse to exercise forcings. A more physiologically desirable res

piratory ventilation rate in addition to an improved regulation of
 

arterial gas tensions and cerebral blood flow is observed. A res

piratory frequency expression is proposed which would be appropriate
 

as an interfacing element of the respiratory-pulsatile cardiovas

cular system.
 

Presentation of a circulatory-respiratory system integration
 

scheme along with its computer program listing is given. The inte

grated system responds to exercise stimulation for both nonstressed
 

and stressed physiological states. Other integration possibilities
 

are discussed with respect to the respiratory, pulsatil.e cardiovas

cular, thermoregulatory, and the l'ong-term.circul'atory ,sstems.
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1. INTRODUCTION
 

1.1 Overview of Modelinq Effort
 

The major objectives and emphasis of the overall physiological
 

system modeling effort focus on the development of an effective
 

whole-body algorithm as being the most significant feature.
 

(1) Utilizing system theory, mathematical descriptions of physio

logical functions, appropriate empirical interrelationships bet

ween variables, and a computer implementation and display system
 

complex physiological systems have been realized.
 

Physiological systems that were deemed important to the pro

ject's overall goals included the respiratory, fluid-electrolyte
 

balance circulatory, pulsatile cardiovascular, and thermoregulatory
 

systems. Proper evaluation, modification, and adaptation of
 

selected models (2-5) have been made with their implementation co

ordinated with the project's goals, The indicated references pro

vide the necessary details of the models. Therefore, only specific
 

modifications will be discussed in this report.
 

The computer program for the integrated circulatory and res

piratory control systems which will be presented in more detail
 

in later sections is included in the Appendix. This program is
 

comment laden and provides an adequate description of the involve

ment of each subroutine within itself and also its relationship
 

to other subroutines in the program. Many of the comments in the
 

respiratory system component refer to Grodins' basic model. (2)
 

Block diagrams and explanatory material for each of the two major
 

systems (circulatory and respiratory) are given by White (6) and
 

Gallagher (7).
 



Since the primary thrust of the modeling revolves around the
 

effects on parameters that are influenced by the space environment,
 

variations in gravitational forces, external body pressures, inspired
 

gas composition, and thermal conditions are some of the inputs
 

utilized in determining dynamic physiological responses and asso

ciated hypotheses. Implementation and coordination of the simulations
 

with major Skylab experiments provide the research-application im

petus. Such a research effort demands a well-defined set of tasks
 

which a.re fulfilled in sequence and/or concert. Some of the major
 

milestones which are detailed by numerous-specific tasks include
 

(a) evaluation and modification of major physiological sub
systems,
 

(b) development and evaluation of hypotheses regarding physio
logical systems responses' to stresses and altered en
vironments,
 

(c) implementation of integrated system simulations and verifi
cation of responses, and
 

(d) implementation of supporting software systems for col
lecting, storing, and correlating simulated and experi
mental data.
 

With utilization of this complete whole-body simulation or its
 

selected subsystems, revised techniques for remote medical care
 

can be evaluated and implementation procedures established for
 

future manned spaceflights. In addition, potential diagnostic
 

and therapeutic capabilities may emerge from correlation of simula

tion and physiological testing during real time medical monitoring.
 

In keeping with the spirit of the project one should not lose
 

sight of the important contribution that simulation provides in
 

understanding physiological processes under the influence of normal
 

and altered environments.
 

1.2 	Exercise and the Respiratory System Model
 

The respiratory control system is an excellent example of a
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physiological system that illustrates the influence of exercise
 

upon its variables' responses. The magnitude and length of the
 

exerci-se stimulus as well as the physical condition of the sub

ject play integral roles in determination of the system's responses.
 

One aspect of exercise simulation discussed in the following report
 

involves the.respiratory control system functioning as an indepen

dent system. Modifications of the exercise subroutine are eval

uated illustrating improved control of ventilation rates and arte
 

ial and compartmental gas tensions.
 

1.3 Integration of Physiological System Models
 

There are several approaches which can be taken in the process
 

of integrating the simulations of the respiratory and circulatory
 

systems. Since both systems' dynamic responses are influenced by
 

exercise and with exercise variations and their associated physio

logical forcing roles being major components of the manned space

flight medical experiments, the integrati.on scheme revolves around
 

the implementation of exercise simulations. As implied in Section
 

3 there are extensions in the utility of these models for non

spaceflight experiments. (8)
 

In the following report emphasis is placed upon the inter

face component of the integrated model. For details concerning
 

other variable formulations in the individual modes one should re

fer to the references. (2, 3, 6, 7). The interface allows for a
 

minimal amount of alteration of each existing system while im

proving or supplementing the simulation responses of each system.
 

The integrated system can be described in terms of three
 

functional components; stimuli, basic control systems, and the
 

interfacing system as illustrated in Figure 1. Major categories
 

of stimuli include exercise, parameter, and environmental variations.
 

http:integrati.on


STIMULI BASIC CONTROL SYSTEMS 	 INTERFACING SYSTEM
 

EXERCISE I- CIRCULATORY RMO-
VARIATIONS CONTROL DOB -,SYSTEM IQLO
 

OVA
 

HM -


PARAMETER HM*OSA FRACTIONAL Q7Ojj WEIGHTED u 
VARIATIONS SATURATION CCONVERSIONI 

OPERATION OPERATION 

I

aHb .. 


RESPIRATORY a(HbO)1

CONTROL Q
 

ENVIRONMENTAL SYSTEM MRT(02)
 
VARIAT'IONS
 

Figure 1. 	Integration scheme for respiratory and circulatory
 
control systems.
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As previously mentioned emphasis is placed upon the exercise stim

ulus since several manned spaceflight experiments stress man's
 

physiological performance under various exercise levels in an al

tered environment.
 

Since all of the basic control system's parameters are not
 

common to both subsystems another stimulus includes the option of
 

changing subsystem parameters and properties. This allows for in

vestigation of the response of one system to a particular physio

logical change when that response is only indirectly related to that
 

change. Therefore, another dimension of complexity has been added
 

to physiological system modeling which has been previously un

available.
 

Another stimulus which directly affects the respiratory system
 

model is the gaseous composition of the environment. Responses
 

to these environmental variations are not available in the existing
 

formulation of the circulatory system model. The implications of
 

providing an indirect environmental stimulus to the circulatory
 

system via the respiratory system enhances the capabilities of the
 

integrated system. Preliminary simulations of this classification
 

of experiemnts have indicated a need for additional modifications
 

of the circulatory system so that it is sensitive to the environ

mental stimuli.
 

1.4 Improved Respiratory Frequency Expression
 

Exercise presents the organism with the task of rapidly and
 

optimally adapting to the requirements imposed upon it. One of
 

these tasks is to increase ventilation in order to meet the ac

celerated metabolic demand for 02 by the exercising muscle systems
 

and the corresponding need to vent the CO2 byproduct.
 

A ventilatory stimulus could be considered a physiological
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variation which acts upon the respiratory centers and supplies
 

information about the respiratory requirements of the body. There
 

are two classifications of ventilatory stimuli: humoral and
 

neural. Humoral stimuli involve modifications in the physical or
 

chemical properties of the circulating blood that stimulate the
 

respiratory centers either directly through the blood or via 

afferent nerve endings located in receptors in contact with the
 

vessels. These are termed chemoreceptors and baroreceptors. The
 

other stimuli are classified as neural stimuli. They originate
 

in the brain or in cutaneous, mucosal, or deep peripheral receptors.
 

Generally, these respond to localized conditions. Humoral and
 

neural factors -are postulated as controlling espiratory frequency.
 

The complexities of the interactions between neural and humoral
 

control are manifested during exercise. The individual must in

crease ventilation to a level sufficient to provide the additional
 

02 intake and CO2 venting demanded by the body's high level of
 

exercise metabolism. However, exercising subjects ventilate at a
 

rate that exceeds the increases that would-be dictated solely by
 

arterial PCO 2 , pH, and P02 alone. (7) The difference between
 

the humoral requirements and the actual ventilatory rate must then
 

be a function of neural stimuli. This could be the result- of neural
 

pathways between the motor cortex and the respiratory centers and
 

feedback from the forementioned proprioceptors. The neural fac

tors assume even greater significance when ventilation is plotted
 

as a function of exercise level and duration; however, there seems
 

to be an upper limit of neural stimulation. It is noted-that there
 

is a rapid 'increase in perspiration immediately after the onset of
 

exercise; 'this component has been postulated to be strictly neuro

logical in nature.
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An important question about ventilation, both for resting
 

states and during exercise, concerns the actual frequency of res

piration. It is obvious that identical ventilation requirements
 

can be fulfilled either with a series of rapid, shallow inspirations
 

or with long, deep ventilations.
 

The ventilation formulation in the respiratory system model
 

is a satisfactory representation. The respiratory frequency ex

pression is the one for which modifications are proposed. It
 

is desirable to'have a physiologically based expression for res

piratory.frequency since this could become an important inter

facing component for the respiratory-pulsatile cardiovascular system
 

model.
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2. 	EVALUATION OF EXERCISE SUBROUTINE MODIFICATIONS
 
IN THE RESPIRATORY SYSTEM MODEL
 

2.1 Statement of Objectives
 

With the respiratory control system model functioning as an
 

independent system certain modifications of the exercise subroutine
 

allow for a more realistic response to exercise stimulation. These
 

modifications apply to both on- and off-transient responses. Eval

uation of these modifications which preserve the neural and humoral
 

control of ventilation is desired.
 

2.2 System Response Before Implementation of Modifications
 

The discussion in this section refers to the respiratory
 

system functioning independently with all modifications relating
 

to the computer program as listed in the Appendix of Gallagher's
 

report. (7) Some of the modifications are included in the inte

grated circulatory-respiratory system model in addition to the
 

modifications required for the interfacing of the two systems.
 

For implementation and evaluation of exercise subroutine modi

fications for the respiratory control system simulations a-spectrum
 

of exercise levels were simulated. Appropria-te magnitudes and
 

lengths of exercise levels were implemented. These ranged in mag

nitude from the resting state to a submaximal exercise level of 250
 

watts- and in durations of 2.5 to 12.0 minutes depending upon the
 

exercise increment.
 

Although the simulation provides approximately 60 physio

logically oriented output variables the following variables were
 

closely monitored so as to determine the exercise simulation de

ficiencies.
 

(a) inspired ventilation rate (VI, I/min)
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(b) cerebrospinal fluid H+ concentration (CCSF(H+),
 

nanomoles/l CSF)
 

(c) arterial 02 tension (Pa(co2) mm Hg)
 

(d) arterial CO2 tension (Pa(O 2 )' mm Hg)
 

(e) tissue 02 metabolic rate (MRT(o2), 1/min)
 

(f) tissue CO2 metabolic rate (MRT(c02), 1/min)
 

(g) alveolar respiratory quotient (Alv RQ)
 

(h) cardiac output (Q,l/min)
 

(i) brain blood flow (QB' I/min)
 

Figures 2 and 3 illustrate the type of responses generated 

by the system-before the modifications were introduced. In general,
 

the greater the exercise level the more pronounced are the vari

ables' transient responses. If one would superimpose a variable's
 

response for a wide range of exercise levels a family of curves
 

illustrating trends in the variable's response to exercise stim

ulation would be evident. After careful examination of the system's
 

responses to each exercise level the 200 watt level was chosen as
 

the base run fromwhich exercise subroutine modifications were
 

evaluated.
 

For the following discussion of the simulation deficiencies
 

refer to Figure 3. Inspired ventilation, VI , contains a reasonable
 

neurological component as illustrated by the immediate on-set of
 

ventilation when exercise is initiated.
 

This is followed by a slowly rising VI response, the humoral 

component. Sufficient ventilation is not available in order to 

properly regulate the arterial 02 and CO2 tensions as demonstrated 

by these responses. The inadequate blow-off of CO2 is reflected in 

the increased concentration of the H+ ion in the CSF compartment. 

Since the CSF compartment's H+ ion is an important regulator of 
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Figure 2. 	Selected variables from the respiratory system
 
simulation of an exercise (work load) excitation
 
of 150 watts prior to exercise subroutine modi
fications. 
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ventilation one would expect to see an increase in the ventilation
 

rate; however, this regulatory component is of minor importance in
 

exercise simulations with normal environmental conditions, i.e.
 

physiologically compatible atmospheric gaseous mixtures.
 

Also evidenced from Figure 3 is the simulation's inadequate
 

regulation of cerebral blood flow. This response correlates with
 

an insufficient ventilation rate.
 

The 	off-transient exercise response provides a ventilation
 

rate that exceeds the necessary rate. In other words, the ventil

ation rate causes an increase in arterial 02 tension and a decrease
 

in arterial CO2 tension which could be smoothed with proper modi

fication of the exercise subroutine., In addition, the piece-wise
 

linear off-transient VI response is not physiologically justifiable.
 

2.3 	System Response After Implementation of Modifications
 

Three basic modifications were implemented in thie respiratory
 

system program yielding improved simulations. These changes are
 

reflected in the system responses for the respiratory control sys

tem independent of the circulatory system simulation. Consequently,
 

these program changes are not contained'in the program listing in
 

the Appendix. Variations of some of these expressions with the in

tegrated system are discussed in Section 3.
 

In compliance with Astrand and Rodahl (9) a change in the func

tional relationship between steady-state 02 requirement and exercise
 

level (SS02W(WORK)) was made. The functional discontinuities listed
 

in the statements of subroutine SS02W(X) were removed yielding the
 

relationship
 

SS02W(X) = (X/75.) + .215*(75.-X)/75., 0sX<75
 

-.072 + X/70., 75<X<250
 

= 3.5, X>250 fot X = WORK 	 (2-1)
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For a 200-watt exercise level this change increased the steady

state 02 requirement by 4.5% to 2.785 I/min and correspondingly
 

increased steady-state ventilation approximately 6.4%. (10) Thus,
 

this subroutine dictates the steady-state level of required 02 for
 

an exercise stimulus and can be easily altered to meet individual
 

demands.
 

Another modification which improved the ventilation response
 

and consequently the regulatory aspects of the system involved
 

the exponential functional expression that describes the on- and
 

off-transient ventilation responses. VTIME is an expression in
 

subroutine RC12 which indirectly describes the dependency of ven

tilation upon magnitude and duration of exercise levels. The
 

VTIME expression which was applicable for both the on-transient
 

and off-transient responses to exercise stimulation was originally
 

programmed as
 

VTIME = TCT*(CXT-TIMEON)/9.2. (2-2) 

Modification of this expression yielded for the on-transient
 

case the expression
 

VTIME = I.I-I.l*EXP(-TCT*(CXT-TIMEON)/l.92) (2-3) 

and for the off-transient case
 

VTIME = I.I-l.l*EXP(-TCT*(CXT-TIMEON)/3.84). (2-4)
 

Here,
 

I/TCT = time -constant associated with the exponential 

functions related to exercise levels. 

CXT = simulated time, and 

TIMEON = time for initialization, of new exercise level. 

http:I.I-l.l*EXP(-TCT*(CXT-TIMEON)/3.84
http:I.I-I.l*EXP(-TCT*(CXT-TIMEON)/l.92
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Figure 4 illustrates the responses utilizing the forementioned
 

modifications. The modifications retain the neurological component
 

of inspired ventilation, VI, and allows steady-state ventilation to
 

be approached much more swiftly with a slight positive derivative
 

in the ventilation rate prevailing until exercise is te'rminated.
 

The faster response in ventilation rate, which is more acceptable
 

physiologically speaking, provides good regulation of the arterial
 

02 and CO2 tensions during the initial portion of the exercise
 

stimulus in addition to good regulation of cerebral blood flow.
 

Although not a critical problem, the off-transient response
 

needs some refinement. The build-up of H+ concentration in the CSF
 

compartment suggests further modifications in the metabolism form

ulations. Cerebral blood flow, although not unstable, possesses
 

a response which should be smoother.
 

To further illustrate the capabilities of the system to re

spond to a variety of exerciso levels a 40-minute simulation in

volving the following series of exercise levels was run.
 

Exercise level Duration
 
(Work load, watts) (min)
 

0 0.5
 

40 2.0
 

100 3.0
 

150 5.0 

0 7.0
 

150 5.0 

250 5.0 

0 12.5
 

The system variables, V, (1/min), CCSF(H+) (nanomoles/lCSF),
 

QB (/in), Pa(Co2) (mm Hg), and Pa(02) (mm Hg) are shown in Figure 

5. Justifiable regulation ofPa(c02) and Pa(02 ) is achieved. QB
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is regulated during on-transient periods and for low to medium 

exercise levels; however, the off-transient of QS corresponding 

to sub-maximal exercise levels exhibits poor control which is sup

portive of the statements made in the previous paragraphs. 

The third modification which could be implemented without
 

appreciable sacrifice in the simulation's fidelity involves the
 

differential equation Subroutine RCl3. Since the system's vari

ables are not rapidly varying as a function of time the thesis is
 

the following. There is no justifiable requirement for a differ

ential equation subroutine having the capabilities of a 4th order
 

Runge-Kutta method and an Adams-Moutlon predictor-corrector scheme.
 

Using this criterion the following subroutine may be substituted
 

for the forementioned method. Note that the program listing in
 

the Appendix does not contain this substitution.
 

C(35) = C(35) + C(36)
 

CALL RCl4
 

DO 1350 1 = 1, M
 

1350 C(I) = C(I) + C(36)*DC(I) 

RETURN
 

END
 

Here C(35) = time, 

C(36) = time increment,
 

C(I) = system variable, and
 

DC(I) = derivative of system variable. 

With preliminary evaluations of this modification there was
 

demonstrated a small variation in the responses of the simulations
 

using the two differential equation routines in the initial transient
 

responses. Since the variables are changing most rapidly during this
 



time interval this phenomenon should be expected. With due con

sideration given to the variety of simulations that have been per

formed with the respiratory model it appears that this modification 

would present the most difficulties when simulating extreme vari

ations in environmental gaseous concentrations. Simple exercise 

stimulus variations should be handled without difficulty. 
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3. INTEGRATION OF PHYSIOLOGICAL SYSTEMS
 

3.1 	Statement of Objectives
 

-One of the major objectives of the overall research effort is
 

to identify appropriate variables and subsystem components that can
 

be utilized in an integration scheme for the physiological system
 

models. Specific concentration within the present research effort
 

is with the circulatory and respiratory systems. Supporting the
 

objective is the establishment of an evaluation procedure. With
 

exercise being the primary stimulus the proposed integration scheme
 

for the circulatory-respiratory system is evaluated for both nor

mal and stressed physiological system states providing partial
 

fulfillment of the objectives. Section 3.5 presents descriptive
 

material aligned with the objectives of the integration plans in

volving other physiological systems.
 

3.2 Circulatory-Respiratory System Integration Scheme
 

In Section 1.3 a description, including a block diagram (Fig

ure 1), of the integrated circulatory-respiratory system model was 

presented. The three stimuli -exercise, parameter, and environ

mental variations - were discussed with reference to their impor

tant forcing capabilities. This section contains a discussion of 

the interfacing component of the overall system. Refer to Figure 1 

for the pictorial representation. -

With regard to the exercise phenomenon it is important to con

sider both aerobic and anerobic oxygen deficits and debts. As an
 

improvement'upon the formulation of the 02 metabolic rate for the
 

tissue compartment-(humoral forcing component of inspired ventil

ation) in the respiratory system simulation the following interface
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was established. The total 02 metabolic rate for the body is
 

given as
 

(RMO + DOB) = RMT(2) + C(26)
 
1000
 

= MRT(o ) + MRB( 0 ) (302) 

where
 

RMO = rate of 02 deli blood to the muscle
 

tissue, ml/min.,
 

DOB = rate of 02 delivery by the blood to the non

muscle tissue, ml/min.,
 

RMT(2) = MRT(C2) = metabolic rate of 02 in the tissue
 

compartment, 1/min-., and
 

C(26) = MRB(02) = metabolic rate of 02 in the brain com

partment, 1/min.
 

RMO and DOB taken from the circulatory system are functions
 

of several physiological variables; thus yielding a more reasonable
 

description of 02 requirements during exercise. The calculation
 

of the metabolic production rate of CO2 in the tissue compartment
 

is retained in the respiratory system simulation. Also, direct
 

neurological control of ventilation related to exercise levels
 

is retained in the respiratory model.
 

The total cardiac output is an important component of both
 

systems. The circulatory system simulation describes cardiac out

put as a weighted expression of several physiological attributes.
 

Here
 
QLO = (QLN)(LVM)(HSL)(AUH)(HMD)(HPL) (3-2) 

--where 

£LO = left ventricle output, I/min
 

QLN = output of left ventricle under normal conditions,
 

1/min.,
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LVM = effect of arterial pressure loading factor on
 

left ventricle,
 

HSL = basic strength of left ventricle,
 

AUH = degree of autonomic stimulation of left ventricle,
 

HMD = degree of deterioration of left ventricle caused
 

by low coronary blood flow, and'
 

HPL = degree of hypertrophy of left ventricle.
 

Refer to Guyton (3) and White (6) for a detailed description of
 

the terms in Eq. (3-2).
 

In the respiratory system model cardiac output, Q = C(lO), 

is described by a first-order differential equation and depends 

only on specific levels of arterial 02 and CO2 tensions. (2) 

Based upon the comparison of these two formulations and the complex

ity of altering each, the decision was made to allow the respir

atory system component to receive cardiac output from the circula

tory system component. The formulation of cerebral blood flow is 

retained in the respiratory system. 

Another interfacing component involves the blood oxygen cap

acity. In the respiratory system this component is a constant
 

(Hb = C(17)) alterable by an input data card. In the circulatory
 

system this term is continuously calculated, thus it is provided
 

to the respiratory system as
 

HM OSA = Hb = C(17') (3-3) 

200
 

where
 

HM = hematocrit 

OSA = arterial oxygen saturation, and 

Hb = arterial blood oxygen capacity, 1 02/1 blood. 
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In turn, the oxygen volume attached to hemoglobin in the aortic
 

blood is developed in the respiratory system. The circulatory
 

system utilizes this term inthe expression
 

OVA = 1000 • CHBA 

where 

CHBA Ca(Hb02 ) = arterial hemoglobin concentration, 

1 02/1 blood, 

OVA oxygen volume attached to hemoglobin in aortic 

blood. 

This latter interface relationship is important in providing
 

a possible pathway to the circulatory system for an environmental
 

stimulus (alterations in gaseouscompositi6n). Since the venous
 

blood in the respiratory model is not correlated with any partic

ular venous site in the circulatory-model the calculations of
 

tissue venous hemoglobin concentration (CvT(HbO 2)) is retained in
 

the individual models. The forementioned features of the inter

face system contribute to a more physiologically reliable repre

sentation of the variables than formerly existed in the individual
 

systems.
 

The complete computer program for the integrated system is
 

listed in the Appendix. However, there are some modifications
 

which should be mentioned in comparing the individual respiratory
 

system program with the respiratory system component of the inte

grated program. The original format and namelist statements are
 

changed to comment statements.
 

The following comment statements are listed at the beginning
 

of the respiratory system program, SUBROUTINE GRODIN. These iden

tify the flow of variables between the two systems.
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FOLLOWING FROM GUYTON TO GRODIN 

GUYTON GRODIN 

QLO C(lO) (URZ1) CARDIAC OUTPUT. 

(RMO+DOB)/lO00. RMT(2)+C(26) (URZ2) TOTAL METABOLIC 

RATE OF BODY. 

(HM*OSA)/200. C(17) (URZ3) BLOOD OXYGEN CAPACITY. 

URZ4 URZ4 (URZ4) FLG. 1 = IST. TIME 

GRODIN CALLED. 

2 = GUYTON JUST 

OUTPUT. 

3 = GUYTON JUST 

OUTPUT AND 

DETECTED 

END RUN. 

0 = NOT ABOVE. 

URZ5 URZ5 (URZ5) WORK LEVEL (WATTS) 

FOLLOWING FROM GRODIN TO GUYTON 

GUYTON GRODIN 

OVA/b00. CHBA (RUZI) OXYGEN VOLUME IN 

AORTIC BLOOD. 

In Subroutine RC12 the Guyton segment of the program is sent
 

the work -load change.
 

In order for the circulatory and respiratory systems' pro

grams to be compatible with their formulation of oxygen require

ments for various exercise levels, modifications were made in
 

Subroutines FUNCTION SS02W(X) and FUNCTION SSVENT(X). The original
 

Subroutine'FUNCTION SS02W(X) is presented below.
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FUNCTION SSO2W(X) 

C CALCULATION OF STEADY-STATE OXYGEN REQUIREMENTS FOR VARIOUS LEVELS 

C OF WORK LOAD (X = WATTS). 

IF(X.GT.250.) GO TO 1
 

IF(X.LT.75.) GO TO 2
 

SSO2W = -.072 + X/70.
 

RETURN
 

1 	 SS02W = 3.5
 

RETURN
 

2 	 SSD2W = (X/75.) + .215*(75.-X)/75. 

RETURN 

END 

The 	modification of the above subroutine yields
 

FUNCTION SS02W(X)
 

C CALCUALTION OF STEADY-STATE OXYGEN REQUIREMENTS FOR VARIOUS LEVELS
 

C OF WORK LOAD (X = WATTS).
 

SS02W = .195 + (X/84.15)
 

IF (X.GT.210.) SSO2W = 2.7
 

RETURN
 

END
 

This modification produces a reduced level of steady-state
 

oxygen requirement compared to the original respiratory program.
 

The original Subroutine FUNCTION SSVENT(X) is presented below.
 

FUNCTION SSVENT(X)
 

C CALCULATION OF STEADY-STATE VENTILATION RATE AS A FUNCTION
 

C OF TISSUE OXYGEN METABOLIC RATE
 

IF (X.LE..215) SSVENT = 5.398 

http:IF(X.LT.75
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IF((X.GT..215). AND.(X.LT.2.))SSVENT = 25.*X 

IF(X.GE.2.)SSVENT = 50.+50.*(X-2.) 

RETURN 

END 

The modification of the above subroutine yields
 

FUNCTION SSVENT(X) 

C CALCULATION OF STEADY-STATE VENTILATION RATE AS A FUNCTION 

C OF TISSUE OXYGEN METABOLIC RATE 

IF(X.LE..195)SSVENT = 5.398 

IF(X.GE.2.)SSVENT = 55.36 + 50.*(X-2.) 

IF((X.GT..195).AND.(X.LT.2.))SSVENT = 27.68* 

RETURN 

END 

A necessary condition that must be fulfilled for the integrated 

system to function properly is that both subsystems must be oper

ating with the same steady-state values prior to application of an 

exercise stimulus. After steady-state conditions are established 

for any particular type of normal or abnormal environmental or 

physiological condition, the integrated system components will 

function in concert for all parameter or stimuli disturbances. One 

key used in determining when steady-state conditions are reached 

is the observance of a minimal change in variable values C(l) - C(14) 

of the respiratory system model. These variables are related to 

the compartmental gaseous concentrations, cardiac output, and 

cerebral blood flow. 

Documentation of initial physiologicaT variable values are
 

necessary so that both of the systems are functioning under com

patible initial conditions for all levels of exercise. As an
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example of the type of documentation required, steady-state
 

resting cardiac output is adjusted to 5.12 I/min in both models.
 

All other variables which are dependent upon this variable are
 

adjusted accordingly. Model modifications such as these are
 

deemed necessary if both models are going to function in concert.
 

The printed output data combines the forms of both individual
 

systems. (6,7) In addition to the tabular form of the respiratory
 

system model's output, the following circulatory system variables
 

are printed.
 

SECS = seconds
 

PA = arterial pressure, mm Hg,
 

QLO = left ventricular output, 1/min., 

PLA = left atrial pressure, mm Hg,
 

PRA = right atrial pressure, mm Hg, 

VP = plasma volume, 1,
 

VPF = free fluid in interstitial spaces of lungs, 1, 

VTS = total interstitial fluid volume, 1,
 

VUD = urinary output, 1/min., 

RMO = rate of oxygen delivery to muscle tissue, ml/min., and 

DOB = rate of oxygen delivery to non-muscle tissue, ml/min.
 

Also, special plotting routines are available and provide for ex

cellent qualitative analysis and indicate variable trend setting
 

phenomena. This feature of the simulation set-up is very useful
 

when one is observing trends in a variable's response to a family of
 

excitations, i.e. exercise levels.
 

3.3 Exercise Response for Nonstressed Physiological System States
 

As described in the previous section, in order to establish
 

a base run, appropriate initial conditions have to be obtained for
 

the respiratory system component. Basically, cardiac output and
 



-27

metabolic rates must be compatible between the two systems.
 

The input data as shown in Appendix 6.1, Table 2 of the refer

ence by Gall agher (7) was utilized with the following modifications.
 

Input Data
 

Card No. Va riable New Value
 

10 Q 5.1260
 

25 MRB(C02) .0450
 

26 MRB(02) .0450
 

31 FI(C02) .0004
 

32 FI(02) .2096
 

33 FI(N2) .7900
 

39 PRINT AL TIM .2000
 

45 RMT(C02) .1716
 

46 RMT(02) .1950
 

Table 1. Input data cards reflecting changes in cardiac
 
output and metabolic changes under normal environmental
 
gaseous conditions.
 

This simulation was allowed to run until steady-state conditions
 

were reached, i.e. changes in C(1) - C(14) were minimal. These 

values for C(l) - C(14) were then established as the input data 

for normal environmental conditions. The variable values obtained 

for the steady-state conditions are listed in Table 2. 

Input Data 
Card No. Variable Value 

1 FA(C02) .1767 

2 FA(02) .5338 

3 FA(N2) .2895 

4 CB(C02) .6345 

5 CB(D2) .0012 

6 CB(N2) .0011 

7 CT(C02) .6142 
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Table 2 Continued 

Input Data 

Card No. Variable Value 

8 CT(02) .0014 

9 CT(N2) .0013 

10 Q 5.1554* 

11 QB .7391 

12 PCSF(C02) 46.3498 

13 PCSF(02) 38.4441 

14 PCSF(N2) 70.6931 

*Perhaps Q = 5.12 should be used for complete compati
bility with the circulatory system. 

Table 2. 'Initial conditions for physiological vari
ables under normal environmental conditions. 

Included here is a brief description of a simulation run
 

for the nonstressed physiological system which correlated very
 

well with a simulation performed with the individual respiratory
 

system. Refer to Figure 5. The stimuli were a series of exer

cise levels with specific durations as shown here.
 

Circulatory Respiratory
 

System System
 

Exercise Level Duration
 

(EXC) (Work load, watts) (min)
 

1.000 0 0.5
 

12.900 40 -3.0
 

38.500 100 3.0
 

65.880 150 5.0
 

1.000 0 9.0
 

For each of the exercise levels and their corresponding trans

ient and steady-state responses the integrated system provided a
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slightly increased cardiac output, inspired and expired ventilation
 

rates, alveolar RQ, tissue P02 and decreased arterial and tissue
 

PC0 2 , arterial P02, and cerebral blood flow. All other physio

logical variables were altered accordingly. Although no definite
 

trend was established, the VI-VE difference was altered when com

pared to the independently functioning respiratory system.
 

Similar types of unstressed physiological system simulations
 

were performed under altered environmental conditions. To eval

uate the initial conditions for the respiratory system model the
 

input data as shown in Appendix 6.1, Table 2 of the reference by
 

Gallagher (7) was used with the following modifications.
 

Input Data
 

Card No. Variable New Value
 

10 Q 5.1200
 

25 MRB(C02) .0450
 

26 MRB(02) .0450
 

30 B 260.0000
 

31 FI(C02) .0192
 

32 FI(02) .7000
 

33 FI(N2) .2808
 

39 PRINT AL TIM .2000
 

45 RMT(C02) .1716
 

46 RMT(02) .1950
 

Table 3. Input data cards reflecting changes in cardiac
 
output and metabolic changes under altered environmental
 
conditions.
 

This simulation was allowed to run until steady-state con

ditions we-re established. Input data cards C(1) - C(14) shown 

below correspond to steady-state conditions for the altered en

vironmental conditions. 
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Input Data 
Card No. Variable Value 

1 FA(C02) .1767 

2 FA(02) .5338 

3 FA(N2) .2895 

4 CB(C02) .6345 

5 CB(02) .0012 

6 CB(N2) .0011 

7 CT(C02) .6142 

8 CT(02) .0014 

9 CT(N2) .0014 

10 Q 5.1554 

11 QB .7391 

12 PCSF(C02) 46.3498 

13 PCSF(02) 38.4441 

14 PCSF(N2) 70.6931 

Table 4. Initial conditions for physiological variables
 
under altered environmental conditions.
 

As illustrated by the values of Table 4 the combination of
 

barometric pressure and volumetric gas fractions of the altered
 

environment provided a physiological condition similar to that
 

experienced at sea level. An interesting experiment involved
 

implementing the conditions as illustrated in Tables 3 and 4 and
 

observing the effects of exercise upon the system.. On- and off

transient exercise conditions were simulated for levels of 50,
 

100, 150, and 200 watts. Each level was of a duration that allowed
 

for the physiological variables to attain or approach their steady

state conditions. Results were similar to those obtained for the
 

normal environmental conditions using the integrated system or
 

for the respiratory system functioning independently.
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3.4 Exercise Response for Stressed Physiological System States
 

A significant-benefit is achieved in using the integrated
 

system as a means of determining respiratory system response to
 

exercise when the circulatory system is not optimally functioning.
 

In this way one can demonstrate the dependency of the respiratory
 

system, in particular the ventilation rates, upon abnormal (stressed)
 

functioning of the circulatory system. Thus, by observing easily
 

monitored physiological variables noninvasive evaluation of cir

culatory system malfunctioning is achieved.
 

The simulations involving exercise stimulation and the
 

stressed circulatory system are implemented in the following manner.
 

Under the influence of normal or physiologically compatible envir

onmental conditions the circulatory system is stressed (parameter
 

variation). Examples of stressful situations include mal-functioning
 

of the renal system, excessive fluid intake, unilateral or bilateral
 

heart failure, regional volume loading, anemia, or hematocrit level
 

variations. All of these are situations that could have been
 

encountered in recent spaceflghts or while performing normal
 

routine earth-bound tasks; consequently, interest is keen on such
 

simulations. Steady-state conditions are then established for the
 

stressed condition with the appropriate variable changes realized
 

for the respiratory system. The exercise stimulus is then applied
 

to the integrated system.
 

Justification for the above sequence of steps is stated in
 

the following manner. Two types of systems are involved - a long

term model (circulatory) and a short-term model (respiratory). For
 

a given stressed circulatory system state several hours or days of
 

simulated time might be required for the system to approach steady

state conditions. Simulation with the integrated system is not
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necessary for this period of time. Only after stressed steady

state conditions are reached is it necessary for the integrated
 

system to become operative. Exercise stimulation is associated
 

with rapid transient responses. It is applied for short periods
 

of time; therefore, the short-term model is compatible for this
 

time segment.
 

Examples of variable responses for a stressed circulatory
 

system under the influence of an exercise stimulus are shown in
 

Figures 6-8. The stressed circulatory state was a bilateral
 

heart failure. The pumping capabilities of both the left and
 

right ventricles were reduced, simulating a mild heart attack.
 

A simulated recovery period of approximately 2 weeks established
 

the stressed steady-state conditions. Responses to various levels
 

of exercise were observed with a comparison of 100 and 150 watt
 

exercise stimuli illustrated in Figures 6-8. -The exercise stim

ulus was applied for 5 minutes followed by a 5 minute period of
 

no exercise. Included in these illustrations are only a few of
 

the more significant variable responses. Direct comparison of
 

the responses for the two exercise levels illustrates the depen

dency of each variable upon exercise stimulation for the particu

lar stressed state. A more detailed comparison may be observed
 

from the tabular output data. Many details need to be refined
 

before this particular system can be faithfully used in a quanti

tative predictive and/or diagnostic role. However, preliminary
 

,studies have been encouraging.
 

3.5 Interfacing Possibilities for Physiological Systems' Models
 

This section contains a brief summary of some possible inte

gration schemes for the respiratory, cardiovascular, thermoreg

ulatory, and the circulatory (long-term) system models. Even
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though there remains considerable uncertainty involving the de

tails of the interfacing plans the overall goal has some defini

tive aspects. The objective is a whole-body algorithm which sim

ulates physiological system responses to specific conditions and
 

excitations directly related to those encountered in recent man

ned spaceflights (Skylab).
 

Since there is a logical separation in the classification of
 

models, long-term and short-term, it seems advisable to mold a
 

total system which minimizes the interfacing structure and uses
 

the aspect of simulated time to its best advantage. Thus, a
 

plan whi'ch seems most encouraging at this time utilizes a separ

ation between short-term and long-term models. Each of the short

term models will interact with the other short-term models yielding
 

appropriate transient responses for the stimuli.
 

The respiratory and pulsatile cardiovascular system models'
 

interface relies heavily upon compartmental blood flows and blood
 

gas (02 and C02) concentrations. The respiratory model would re

ceive the following variables: cardiac output, cerebral blood
 

flow, pulmonary vascular volume, and metabolic rate. The role of
 

metabolic rate as a function of exercise would be handled in the
 

respiratory system in a similar manner as described in the inter

face of the circulatory-respiratory system (Section 3.2).
 

The respiratory model would be responsive to environmental
 

conditions. It would supply the cardiovascular system with a
 

physiologically justified description of respiratory frequency,
 

arterial CO2 and 02 concentrations, and an intrathoracic pressure
 

variable. Some of the weakdr features of the respiratory system
 

model will be enhanced by inputs from the cardiovascular system.
 

A similar statement applies for transferal of information in the
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opposite direction. The two models must be made compatible for
 

the resting steady-state case. To allow for this compatibility
 

to exist it is necessary to establish the empirical a-v 02 dif

ference curve for a range of exercise levels as formulated by the
 

individual respiratory program.
 

A minimal degree of compartment redefining seems necessary
 

with the above approach. If additional compartmentalization is
 

deemed necessary the tissue compartment of the respiratory system
 

could be subdivided to correspond to the legs, abdominal cavity,
 

thoracic cavity, and upper extremities as described in the cardio

vascular system model. A restructuring of all blood flows and
 

metabolic formulations would be necessary. With minor modifications
 

the other two compartments, brain and lungs, and their associated
 

variables could be related to the head and pulmonary segments in
 

the cardiovascular system.
 

The void of a compatible definition for compartmental blood
 

flow and the dependency of compartments on the exercise phenomenon
 

are two major obstacles in the integration of the respiratory and
 

thermoregulatory systems. A more refined definition of blood
 

flow may be achiev.ed in the thermal model if a transition is made
 

from lumped core regions to distributed core regions. However,
 

this change would not yield itself to an easily implemented inter

face since all of the core, muscle, fat, and skin are lumped into
 

a tissue compartment in the respiratory system.
 

Under the influence of exercise it is reasonable to assume
 

that the muscle compartment plays the dominating role as-far as
 

02 and CO2 functions are concerned. Thus, the interrelationships
 

among blood level parameters could be defined as follows. Arterial
 

02 and CO2 tensions could be supplied to the muscle model along
 

http:achiev.ed
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with a fractional supply of total cardiac output. In return the
 

muscle compartment would supply a description of 02 and CO2
 

metabolic rates, and 02 and CO2 gas tensions which would be inter

preted as tissue compartment variables in the respiratory system.
 

The importance of the effects of the environmental temperature
 

should be included in the respiratory component of the respiratory

thermoregulatory system. Temperature effects on total cardiac
 

output (related to skin blood flow), ventilation rates, and meta

bolic rates are important. Additional terms or functions which
 

are proportional to selected temperature deviations might be
 

added to the calculation of cardiac output and the ventilatory
 

controller equation to compensate for environmental temperature
 

variations.
 

Sections 3.2 - 3.4 presented an integration of the respiratory 

and circulatory systems. It allowed for a minimal reorganization 

of the existing systems and yet simulated with reasonable accuracy 

the infl'uence of the exercise stimulus. Further compartmentali

zation of the respiratory system would no doubt be a part of the
 

next level of complexity if the integration effort between these
 

two systems were extended. With emphasis on the exercise stimulus
 

the tissue compartment in the respiratory system would be sub

divided into (1) muscle, (2) renal, and (3) non-muscle, non-renal,
 

and fat compartments. This partitioning would be in agreement with
 

the major compartments of the circulatory system model. Blood
 

flow and metabolism for'each of the compartments would be developed
 

as functions of 02 requirements and CO2 production in addition to
 

normal basal levels and neural control. The combined blood flow
 

of these compartments plus the cerebral blood flow woul'd total
 

the cardiac output. In compari'son to the interface system
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described in Section 3, total cardiac output might be handled
 

in the same manne.r.
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4. RESPIRATORY FREQUENCY FORMULATION
 

4.1 	Statement of Objectives
 

-Respiratory frequency is a term which 
can be related to the
 

establishment of a sufficient 02 supply and the proper venting
 

of CO2. It is also an important driving force in the pulsatile
 

cardiovascular system thus possessing the potential use as an
 

interfacing component for the respiratory and pulsatile cardio

vascular system model. Consequently, a physiologically compat

ible expression for respiratory frequency is desired.
 

4.2 Proposed Respiratory Frequency Expression
 

Separation of the factors causing ventilation rate, respir

atory frequency, and the different pulmonary lung volumes is
 

practically impossible. Some humoral and neural control mechan

isms have been experimentally justified while many others remain
 

undefined.
 

Carbon dioxide can stimulate the respiratory' centers dir

ectly and indirectly through the carotid and aortic chemoreceptors.
 

For example, hyperventilation which decreases PAC02 by several mil

limeters of Hg results in a decrease in ventilati.on. Variations in
 

CO2 concentration necessarily involve changes in blood pH due to
 

the combination of CO2 with H2 0 to form carbonic acid, and the
 

subsequent dissociation to form H+ ions. This confounds efforts
 

to distinguish CO2 from the H
+ ion effects. There are small chemo

sensitive respiratory areas on the surface of each side.of the medulla
 

obl'ongata near the entry point of the 8th, 9th and 10th cranial nerves.
 

This region is very sensitive to changes in H+ ion concentration
 

in the cerebrospinal fluid (CSF). Because CO2 diffuses from the
 

http:ventilati.on
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bloodstream into the CSF compartment much more rapidly than do
 

free H+ ions, the stimulus to the medullary centers is primarily
 

due to CO2. The impact of the CSF compartment's H+ ion concen

tration is discussed in detail by Gallagher (7) including changes
 

in its weighting in the ventilation controller equation.
 

Changes in arterial 02 concentration to levels below normal
 

also have a strong stimulating effect on the chemoreceptors located
 

bilaterally in the bifurcations of the common carotid arteries
 

(carotid bodies) and along the arch of the aorta (aortic bodies).
 

Their afferent neurons pass to the medulla through Hering's nerves
 

to the glossopharyngeal nerves and through the vagi respectively.
 

Understanding neural control of respiration is more elusive.
 

In addition to neural pathways in the medulla that seem to have
 

inherent inspiratory and expiratory patterns of rhythmicity, there
 

are also other neural factors that influence respiration. Stretch
 

receptors located in the visceral pleura and throughout the lungs
 

give rise to the "Hering-Breuer" stretch reflexes whiph act through
 

the vagus nerve to inhibit continued inspiration (or expiration) to
 

certain limits of expansion or contraction. The Hering-Breuer
 

reflex also contributes to cyclic respiratory rhythmicity.
 

There are also other stretch receptors located throughout the
 

body in joints and muscle tissues that give proprioceptive feedback.
 

The immediate emotional state of the organism also acts to modify
 

respiratory patterns. Speech, fear, rage and other stresses serve
 

to alter respiration.
 

One approach to the establishment of a respiratory.frequency
 

expression involves a work formulation. In this context work is
 

associated with respiration itself. Otis, et al. (11) found that for
 

low levels of ventilation the frequency of breathing could be fairly
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accurately predicted by utilizing a minimum rate of work criterion.
 

The problem definition assumed a sinusoidal airflow pattern, pas

sive expiration, a linear elastic element and nonlinear resistance.
 

Differential work was defined as
 

dW = A(t) + B(t) + C(t)
 

3
dW = KVdV + K1a2 sin 2 bt dt + K11a sin 3bt dt (4-1)
 

where
 

At) = elastic work
 

B(t) = viscous work
 

C(t) = work done in overcoming turbulent resistance. 

By graphing elastic, viscous, turbulent, and total work as
 

functions of respiration frequency there emerged a frequency that
 

minimized work for a constant alveolar ventilation. Also, it was
 

determined that for too- low a frequency a greater amount of elastic
 

work was required to produce the large tidal volumes. In addition,
 

for high frequencies, work was wasted in ventilating the dead
 

space with each breath.
 

Yamashiro and Grodins (12), assuming negligible turbulent
 

resistance (C(t)-O) and noting that the terms in the series expan

sion of B(t) were orthogonal with respect to the period T, minimized
 

the rate of work done in breathing by using the equation
 

K1 a 2 /4
dW 2/2 a 
Wf =K + K (4-2) 

and the constant alveolar ventilation and dead space constraint,
 

VT = VD + VA/f. (4-3)
 

Terminology used in Equations 4-2 and 4-3 follows:
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f respiratory frequency, bpm
 

VT tidal volume, 1
 

K1 
 total respiratory resistance 

a = ith Fourier coefficient of airflow infinite serie's 

V0 = dead space volume, 1 

VA = minute alveolar ventilation, I/min 

Utilizing an optimization procedure with Equations 4-2 and
 

4-3 an optimal frequency was obtained as
 

fopt 	= ((I + 32RCA/VD)1/2-1)/16RC (4-4) 

with 	the same terminology as before in addition to
 

RC = 	time constant associated with. resistance and 

elastance of the tissues. (Experimentally deter

mined to be .015 min) 

Yamashiro and Grodins (12) stated that since the airflow pattern was
 

assumed periodic wi'th no specific describing function the optimal
 

work was achieved with a constant flow rate during inspiration and
 

a decreasing exponential flow rate during expiration. This was
 

associated with passive breathing.
 

Examination of predicted optimal respiratory frequencies for
 

optimal and sinusoidal' airflow patterns indicate that sinusoidal
 

airflow can require up to a 11.7% increase in work cost when com

pared to the optimal airflows. The situation is altered if active
 

expiration is considered. For active expi.ration the optimal air

flow pattern assumes the shape of a square wave with maximum and
 

minimum values of +2(VDf + VA). Comparison with sinusoidal airflow
 

indicates a 23.4% work cost increase if the pattern is sinusoidal.
 

Research involving active expiration seems to provide the
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transition to the study of airflow patterns during exercise. Yama

shiro and Grodins (13) examined the minimization of work during ex

ercise when functional residual capacity (FRC), the airflow pat

tern, and respiratory frequency were included as controlled vari

ables. The result of their derivation yielded the optimal fre

quency expression
 

ft = ((l+32((l+a)/a)RCA/VD) l/2-1)/15((I+a)/a)RC. (4-5) 

The only term which has not been previously defined is "a". Here
 

"a" is a ratio of inspiratory elastance (KI) to expiratory elastance
 

(KE).
 

When correlated with experimentally determined curves, a time
 

constant (RC) of 0.015 min. was obtained. This compared with a
 

similar value of 0.011 min. in research reported by Mead. (14)
 

The value of "a" was assumed to be 1.95 based on data taken by Rahn,
 

et al. (15)
 

At levels of ventilation near rest, the experimental data
 

appears consistent with the expression for respiratory frequency
 

associated with a sinusoidal airflow pattern and constant expiratory
 

reserve volume (ERV). This is Equation 4-4. However, at greater
 

respiratory rates, the expression which accounts for FRC (Equation
 

4-5) provides the best fit with experimental data.
 

Based upon the previous discussion and the importance of exer

cise in the simulations associated with the project's goals a
 

recommendation to implement Equation 4-5 in the respiratory pro

gram appears reasonable. This formulation would be substituted in
 

Subroutine RC12 for the expression
 

FREQ = 8.1 + 7.815'*(RMT(2) + C(26)) (4-6)
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which gives an empirical representation of respiratory frequency
 

as a function of 02 utilization. This change would require a modi

fication in the calculation of dead space ventilation. Using the
 

discussions of the cited references an empirical formu.lation for
 

dead space ventilation as a function of exercise level could be
 

established. Upon implementation of the-appropriate variable desig

nations an improvement in the calculation of respiratory frequency
 

is proposed.
 



-46

5. CONCLUSIONS AND RECOMMENDATIONS
 

Modifications of the individual respiratory system model have
 

produced a system which simulates the effects of exercise in a
 

manner which is acceptable with regard to regulation of 02 and CO2.
 

The neural and humoral control of ventilation during on- and off

transient exercise stimulation is justified. Likewise, other vari

ables are altered according to the regulation of gas tensions and
 

ventilation rates.
 

Improvement of physiological system models is always possible.
 

Such is the case with the respiratory frequency expression. With
 

projected plans for using the respiratory frequency as an inter

facing variable between the cardiovascular and respiratory systems
 

it is desirable that the expression be valid for the types of
 

simulations performed. The proposed expression has met with success
 

with various levels of exercise as discussed in the references of
 

Section 4. However, there is no sound documentation as to the per

centage contribution of humoral and neural control as given by this
 

frequency expression. This constitutes another level of complexity
 

in both experimental and theoretical respiratory research.
 

To fulfill the goals of the research effort, future work should
 

emphasize the integration of the short-term and long-term models
 

so that an adequate whole-body algorithm is realized. There are
 

many problems that will arise as the integrations of the inter

acting physiological systems are achieved.
 

Results of this study are encouraging since a minimal amount
 

of individual system modification was necessary for the integration
 

of the circulatory and respiratory systems. Perhaps features of
 

this approach can be applied to other integration endeavors.
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Continued improvement of the integrated systems will help establish
 

a better understanding of the interrelated physiological processes, 

especially those which are influenced by altered environments or 

stressed physiological states. Obviously, the continued develop

ment of appropriate data integration and display routines should 

parallel the modeling phases. 

The next phase of the project will undoubtedly be an enlighten

ing experience with significant gains made in the establishment of
 

techniques and useful procedures for integrating complex physio

logical systems. As an additional benefit of the modeling effort
 

it is hoped that correlation of simulated and experimental data
 

will provide potential noninvasive diagnostic and therapeutic cap

abilities for both stressed and nonstressed physiological states.
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6. APPENDIX
 

6.1 Integrated Circulatory-Respiratory System
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REAL NAt-,NED),NI,,NOJ.I11,LPK,KIO),MC2,H.L,KCZ,IiPL,H04,12, I3,M~fl
 
DIMENSION FUl44142(14),FJ943(14),IuNA(I4)FPJ6(14),r(pI?(14I
 
COMMONIARRAYIT,!,VRU.,VVS,VPA.VAS,VLAtRA,VA,PA,OAm.LV4,
 

* VRIpq&,QDN,VPE,PPA,ppt ,.PA,RPA,qvM,VLE,PLA,QLNl,PLL, 
I v1t3,RPV,R1 r,PGL,oP0,Q5 .VVE.,VV8,PVS,PV,OVl,,t)VC,AVF
 

COMMON/ARRAYICN2,CN3RVSipGSRTPCAC,IR)90o1,V,PA,AS,LA,r)Rn,
 
* ~PAI,AUC,U,AI,AJ6,AJ2,.1J8,LAU,A'JJ,AU ,AU0,AUH.VV4, 
* Auq,AI,Au4,vIF,Po1,PTT,I TS,PIF,CPI,PTC,CD'P,PPC ,PVG
 

C04MQON/ARRAY/PC ,PCr),VTCPLOVTL VTU,tPtOPL r.P1,l)PC,ORTPILpD1.P,
 
* UPP,CHy,P"i,PGA,CP'ifPGP,( FtPGXP-;CPGHPG2 ,VG~lVt
 
* F1FPI,CPL,t3P2 ,GPD,AA%,RR .' FN,APCO,OLP,PFL,GFP,TPR,VUtD
 

COMMIINIARiAYIRFK,NrIn,Nro,NAE,VFC,CKE,I 11o,KFIKIP.,Kjr,KCO,KED,CKI,
 
* ~CN6CCD,VO,(E KI( ,VIC, I ,VTY,Z ,VTZ,VUZ,IVZ,P'PZ, 
* ')FZ.X .12 ,PRI,VTS,VP .'RPtiFP,GPIt,KN3,KN.A4 ,A4P
 

COMMON/ARR AY/A 1 , AC,I2A3,A5,Ali .t.NE,AGK,AN4P,&l.1,A,A'42,613,
 
* ~AN5,ANM,VB ,H-MI,HM! ,91 .'IGV1t,VlM,RC?.PI)2,RX(C,PCI, 
* RC) ,VIC QcN ,OV4,eFN,ItBh UM, P1U,OSV, POT, POD,PfPARI 

CO4MnfN/ARRAY/AR2,PCC,hP3,flN ,C II3,GFN4,.,H7,,A,AH ,AHC,ANI,AH2,AH4,' 
* AI',CY,NX,VV1,VV2 ,VV5,'VA,VV,Vl,VTJ,I-SR,HSL,NIDn, 
* SP ,VVR,RAR,CV ,Cl47,4UX,%UK,AUJZ,Y ,CFC,CPX,PLE,CPR
 

COMMON/ARRAY/LPK , 0PU,H-YLKID, AMTANT WOK, PON,&IK ,QK,A3KCN, CNZ.
 
* ~ANKSRK,V9 ,ZD,Zl 2 -:3 44 ,Z5 .6 ,Z7 Z28 HIMK, 
* I-K1,PIV,PCZ,RfI,002,R63F, 402,P(A,PnY,Ati,POR,GF2,HMD
 

CIJM"ON/ARRAY/lIIt'POP,13 ,U ,VPI,TI .F3,6F4,AIP.&UV,RV1,AUY,I1JT,
 
* DSP,AHI,AHY,OSA,PPI ,CPlJ. )LS,pLF,PPn,PPN,PoU,PFI,Orp. 
* VPF,PPtR,PYC,PiS,PMP,I4R , PF,PCP,I)Al,I)LZ,O)PY,DP?,GPZ
 

COMMD)NIARatAY/NgLZ,KCZ,VIl ,HPR ,IPL,STH ILrJ,EXC,r)214,PA2, Pp ,SVU,AIJL,
 
* ~~VV9,02A,11 .EX(,,ARFQRP-S'd(,R',)VV~PNO4 
*PM1:,P20,MI'9,PDO.POE.AMM %4K,POm,flS',P'4I,PM3,PM4,PX1
 

CO4QI/ARRAY/QZ 903 ,PM5,PKI,Zq ZIO0.!1 ,212,213,44, Z15,116,PK2.
 
* PX3,FIS,STA,PAII,GOL,ANY, INZ,&NX,AN4V,ANI.,ANR,AUO,AUR, 
* AUS,A3TB,HI .A2 A3 ,ouI14YI19),TITLE.(4001,ni'!NY(40)
 

COMMO)N/NUNERI/K,NI(20) ,117M3C,UNITSNL,NTIM&P,N4N,MAXNCNT [Ip
 

CQNMg',/STCRtE/NGt,'4GZ~JG3,NG4,N,5,NG6.xG7,NG8,tJGq,D)T,TLP,TNP,NO, V -G 
*T$',TMM',NPIRST,ZLIL)rJL':9),IUY(9),Yttjl4(10),YMAX(1O),
 

N,PT( [933,BETA(tO),NGRAP4110) ,GRIAPIII, r-Ard[9) ,NOEXP 
 I
()TMAX

CLMm-IN/TAPF/7TTAL 

*F'JN lia ,Frt ,NI( IC) PUINIC I I IFU 11112) (13) ,FIIN41(14)/U F1UNL 

DATA ruJ42(1),FUtJ2(2),FU'2t3,FJ'?I4),IJJ?(5),FIIN2(6l),FIjN2(7), 

DATA F'43(13,Fti'13(21,FU'I331bFIJN43(4),-UN3P ) ,FIJNJ3(A),PUN3(1'),

*PtJN3Iq),FUJN3(9),FlJN4(1O),FUNl3(1I),LJ3ItL2),F-UN3113),FIIN3114)/
 

DATA FIJ4(I),FJN4(2),FUN4(3),FUN44(4) , UN4(53,FIJN4I6),FUN4(7).
 
*Fl'4(AhFUJ(9),FUN14(1O),FIJNA(1I),FUi412),FUN4(13),FUJ4(14)/
 

DATA FUN,6([J,FUN6(2),FUN6(31 ,FII'46(4).FUNS( 5) ,FUN6I6),FUN6ITU 
SFUN6ISI,F1JN6(9),P1JN6(10I.FUJN6IIL),FU.6,(t2),FIJN6(13),FUN6(1411
 



*-IQ3, lOO0 0 .0.9.4.3 , .8,3.3,1.,1e.3t,.6,. 43,100.o,0./ 
r)ATA PUNT(),FIJN7(2) ,FU47(3),FUN7(41|:UN(5),FUNf{b),FUNT(7), 

*FUNT 7UCFUNTC(9,FUN7(1OjFUN7TLc),FUtir(12),FUN7(13)FUN7(13)/ 
*0.,7,,30..6.25,60.t3.,00., 1,160., *1,400. .Oh,400.,.05/

C
 

90 CALL PUTIN
 
U'Z4 I
 

C 
IF( GT. 0.5) 1-0.5 

C 
100 CALL PUTOUTIURZ4.URZS) 

C 
C 
C 
C
 
C FOLLOWING FROM GUYTON TO GRODIN...
 
C GUYTCN GqCOIN
 
C OL) C(10) (URZ.JCAROTAC OUTPUT.
 
C (R-ODOBI/100O. RPT(2)+C126)lURZ2TOTAL MFTAsOLIC RATE OF BODY.
 
C (HM*OSA)/200. C(17) (URZ3)3LOO OXYGFN CAPACITY.
 
C UQZ4 URZ4 (URZ41-LG 1=1ST.TIkE GRODIN CALLED
 
C 	 2=GUYT(IN JUST OUTPUT.
 
C 	 3=GUYTON JUST OUTPUT
 
C 	 AND DETECTED END RUN.
 
C 	 O=NOT ABOVE.
 
C URZ5 URZ5 CURZ5IdORK LEVEL(WATTS)
 
C
 
C FOLLOWING FRCM 4RCCIN TO CUYTON.....
 
C GUYTON GRODIN
 
C OVA C.8A*IO000. (RUZI))XYGEN VOLUME IN AORTIC BOO0
 
C 
C
 

102 	URZI = OLC
 
URZ2 = (RIO + DOR)/1000.
 
URZ3 = (HM * OSA)1200.
 

C 
CALL GROOIN(URZIURZ2,URZ3,URZ4,URt5.UZ1) 
URZ4 = 0 

C
 
T= 	 T + 12 

C
 
CALL HEMO IFUNlFU.2,rUN3,rIJN4) 

C CALL )EO (AM4Ir4V.,AN UANYANZ,4RMAUHAU%,AUYAVEHFMBFN, 
C * CN2,CN3,CNT,CV ,nASILACPADRAFOVSFIS,HPnHPL, 
C * HPR,IISL,IiSR,12 ,LVMPA ,PAMPA2,PC .PGLtPGS,PLA, 
C * PPAOPIPP2,PPAPP1,*VSQAOLQLNtLO,QPCDHPFORNI 
C * Q -{CVORAMRARUBF.RPARPTRPVRSMRSNPVGRVMI
C * RVSU ,VAEVAS,VBDVIM,VLAVLEVP ,VPA,VPEVRA, 
C * VqCVREVVEVVPVVS,'V7,VV8,X ,FUN1,FUNZ,FUN3, 
C * FUNA) 
C 

CALL AUTO (AU ,AU',AUCAUHAUJAUKAULAU!4,AUNAUGAUP, UO, 
*AURAUSAUVAUXAUZ.AU4,AU6,AUSAB, OAUiXCEXE, 
* 	 FXI,12 ,PA ,PAIPOQ,OTP20,STAVVRVV9,Y 4,

~Za ,Zl2)
 

IF(13.LE.12)GO TO 168
 
IF(ABS(OAU-AUJ).GT.CAIIGC TO 100
 

110 IF (A4StQAU-QLO3.GT..2)GO To 100
 
IF (A3S(CAO-QP0).GT..2)GG TO 100
 

http:A3S(CAO-QP0).GT
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IF (ARS(QA(-QRO).GI..4)GC Tn 100
 
C
 

163 CALL HCRMCN (AM tMCANpP,AtlR,ATAMIANM,CKEPA,Z,FUN7,
 
AGKAtCANPANRANI ANVANlWANICNACNEGFN,
 

* I ,RFKA2 ,A31
 
C 

CALL BLOOD (HK4AHM ,HMKI ,POI POYPOIwPO2,IC1,RC2.RC.RKC,
 
4 Ve VIB,VIL,VI4,VP .VRC)
 

C 
CALL MUSCLE lALOAMlAniAU0,A4K BFMeXCHM 1 ,mUO.CN'4,OSA
 

fnVAOVStflZ&.PDL),PK,PK2,PK3,Pt t)PMtPM3,PM4,P45,
 
* PCEPUHPVO.PO.QOP RMOVPF,ZS ,Z6,RUZI)
 

C
 
CALL AUTORG AC4,APAARPAP2,AqAIK,A2KA3KBFNDnAHM .1.
 

*MI],OSVOVA,02i4,POt POPOCPODPOKPONPOPOT,
 
* 

C 

CALL AUH 
*CNZI 

C 
CALL AISCI 

* 

C 
CALL HEART 

* 
C 

CALL CAPHOD 

PCVPOZ,PO,QO2,RD',Z ,Z4 .Z?)
 

(AH ,AHCAHKjAHPAHY AHltAH71AH8,AU*,CNA,CNOCNR
 
,PPAZJ
 

(AHM,&U4,&UBI ,SR SRKSTHTVDTVZVECVICVTW,
 
VVVV6,VVTbZ *vg)
 

(AURt)HHMOHR ,I PA ,PMC,PMP,PMS,POTPRAQAO,
 
QLORTPSVOGVAEVL[ .VPEVREVVE,"I1I
 

(BFNCFCCPI,CPPDFPI ,IFPPC ,PCDPIFPLDPPC.
 
*PRP,PTCtPTSPTTPV,PVSRVSTVnVG VIOVIFIVP,
 
4 

I=1*L.Z+T-TI 
Ip=ABS(VPI/VPO/II
IF(II.LT*II 1=11 
lr(13 T-TI.LT.lI 

T=l-Ti 
TI-T 

C 
CALL PULMON 

* 

C 

CALL M4SC2 
C 

CALL PROTMH 
* 

* 
1C 

CALL KIDNEY 
* 

* 

C 
CALL ICNS 

*KIRKn).AEREKVEIVICVIDVP 

C 
CALL GELFLO 

* 

C 
G-1 TO 
END 

ICO 

SUBROUTINE PUT1N 

VPO.VTCVTD,VTLVTSVUDZ 4Z ,FUN61
 

1=13+1-TI
 

(CPFCPP,CPNOFP,l ,PCPPFIPLA,PLF,POS,PPA,PPC,
 
PPP.PPIPPNPPoPPRVP ,VPrVPFZ Z3)
 

IHPLHPRHSLHSR,11I'bPPAPOTSTH.Z1O.Zl1Z131
 

(CHYCPrCPI,CPKCPICPRCPICLPLZIOPCCPItPLt
 
OPODCPY.GPDOPRI IFPLPKPC ,PCEPGX.PRPVG
 
VTLZ ,PPO)
 

(AAQ AHIM,AM API),ARiAUM,CNECNX.CNYGBLGFNGFR,
 
GF2,GF3tGF4,GLP.I ,NAENFI)NIONff,NOZ.PA ,PAR,
 
PFLPPCRBFREKRFtRR ,STHTRRVIPVUC,ZI
 

AN ,CCCCKECKI,CNA,l KCOoKE 0,OK! ,KID*KIE#
 
,VPFVTSZI
 

(CHYCPGCPIGPRHYLIFPPGCPGl,PGPPGRPGXPIF,
 
PRMPTQ.PISPTI.VG .VGD.VIF,VRSVTS.V20,FUN&I
 

http:PRMPTQ.PISPTI.VG
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c
 
CnMaN /ARRAY/A(400),TITLE(4001,COL(Fl-),ALPHA(20
 
CJMPJ4/N4UFRO/KNO(20) NTIMCtiNITSIIZNTIMEP.NNMAKNO.tTIME
 
I ,IPNFXT
 
COMPON/STCRE/NGL,NG2,NG3,NG4,NG5,NG6 NG7,NGBNG9,DTTLPTNP,ND
 
*TM.Ti-lt,NFIRSI.ZZ(5),OLY(9),OBY(9),Y?4INLOItYMAXCIO)
 

SN.PTIflUBETAIONGRAPH(L0),GRAPH(IO),HEADi19),NOEXP
 
*DTMAX
 

CATA ALL/'ALL '/,BLANK/' */,SA'E/'SAMEt/
 

09 1 J=L%400
 
&(J)=G.
 

I 	TITLEtJ)tHLANK
 
ki-a
 
NTIMEP=4 
flj=l
 

rAxtic=l
 
2 RFAD(5,1C) VALUENUMBROSYM OL
 

100 Fon'AT (Fl3.6,ZXtS,2XA4)
 
Il 4AXJ.LT.NIJIRnb PAXNC=NUHRRO
 
IF('IJ'A9RO.FQ.O G) TO 3
 
A(IJ'4WR")=VALUF
 
TITLEfIJlllrJ)=SYMROL
 
G9 T- 2
 

3 OSP&('.6)
 
aEAr)I5,l3t) VIFXP, (HEAD(J),J=1,t1)
 

101 FJ''AT(14,I)A4)
 
3d 'EA'5,200) (ALPHA(J),J=,20)
 

200 FORMAT 120A4)
 
201 IFIALPFA(I).EQ.SAME) GO TO 32
 

TFCALPIA(I3.NE.ALL) GO TO 4
 
UEAC(5,300) NTI$FCUNITS
 
oITF(6,1O2) NOEXP,(HEADJ),JIl,19)

WRITF(6,71l UNITS.ITITLE(J),AIJlJflMAXNO)
 
GO TO 31
 

4 Or 5 K=1,20
 

IFtALPHA(Kj.EQ.ELANK) GO 10 6
 
5 C3NT INIJE
 

K=21
 
6 	K=K-I
 

00 10 J:IK
 
L=l
 

7 IF(ALPlAJ).EQ.TITLE(L)) GO TO 9
 
L=L I
 
IFIL.LT.MAXNO-1) G0 0 7
 

9 COL(J)=A(L)
 
kg(J)=L
 

10 CCI'JTI NU
 
GIO T9 34
 

32 Or, 33 J:lK
 
ALIHAJ)= ETA(J3
 
NniJ)=hGphAPPIJ)
 

33 CrL(J)=r6PA"-J)
 

3' REAO(5,300) NTIMCC,UNITS,IPNEXT
 
300 F(IRMAT1IIA4,12
 

WRITF(6,107) NOFXP,(IHFAOJ),J=I.,
 
102 FOI'.AT(IIII///20X,'EXP ',14.19A4/II
 

IF(K.GT.IOI GO TO 70
 
WRITC(6,2I) UNITS. IALPHAIJIJ=1tK
 

21 Ffl6'AT0O '.A4,1O6XJA4,I)

W'h'F(6.22) (COLIJJ-1.KI
 

http:COLIJJ-1.KI
http:W'h'F(6.22


22 	F1RAT(- *,5X,'ol,2XFLO.4,9(LXFlO.;)
 
G: TO 31
 

70 WUITE(6,?1l UITS,(ALPHA(J),COLtJ),JtlK)
 
71 FORMATI6OX2HD A4/5I4X,4,4 - *,tI-).4,4X))
 
31 	RETURN
 

ENC
 

SUROUTINE PUTrUT(UkZ4,URZS)
 
INTEGAR UPZA
 

C
 

COPMCN/ARRAY/At400),TITLEt400hCOLtZBh)ALPHA(20)
 
CUIMM9ONNUltO/K,NO(2C) , 

4NTIMICUNITSNZNIIMEINMAXNCNTIME
 
I .IPNfXT
 
COMMON/STORE/NGIN3?,NC3,NB4.NGSNG6,NG7,NGRNG9,OTTLPTNPNOD
 

* TNTNM,14FIRSTZZ(15)1,OLY(9),OBY(g),YMIN(IO),YMAX(10),
 
* NPT(IBhtBETA(1O),NGPAPF{Lo),GRAPHIOIHEACISg),NGEXP 
*,OTMAX 
COvr'N/TAPE/T0TAL 
DATA SECS/ISECS/,IMINMRNSI/,HOUR /HOUR/,DAYS/-DAYS-I 
DATA ALL/ALL -/,BLANK/t' ' 

C 
C WATEXC13,2) IS RELATION BETWEEN WATIS AND PARAMETER EXC (FRECH 
C OR.WHITE) TO ALLOW THE CCMBINING CF (RODIN WITH GUYTON. 
c
 

DIMENSION WATEXCI3,2) 
DATA WATEXC/I,5,1O.,2O.,30..O.,50,6O.,70.,8o.,9.,100.,12,


I O.,16.6,32.2,5q. h,93o.1O3.,123.,140.,.157.,1?O.,182.,j93..2I2./ 

C 
T=AIIl
 

C 
C ICCNVT IS FLG I=CONVERT EXC (A(3 9)1 TO WAITS FOR GRODIN.
 
c O=DO NOT CONVERT I::C TO WATTS.
 

ICDNVT t 0
 
IF(IJRZ4 .EQ. I I ICINVT - 1
 

TIVE T1 1440.
 
IFIUNITS .EQ. SFCS) NTIMF = T 4 60.
 
IFIUNITS EQ. TMIN) NTIME = T
 
IPIUNITS .FC. HOUR) NTIME T/60. 
IFINTIME .T. NTIMEPI GO TO 65
 

C
 
C HRAF IF IC PPINT.
 

6 IF(1)Z4 .NE. LI)URZ4 - 2
 
IFALPHIII NME. ALL) GO TO 7
 
hRITF(6 1 71) N4TIMEUNITStTITLFtJ),AJI),J.1,MAXNO
 
GO T13 51
 

7 00 20 I - 1;K 
lIt 'CII)
 
COL(I) - AIII
 

20 	CONTINUE
 
IF(( GT. 101 GO TO 70
 
WITEI6,2t1 UNITS, (ALPHAIJItJ=1,K)


2t 	F0RVATVO ,A4,10t6XAIXII
 
W4ITTE{6131) NTImE.{CELIJ),J=I,K)
 

3t 	 FOR9AT1I l,16,2X.FLO.4, tI1XFIO.4))
 
GO T9 bi
 

70 WRITE16,71) NTI$FUNITSIALPHA(JICLJIJ1,N)
 
7L FOIlMAT(df/56X,l5,IX,AIJS(4(,A4.* = ',FIO.4,4X))
 
SI NTIEP = NTIME + IPNEXT
 

Lo 



C 
C SEE I TjJC TC STOP POFSFNT TIME STFP. 

53 IF(ITI4t,.LT.NTIMECI Go TO 65 
54 AEA I5,400) NTIMECCUNITSIPNEXT.SYN31L,CVALUE 
400 	FRMATIIbA4,I2,A4,EI3.6I
 

C 	 BLANK TIME STEP CAPD FNDS RUN. 
IF(SY'41OL.EQ.CUITSI GO TO 66 
IF(CIJNITS.tU.%1L4NK) DO TO 59 
IF(AI2).GT..5) A(21).5 

450 D 55 MN=,'4AXNO
 
IF(SYV'CL.FC.TtTLEU4k)I GO TO 57
 

55 CONTINUE
 
57 WOITE(6,5R) NTINF.UNITSSYMBOL,AI MN),CVALUE
 
5S F(0RUT/15XATtu15,IXA4,S INTO THE SIMULATION, THE VALUE OF 

4 A4WWAS CHANGED FROM ,FlO.3,' TO %,FIO.3/ 
A(RI =ICVALUE 

C SET FLb.INDICATION CHGED.IORK LOAD IF EXC INPUT. 
IF(4,4 EO. 3193 ICONVT = I 
GO TO 	54
 

59 	UNITS = CUNITS
 
NTIIEP = T / 1440. + IPNEXT
 
IF(UNITS FQ. SFCS) tTIVEP = T * 60. + IPNEXT
 
IF(UNITS *EQ. THIN) NTIMEP = T + IPNCXT
 
IFIUNITS eEr. HCURI NTIHEP = T / 6C + IPNEXT
 

C 
NTIMFC. NlIMEP4 NTIMEC - IPNEXT 

C 
C CClkVFRT FXC TO WATTS FCR GRODIN IF fr.tVENT ALREADY. 

65 IF(ICONVT .EO. 0) GD TO 650 
C 

URZ5 = 0. 
I&(t(31) .E. 1.) GO TO 650
 
on 805 JJ t 2,13
 
JJ2 = JJ
 
IF(A(319) I.E. UATEXC(JJI) GO TO 1136
 

8C5 	CONTINUE
 
URZS = 212.
 
GO TO 650
 

006 URZ5 = WATFXCCJJ?-1,2I +(((A1319)-WTEXCIJJ2-tl))/
 
I (ATEXC(JJ2,1I - WATEXCIJJ2-1,1)); * IWATEXC(JJZ,2) 
2 WATEXC(JJ2-hZ))
 

C
 
650 RETURN
 

C 
C HERE IF DETECTED END OF RUN(8LANK TIME STEP CARO). 

66 IJPZA 3 
P1'TUOh 
END
 

SUDZUTINE FUNCTN(THPOLTAB)
 
OI~rNSION TABI14)
 
N. 14 
DO 	I110 II,N,2 
IFI A 	(II-TI) 110,120,110
 

110 	CONTINUE
 
GO TO 140
 

120 POL:TABIII1)
 
130 RETURN
 
140 	NN.-2
 

http:IF(AI2).GT
http:FRMATIIbA4,I2,A4,EI3.6I


Ct'- 150 I=INN,2 
IPITAqll .LT. TH .AND. TABII+2 .GT. TH) GO TO 160
 

150 Cj'4IJUr
 
WRITE6,100) TH
 

100 FnRUkTt5X,g 4**** CURVE LIMITS EXCElED ***** ',12.6//
 
IF(TH .L. TABCI)) PCL.TAB(2)
 
IFITH .GI. TAB(N-1II PCL=TABIN)
 
GO TO 130
 

160 	POL=TA t{I )ltTBtI*3I-TABI&1+H)*II(T-TABII))/TAB+2I -TABC ))
 
GO TO 130
 
END
 

SUBROUTINE EMO (FUNIFU2,FUi3,FUN4I

DIMENSION FI)NI(|I)FU-2IL4),FIN3(14IFUN4I14I 

C SURR'JUTINE MEMO IA'M,AN',ANtU, 6NYt NZAQMAUHAUMAUY,& ESRFMBFN,
 
C * C'4.C.N3,CN.CV *fAS,OLA,flPA,RADVS,FISHMO.HPL,
 
C HDR.ISLISQ,[2 ,LVl PA ,PAM,PA2,'PC ,PGLPGSPLA,
 
C * PPAPPIPP2,PRAPRI]PVSOAQOLNtQLOQPtl,ORF.OR.'J
 
C * QgRVORA$tRARIBF RPARPTRPVRSIRSNPV4,RV'4
 
C * QVSU ,VAEVAS,Vi0 VIMVLA,VLEVP ,VPAVPCVRA,
 
C * VPC.VPFVVEVVR.VVS VV7,VVSX .FUNIFUN2.FUN3,
 
C * Fi'J )
 
C REAL 12,LVM 
G OILIFNSION FUt4I1I4,FUN2II4RFUNI4),FUN4 (I) 

REAL LVM,I,IFPLtJKF,KIEIKOOKTRK.,,KIKCD,KIF,KNI,KN3
 
REAL NAEtkFDtNfl'.,NO+,ItL KKI<Im32,IIOZKCZ,14PL,1IIPR,12,13,M'l
 
COMMOi/APRAY/TIV),VVSVPAVASVLh,VRAVAr.,PA,I'AM,LVM,
 

* 	 VR1,PRA.QRNVPEPPAPPI .CPARPARV",VLEPLAQLNPL,
 
AlqfPPVRPTPGL,CPI',)S ,VVr.,VVFPVSPGVIVrOVOAVE
 

C0M4ON/ARRAY/CN2CN3RVSPG9,IITPC A( ,QR.QLOtDVS, PA fAS rLA D0A, 
*PAIAUt)C&11B3AtJNAU*Ub.A 	 AU,0&UJAUJAIJ ,AUOAUI4,VV4, 

u
AUO,AIIMAU4,VIFPPIPTTPtS,PIFCIPTCCPPpPCPVG
 
CO'MflN/ARPAY/PC ,OCOVTC ,I VTLVTt ,VPOOPLCPI I:PCefFl 1Pi)LP,
 

* 	 OPPCHY ,PFPGPCPGPCPGFIPGCfGXPGH,"G?,VGfVG 
* 	 EPHGPI,;P2,GPO,&AR,?k RrNAPL),GLPPFLCGFRTRRVUD 

CfMCGN/ARRAY/RE(,NOD.NEDNAVCCK KOnKFI.KO.kIEKCRKEIICKI, 
* 	 CNA,CCDq.ID,KE KI ,VIi., ,VTYZ ,VTZ,VUZ,TVZPP, 
* 	 UFZX .12 ,PRI,VTSVP ,PRPIFPGPRKN3,KNIAMR,AMP
 
COMON/A;RAY/AWL ,AMC,412,A t3, A-15Am ,CNE,AGK,A'P,AI,A'C,AN2,A'J3,
 

* N~eA5,Nb4, VI II P 0,, 1 IVIEVI3,VlMRC2,P02,PKCRCI,
* 	 PCDVPC.RSNOVAIIf'I4,OO,,Afi)IP1OOSVP T, PCOPOUAkI 

CQMmaN/ARRAY/Aq2,PCCAP3,lMC-NI ,GF\,AH7,AHRAH .AHL,API,AH2,AH4, 
* 	 AH4,ChY,CNXVVI ,VV2,'V5,VV6,VVITVI),VTW,IISR,tISLNID, 

•S ,VVKRARCV ,IAUXAUKALlZ.Y ErFC,Cpk,PCr,CpR
COMMON/ARRAY/LPXKDPOvHYL KIDAMTAI POKPtl)NAKA?.3KCN",CNZ,

VVSQSV9 3 .ZZ• AIK V2 Z2 .3 Z ,t5 ,Z7 Z11 114K, 

* 	 HXV,PrV ,PCZ,RD,u],o2,PbF ,M C ,IOA,pIIy,tJU,PtaGF2,HO
 
COMMON/APRAY/H'4,Pnfl,13 vU VPITI ,Gr3,GF4,AUP,AIIVuRViAUYftJTI
 

* 	 DSP,AIIZQAHyUjSAPP!.CP' ,POSPLFIP 1,PPNPPJPP IDFP, 
VPFtPPtPPC.0MSPPH tCPF*PCPPAIlILZnvynPZGPZ rF 

COMMONARRAYJ/'IZ,KCZVIZHPPHPLITr ALrEXC,('ZmPA?,PP20VQ,AUL, 
* 	 VV9 ?A .01 .EXEAPF,C ,P'Ar FRAMrV%'V0RQO'4, 
* 	 PItOP20!0,F.PDO,PCEAI ,A4K,PCM,CMt:,P"p,P.V.4,[XI
 
COMHON/ARRAYIO .03 ,PP5,PKI,Z9 Z ,Zl,tLL2,ZL3,L14,ZI5,ZI6,PK2
 

* 	 PK3,FISSTAPAR,GLAN,ANZAAIXANVAN,4,ANAUQ,A)R, 
* 	 AUSA378,H1 ,AZ ,A3 ,DttMY(I4hTITLEI4001OtUMNYtAOl 

COMMON/NUFR( o/KN|t2OINTIMFC,UNIT,NZNTIMEPNNFAXNCNTIPE 
COMMN/STORE/NGING2.NG3NG4,NGS.NC(.NGTNGB.NGQDTTLPTNP.ND.
 

* 	 TIM,TM.NFIRST,ZLh15C)IY(9),0BY(9),YMIN(IO), YAX|IO)1
* 	 N,PT(IB),BETA(10),NGPAI'H(10)IGRAPH(1OI,HEAAC19),NOEXP 

I1
3"
 

http:COMMN/STORE/NGING2.NG3NG4,NGS.NC(.NGTNGB.NGQDTTLPTNP.ND
http:QAHyUjSAPP!.CP
http:C'4.C.N3,CN.CV


,01MAX 
C 
C CIPCIlt ATrPY DYNAMICS P.L('CK 
c HENOGYN all Ics 
C 

V90=VP+VPC-VVS-VAS-VLA-VPA-VRA
 
VVS=VVS+DVS*12+van*.3986
 
VP8=VPA40PA*12+VMD*.I55
 
VAS=VAS+0AS*12+V50*.26L
 
VLh=VLA+rLA*12+VBD*.128
 
VDA=vQA nQA*12+V8D*.C5?4
 
VAF=VAS-.A95
 
PA=VAE/.O 355
 
IF(PA.LT.O.) PA-.OOCL
 
P 4'-= 1 CC I P A 
PA2=PA/Atj
 
CALL FlJlJrTN(PA2,LVMFUND 
vpp vlh-.j
 
PkA=VzE/.005
 
CALL FUNCTN(PRAQRNFUN2l
 
VPE=VPA-.30625
 
PPA=VPr/.G048
 
PP'1=.026*PPA
 
IF(PPI.I.T.O.) PP1=10.**(-12)
 
QPA=PPIt*(-.5)
 
PP2=DPA/AUH
 
IP(PP?.L(.O.) PP2=.0001
 
CALL FUqCTfj(PP2,RVMFUN3) 
VLE=VLA-.4
 
PLA=VLF/.OL
 
CALL FU"CIN(PLAQLNFUN41
 
PPV=I./(PLA+20.)/.0357
 
RIIT=RPV+RPA
 
PGL-'PPA-PLA
 
C;P')=PrL/PPT
 
A;IU=A'4'4
 
IF l4NU.LT..8)ANU=.6

VVF=VVS-VVP-JANU-I;I*ANY
 
VVR=VVC-VV7
 
IF(VV8.LT..0001)VVB-.OOOL
 
PVS=VVS/CV
 
PRI=PRA
 
IF IPRA.LT.O.)PgL-0.
 
RVC,-2.?IPIPVS
 
cV(3-(pV -pr'IUPVG
 
CI;3=rN3+((IPC-17.)*CNT+17.)*CN2-CN3)".I 
AVE=(AUl -I.)*AUY+I.
 
RYS=AVE*(I./CN31*VIH*(IANU-I.I*ANZ+l I
 
PIS-PA-PVS
 
PSN=PAROAP.4*ANfJ*AUM*PAM*VIM+RVS*1.79
 
RFN=PGS/RSN
 
RSl4-ANl,*VIM*PAM*AIllA*ARP*RAM 
PFM=PGS/PSM
 
QAr-3 +rcV+RRF+(P4-PRAj*PlS
 
01.11=LV-'4*()I.NtAUH*HSL*H4D*HPL 
QPO. 3RN-1(1.-ORF)-AIJH*SVM*HSR*KMD*HPK QRF*QLG/QLNI
 
OPn=')LC+tPPC-QLOJ/U
 
QVO=Q.tL'+ICVG-ORO)/X
 
Dvs=oAc-ova
 
OPA-QRO-QPQ
 

ON

I 

http:PSN=PAROAP.4*ANfJ*AUM*PAM*VIM+RVS*1.79
http:PLA=VLF/.OL


tAS=QLC-QAG 
DLA=0PC-GLC
 
ORA=QVO-0RO
 
RETURk
 
END 

SUBROUTINE AUTO (AU ,AUBAUCAUHAUJIUKAULAUMAUNAUOAUPAUQ,
 
*AIaAUSAUVAUXAUZ,1U4,AU6,AUBAIBOAUEXCEXE,
 
* 	 FXI,12 ,PA *PAIPOQPOT,PZOSTAVVRVV9,Y .Z,
 
* 	 Zo ,Z121
 
RFAL 12
 

C 
c 	 AUTCNCUIC CCNTRCL BLOCK
 
C 
120 	 EXE=(.-P2O)4EXI+(EXC-1.)*Zl2
 

P IC=PCT
 
IF IPo.GT..)P0Q=8.
 
IF IPC3.LT.4.')PCOQ=4.
 
PAI=O&*PCC/8.-EXE 

IF( 	I.LTo.0).UC=.03*4(80.-PAII

'IFI-%1;LT.40.)AUC=1.2
 
AIi O,0 
IF(A.LT.179. )IUR=O|4286*(170.-PA1I 
IF(PAI.LT.40.)AUB=1.83
 

123 	 AIH=(Uifl-I.l*AUX+I.
 
124 	 AIIN=O
 

IFfPAI.LT.SC.IAUN- .2(SO.-PAI)
 
IFIPAI.LT.2O.)AUN=6.0
 
Alje.A t1i-AU4 I 
AU?wAUKtIAU6-1.) 
DAU=OAL4(ALC*AU6+AUN-OAUI/Z/y
 
AUJAUJ+( lU-AUJ)*I2*b.tZ8
 
IF I 6AIJ.LT .0* I AUJ=O.
 
tr(AUJ-I.l|t26,j27,127
 

126 	 AU=tUJ-*AUZ
 
GO TO 12a
 

127 A=(UJ-I.)AUZ+I.
 
128 IFISTA.GT..OOOOIIAU=STA
 

AUC=AU-I.
 
iUP= 	 UO*AUQ+I. 
AIJH=AUC*AUV*1.
 
AUR=AUC*AUS+1.
 

VVR=VVq-AUL*AUP
 
AU4=.15+.B*AUP
 
RETURN
 
END
 

SUBROUTINE HORMON(AM ,AMCAMP,AMR,AMTANIANMCKEPA,Z,FUNT,
 
* 	 AGKANCANPANRANTANVANWANICNACrEGFN, 

I *REKA2 ,A3)
 
flIIENSION FIJNT 141
 
REAL I
 

C 

c
 
C 	 ALOCSTERCNF CCNTRCL ELOCK
 
C 

168 A'4RCKVfCNA/A3-A2
 

http:IFISTA.GT
http:IF(PAI.LT.40.)AUB=1.83


IF(AQR.LT.O.)Avq=O.
 
CALL FUNCTN (PA,AMP,FU7
 
A tAm +(AtJM*4AD*AVR-AH)/Z 
AMC=AYC(AL-AMC)*(l.-EXP(-I/AMT)U
 
A=20Q*G3-jS8*$EXP(-.O394AMC) 

C 
C 	 ANG[oTSIN CONTROL BLOCK
 
C 

CNE=52-CI 
IFlCfN.LT*L.)ChF=L.
 

A'f=(1.75-GFN*CNAH*AGK+1d)*REK

hl=ANW,+(ANR-t.)*10.-ANW)*ANV*I
 
IF(A'14.LT..O)ANW=O. 
ANP=ANR+ANW
 
IFfA4P.GT.100.JANP=IOO.
 
IF(ANP.LT..O)ANP=.OL
 
ANI=ANIt(ANP-ANIl)/Z
 

tNC=AKC (*hC-ANCU*t1.-EXP(-I/ANT3I
 
A: z=4.0-3.3*CXP(-.O9674ANC)
 
IFIAN .LT,.7)ANM=.7 
RETURN 
END 

SUBROUTINE BLOOD PK,-P *HWK.I ,POTPOYPOlP2,RCIRC2.RCRKC, 
$ VS *VIBVIEVIMVP ,VRCl 

PE6L 	 I 
C 
C 	 RED CELLS AN VISCOSITY BLOCK
 
C ----------------------------------------	 ----
C 	 BLCCn VISCCSITY
 
C-------------------- -- - -------- - - --------- - ------ ---- - -------
170 	 VB=VP#VQC
 

F4=lOG.*VRC/V6
 
VIE-4&/(HAK-HM)/HKM
 
VI=VIF I.5
 
VI4A-.3333*VIl
 

C---- - ---------------- ----------------	 --------------


C RED RLCCD CELLS 
C -- ------------- ------------------

PC2=PKC*V4C 
Pl) POI-PrT
 

IF(P'?.LT..237?5P02-.2375
PCI=PCy-iPC2
 

PCDe=RC-RC2 
VRC.VC+oCOtl
 
RETUqN
 
EJD0
 

SUBROUTINF IUSCLE(ALCAMM,ACMIAUPA4,BFMEXCHM tI MMOOMMOSA,
 
* 	 OVACVSO2APOOvPKIPKZPK3,PMOsPMIPM3,PM4PMS,
 

* 	 POE,POM,PVOP2O.OO0,RMOVPFZ5 Z6,RUZI
 
REAL I.MMC
 

C 
C 	 MUSCLE BLOOD FLOW CONTROL ANO P02 ILOCK
 
C 
180 OSA-ALO-VPFt.5
 

C RUZi' IS CXYGEN VOLIN AORTIC BLOD(CHCBA) FROM GRODIN.
 
OVA = RUZI $ 1000. 

\n
 



OVS=.VS4f(2FM*CVA-RMCI/HM/5./BFM-OVS)IZ6

PV)=5 7. 14*CGVS
 
Rf=(PV -DM )'OMS/(PM ItpK3-p 4)
 

RC-'j(I)*( 1 .- EXP(-I/Z5) I
 
P4-=PKZ/(PKI-QOM)
 
PM =PMO
 

IF(PI.LT.P3)PVI=PM3

PZO.PMJ 
1FfP2C.CT.8.JP20=8. 
AflhA=(AUP-I.|*02A4I. 
MO=AC'*')14,*EXC*EI-(8.OO-P2)*3./,12.) 
Pfl=PVO-40.
 
POE=PIMP0O+1. 
IF(POE.LT°.OO5)POE=.O05
 
A''=A'l+(PCE-AMM)*(1.-EXPI-I/A4K|]
 
RETURN
 
FND 

SUBRqUTINF AUTORO{hU#',ARMAAIAR2,AR3,AIK,A2KA3KBFNDOBHM .I,
 
*MI12,OSVOVA ,2M,PCA,POBPCC, PoDPOKPONPCRPOT,

* 	 POV,POZ,P1O.0Qf2,PDOZ .Z4 tZ71
 
qEAL 10'02
 

C 
C NCN-MUSCLF OXYGEN DELIVERY BLACK 
C AND NON-USCLE LOCAL BLOOD FLOW CONTROL BLOCK 
C -- - -------------------- ------------- ----- 
c AUTOREGULATICN,RAPIO 

c - ---------------------------- ---------
CSV=2SV+{(DFN*VA-D'-OI/HM/5./BFN-O$SI/Z7 
POV=OSV*57.14
 
PJOUPOT**3.
 
IFtPDC.LT.50.)ROO=50.
 
016:=1POV-P(T) 2896.5/RDOG 
M02=Ar'*OZMt((.-f .0001-PLOI**3./5l2.I

O"12')C?+ CnrA-M723*C,-EXP(-l/Z4))
 

PUT=02* 00333 
PIO=PCT 
IF P(0TGT..)PIO=8.
 
pr)u.pfv-pnp 

Poa=PC6*fPCKPCD+.1-POBI/Z

IFIP'BLT.°23P0R=.2
 
AR|tAOtCP f-QI )tIt1.-EXP(-l/AlK) I
 

AR4PAI*AO?*AO3 
C-- -------------------------- --- -- -- ---- ---------------
C AUTORI:ULATIC'4[,ITFP FDIhTE 
c--------------------------------------------.-----	 ---- -- - ---

PQA=PfAl4PO']*POO+1.-POAI/Z 

IF (PCA.LT..5)PCA=.5
 
AP2=AR2+(PfA-AR2)t(I.-EXP(-I/A2K))
 

C-----------------------------------	 - - ---------- ----------
C AUTORFGULATICKLCKG-TERM 
c- - ----------- -----------	 --

IF(P0)194,192,192
 
192 POC=PCZ*PCO+I.
 

0 10 196
 
194 POC=PCZ*PCC*.33*1.
 
19k IF (PUC.L7..3IPOC.3
 

Aq3=AR3*IPOC-AR3)*I/A3K
 
RETURN
 
END
 

http:POV=OSV*57.14


SHIPIUTINF ADH (AH ,AHCAHKAHNAAHVAHZAH7TAHB,AUPCNA.CNBCNR,
 
*CNZl .PRA,Z)
 
* PEAL |
 

C 
C ANTI IUQETIC HORMONE 
C 

CN6=CNA-CKR
 
AIIZ=.2*PRA
 
AHY=AHY4(0A-Z-AHY)oOO07*I
 
A$9=AUP-1.
 
IFIAHP.LT.O.)AH8=O.
 
IF(C-'ILT.O.)CNB=O.
 
AI=AH+(CNZ'CB+AH8-AHZ+AHY-AHl/Z
 
!F(AH.LT.QO.)AH=O.
 
AHC=MFC*(.33334AH-AHC)3*I.-EXP(-I/AHH,)
 
AH4=6.*#(.-EXP(-O.I8O8*AHC)
 
IF(AHP.LT..3)AHM=.3
 
RETURN
 
ENO 

SU$PGUTINE MISCI (AHPAU4,AU,! tSR SRKSTHTVnTVZVECVICVTW,
 
* VVI,VV6,VVITZ V9% 
REAL I
 

C 

C
 
C VASCULAR STRESS PELAXhTION BLOCK
 
C
 

VV6=VV6+(S-*tVVF-V9 )-VVT-VV6)/Z
 
VVI=VV7VV6* 1.-EXP(-I/SRK))
 

C 
C THIRST ANC CR14KING BLCCK
 

C 
TVA=(.,aI*APv-.O9g*SIH
 
TV=TVfl+.(TVZ-TVO)/Z
IP(TVn.LT.O.)TVD=C.
 

VTI=VTC*VEC
 

C 
C AUTCNCtIC CCNfRCL BLC(K 
C AOAPTATION OF BARORECEPIORS 
C 

A'JACAL4+AUBtI 
RETURN
 
ENDL 

SUbROUJINE HEART *AtJRCHM.W4DNR .3 *PA- P.rPMPPMS,PEVPRAQAe9# 
*C E.RJPSGOVAEVt..VPE.VRE.VVEv143P 
REAL I
 

C 
£ HEART flPERT.ROPMY OR EFTFKRBOhATIO4 BLU,;K
 
C 

C uFARh VDCPCUS CWCtE 

€1 

0 



fH'=(PCT-6.)4.0O25
 
H'4fl1- ') +0 HM4*I
 

IF ('lC..IIfI
 

C 	 4EAN CIRCULATORY PRESSURES
 

PMC=(VAE+VVE+VAE+VPE+VLE)/.I1
 
PMS=IVAE+VVE+VREI/.09375
 
PVP=(VPE+VLE)/.O1625
 

C HEART RATE AND STRGKE VOLUMF BLCCK AND TOTAL PERIPHERAL RESISTANCE
 
C
 

HR=(32.+H1 *AUR+PRA*2.)*((HM-.)*.54Z.)
 
PTPv(PA-PRA)/QAO 
SVC=QLG/HR 
RETURN
 
END
 

SUBROUTINE CAPPBD(BFNCFC.CPICPPDFP,[ ,IFPPC ,PCD,PIFPLOPPCI
 
*P{P,PTC,PTS,PTTPVGPVS.RVSTVDVG ,VIDVIFVP,
 
* 	 VPDVTC,VTD.VTL,VTS.VUOZ ,ZLFUN6) 

DI*ENSIN FUN6(14) 
REAL 	itFP
 

C
 
C CAILLAY PEM'RANE DYNAMICS BLOCK
 
C 
130 	 PTT-(VTS/2.)**2. 

VIF=VTS-VG
 
CALL FUNCTN (VIFtPTSFUN6I
 
PIF=PTT-PTS
 
CPl=FR/VIF
 
PTC=.25*CPI
 
CPP=PRP/VP 
PPC=.46CP'
 
PVG0V;*I.7SpRFN
 
PC PVG+PVS
 
PCC=PCPTC-PPC-PIF
 
VTC=VTC+(CFCPCD-VTCI/Z
 
PLO=T.R+PIF-PTT
 
VTL=VTLti.004PL-VTL)/Z
 
P (VTL.LT.OIVTL=O.
 
VTD=VTC-VTL-VID
 
VTS=VTSVTD*
 
VPD=VPO+(TVD-VTC+VTL-VUD-DFP-VPD)/ZI
 
RETURN
 
END
 

SUEROUTINE PULMONCPFVCPPCPNrF'Pt *'PCPb Ft.PtMAPFPO$SPPAPPCt 
* PPO%'PPWAN 0VC,PPP.V V tPVP'F~Z ,kfl 

RFAIL
 

C I'LONARY 'CYhAICS AtO aVIt'D3 Bt'17C
 
'C
 

VPtVP.CVPO*fl/Z3
 

200 	 PCP.45*PoA+.55*PLA
 
flI=2.-.t50/VPF
 

'CPN=PPk'/VPF 

http:VTL.LT.OI
http:PMC=(VAE+VVE+VAE+VPE+VLE)/.I1


PpS=CPN*.4
 
PLF=PPI+11 .*.0003
 
PP= PLF *CP4 
P0M=(CPP-CPN)*.nOO225
 
PPA=PP1+ (PPq-PpO-PP IIL
 
IF(PPRPPI)*I-.C25.LT.O.IPPD,(.025-PPRJ/I
 
PFI=(PCP-PPI+POS-PPCI*CPF
 
DFP=DFP4(PFI-PLF-DFP)IZ
 
lFIVPFECFPI-.OO1.LT.0.DFP=I.O0I-VpF;,I
 
VPF=VPp+nFP*fI

PPP=PPR+PPO*l 

SUBROUTINE ?4SC2 (HPtHPRHSLHSRI[Pk.PPAPOTSTHZIOZZIvZZ3 
REAL I 

C 

C 
C PEAQT IYPEhTROPHY OQ CSEERIORATION BLO(K 
C 

HPL=HPLI((PA/100./HSL)*4ZI3)-HPL)*I/1t600. 
HPR=HPRtI (PPA/Ib.IISR)**Z1I3-PR)*l/ST600. 

c 

C TISSUE EFFECT ON THIRST AND SALT INTAKE
 
C 

STH=IZLO-PCTIIZ11
 
FI STH.LT.1.)STH=L.
 
IFISTI.GT.8.ISTH=8.
 
ARETU4N
 
END
 

SUB3XUT[NE PRI]TFN(CHYCPGCPICPKCPPEPRCPI.OLPDLZ, PCDPIDPL, 

C 

SUPOCPYGPOGPRI 

SVTLZ ,
REAL IIFPLPK 

,IFP,LPKPC ,PCEPGXPRPVG 
PPD) 

C TISSUP FLUIDS,PPESSUiFS AND GEL HLCCK 
C 
C --- ------------------------ ---- ---------------

C PLASWA AND TISSUE FLUIO PROTEIN 
C-------------------------------- --------

135 OPL=OPL+CVTL*CPI-DPLI/Z 
IF PC.LT.O.IPC=O. 
COC=I)0C+(CPKtCPpp.CII*PC**PCE-OPC)/Z 
OPI=OPC-O0L 
DtZ=LPK*tCPR-CPPI
 
IF(CPP.GT.CP4 0LZ=4.DLZ
 
DLP=OL+(CI.Z-DLPI/Z
 
PRP=PRP*CLP-OPJ+DPL-CIPC-PPDI*I
 

C . GEL PRCTEP, 2YNAVICS
 

141 	PGX.CHY4*2*.01332*CPG+CPG
 
GPD=GPI)+(.0005*ICPI-PGX)*VG-GPD|IZ
 
GPR=GPR+GPD*1
 
IFPnIFP+(CPI-GPD)*I
 



OF TURN 
EIN
 

SUJROUTNE,KIDNEYCAARAHMAN ,APOARi AUM4,CNECNXCNYGBLGFN.GFR, 
* 	 fF2,GF3,GF4,GLP,1 ,NAENEDNIDNlD.N0Z,'PA ,PAR, 
* 	 PFLPPCRBFREKRF.eRR .STHTRR,VIM,VUD,Z) 
REAL !,NAFNEDNIDNGONOZ 

C 
C KIDY DYNAMICS AND FXCRETION BLOCK
C 

142 	 GF3=((GFN/.125-1.)*GF4)tl.
 
IF(GF3.GT.L5.)GF3IS.
 
IFIGFl.LT.4ilGF3=4
 
iPR=31.67*VI4(AIM*ARF+1.-ARFI*GF3


PR=AAO+51.66*VIN 
Ph =P4-GVL
 

PFN=PAR/PR
 
RRF=REKCPFN 

150 	APO=AARPFN
 
GLP-PAR-AP0 
PFL=GLP-PPC-18.
 

GF|=GFN
 
GF6=5F't CPFLI.OOTRl-GFN)*GFZ/Z
 
IF (AtS(GFN-GFI).GT..DOZ)GO TO 142
 
GFR=GPNkREK 
TPQ=P.IGF+.O25*qFK-.OOL*RFK/AM/AH
 
VUC=VUQ41GFR-TRR-VUD)/Z
 
IFCVUC.LT..OOO2IVUO=.0002
 

C -	 ---------------------------------.-------

C KIONFY SALT OUTPUT AND SALT INTAKE 
C (SEE ALSC ELECTROLYTES AND CELL WATEF' BLOCK) 
C------------------- - - --

N0Z=IOOC.4VUD/A/ICNEiCNX*CNYI
 
NOD=NIID* NOZ-NOD)/Z 
NED=NIC*STH-NOD
 

AFN&EfNl I* 
RFTUQ% 
END
 

SUBROUTINE IONS IA ,CCC,CKE,CKI,Ck,I ,KCDKE ,KEOKI ,KIDKIE.
 
KIRKUODNAEREKVL-CVICVIDVP ,VPFVTSZ
 

REAL I,$CD.KE.KEDKIKIO,%IEKIR,KC,NAE 
C 
C 	 ELFCTR)LYTES NC CELL WATER BLOCK
 
C 
160 	 VFC=VTS4V+VPF
 

CKF.=KFIVEC 
KCD=I.00JA*CKE*.ODOO1*A4*CKE)*REK
 
KIR.2350.*I40.*CKE 
KIF=KlO-KI
 
KCQ=KCOI(KIF*.013-KCCI/Z
 

KIC 4KCO)*I
I 

gEG=KI -KCD-KUD
 
KE.KE+KE')*I 
CKI=KI/VIC
 
CNA=N&EIVEC 
CCOCKI-CNA
 
VIC=VID(.OI*CCD-V[0D/Z
 
vIC=vIc*VI0*.
RrTURN 

w
 
I 

http:AtS(GFN-GFI).GT


SUJ30 UTINE OELFLD(CHYCPG,CPIGPRHYIIFPPGC.PGHPGPPGRPGXPIF,
 
4PRMPTCPTSPTTVG VGOVIFVRS,VTSV2DFUN6)
 
OIMFNSION FUN61I14
 
REAL IFP
 

C 

C GEL FLUID DYNAMICS
 
140 CHY=HYL/VG


PRY=-5.q*CHytZ4.2
 

PGR=. 4CHY
 
CPG=GPO/VG
 
PGP=.25PGX
 
POC= GP+PGP
 
VIF=TS-VG
 
CALL PUNCTN (VIFPTS.FUN63

PIF=PTT-PTS
 
CPI=IFP/VIF
 
PTC=.25*CP
 
PGH=PIF+PTS+PRM
 
VGO=VZO*(PIF+PGC-PTC-PGH)
 
VG=VG+VGD
 
IFIVG.LT.O.)VGO.
 
IF(.OI2.LT.A8S(VGO)) GG TO t40
 
RETURN
 
ENO
 

SUBROUTINE GROOINCURZI,URZZURZ3,URZ4,URZ5,RUZI 
C 
C 
C FOLLOWING FROM GUYTON TO GRODIN.... 
C GUYTCN GRCDIN 
C OLC CILO CURZI) CARDIAC OUTPUT. 
C (RM+OU)/IOOO. RMII2)tC(26 (URZ23 TOTAL METABOLIC RATE OF BODY 
C (H'*OSAI/200. C117) (URZ3) BLOOD OXYSEN CAOACITY. 
C UQZ4 URZ4 IURZAI 
C 
C 
C 
C 
C URZS URZ5 CURZ5) 
C 
C FOLLOWING FRCM GRCOIN TC GUYTON.... 
C GUYTIN GROOIN 

FLG I=IST.TI'E GRODIN CALLED.
 
2=GUYTON JUST-OUTPUT
 
3CGUYTON JUST OUTPUT
 

AND DETECTED END RUN.
 
O=NOT ABOVE.
 

WORK LEVELIWATTS).
 

C OVA/lOOO. CHBA (RUZI) OXYGEN VOL.IN AORTIC BLOOD. 
C 
C CI401 
C ALVEOLAR VCL GAS FUNCTIONS 
C I PAICCZI 
C 2 FAt 0?) 
C 3 FA(N2) 
C 
C GAS CONCENTRAT inNS IN BRAIN. 
C 4 CGICCZl 
C 5 CS(02) 
C 6 C6(Z) 
C 
C GAS CONCENTRATIONS IN TISSUE. 
C I CT(CO2) 
C 9 CT(023 



C 9 CTP42)
 
C CARDIAC CUTPUT.
 
C 10 0
 
C CEREPFAL BLOOD FLOW. 
C 11 QB 
C GAS TENSION IN CSF.
 

C 12 PCSF(CO2I
 
C 13 PCSF(C2)
 
C 14 PCSFIN2)

C 

C LFNST OF SIPULATION RUN. 
C 15 TMAX 
C WEIGHTING CF H+CONC IN CSF VERSUS VENOUS BLOOD OF BRAIN.
 
C 16 CENTRAL SENSITIVITY PARTITION
 

C BLOCID OXYGEN CAPACITY 
C 17 fHB) 
C TIME CONSTANTS IN CARDIAC OUTPUT ANC CEIIESRAL BLOOD FLOW RESPONSES. 
C Iq PI 
C 19 R2 
C 
C CONTROLLER ECUAT[GN SENSITIVITY WEIGHTINGS.
 
C Za CENTRAL SENSITIVITY COEFFICIENT
 
C 21 CAROTIC aocY SENSITIVITY COEFFICIENT
 
C 
C VOLU ES CF LUNGRAIN,ANO TISSUE
 
C 22 KL
 
C 23 K6
 
C 24 KT
 
C 
C 8RAIN PETAeOLIC RATE OF C02 PRODUCTION.
 

C 25 14RI(Cf12)
 
C eRAIN 4ETAalLIC RATE OF 02 CONSUMPTION.
 
C 26 MRB(C2)
 
C GAS AIFFUSION COEFF.FOR BLOOD-BRAINwBARFIER.
 
C 2? OCO?
 
C 28 "12
 
C 29 C142
 
C
 
C RARICETRIC PRFSSURE..
 
C 30 e
 
C VOL.FRACTION CF INSPIREG GAS.
 
C 31 FIICn2I
 
C 32 F1102)
 
C 33 FIIN2)
 
C
 
C VOL.F CSF.
 
C 34 KCiF
 
C INITIAL TIMP
 
C 35 7 
C COVPUTPR TIME STEP.
 
C 3b H
 
C CCNTgOLLbR FUATIOk CONSTANT(MAINTAINS tESTING PAICD2) APPRfX.40).
 
C 37 VIIN)
 
C VALUE FOR RESTING ALVEOLAR VENTILATION.
 
C 38 VI55)
 
C OUTPUT PRINT INCREMENTS (ALSO PRINTS AT .5MIN.INCRIMENTS).
 
C 39 PRINT-ALL TIME
 
C
 
c SV(I8,50
 
C ARTERIAL GAS CCNCENTRATIONS AT LUNG EX[i.
 

I 

http:APPRfX.40


C 1 CAICO)I

C 2 CAt02)
 
C 3 CAIN?)
 
C
 
C VENOUS GAS CCNCFNTRATI1NS AT BRAIN EXIT.
 
C 4 CVBICnE)
 
C 5 CV?(02) 
C 6 CVB(k2)
 
C 
C VENOUS GAS CONCENTRATIONS AT TISSUE EXIT.
 
C I CVTICO2)
 
C a CVTIO)
 
C 9 CVT(N2)
 
C 
C CARnIAC OUTPUT.
 
C 10 C
 
C CEREdRAL BLCCD FLCN.
 
C I1 O
 
C TISSUE LCCO FLOW.
 
C 12 CT
 
C ARTERIAL Pf CONCENTRATION.
 
C 13 CAIH+)

C ARTERIAL 02 TENSION.
 
C 14 PAlNE)
 
C
 
C 15 --

C TOTAL GAS CONCENTRATIONS AT BRAIN FXIT.
 
C 1b CVBICG) + CVBIC2I + CVBIN2)

C TITAL GAS CONCENTRATIONS AT TISSUE EXIT.
 
C 17 CVTC021 * CVT(C2) + CVTIN2)
 
C TIVF.
 
C 18 T
 
C VTRAN(1)
 
C ARTERIAL GAS CONCENTRATIONS AT BRAIN ENTlhANCE.
 
C I CAUIC2) CA(CO2)(T - TAB)
 
C 2 CARtC2) - CAIOI2HT - TAB)
 
C 3 CAMIN2? CAINZ)CT - TAB)
 
C
 
C VFNCUS ARAIN GAS CONCENTRATION AT LUNG EITRANCE.
 
C 4 CV'1(Cn2)T- TVi)
 
C 5 CVBCZfIT - TVB)
 
C 6 CVBINT)(T - TVB)
 
C 
C VENOUS TISSUE GAS CONCENTRATION AT LUNG INTRANCE.
 
C 7 CVT(CO2EHT- TVT)
 
C 8 CVTIOZ)(T - TVT)
 
C 9 CVTIN2)(T - TVT)
 
C
 
C ARTFPIAL GAS CONCENTRAIIVS AT TISSUE EV RANCE.
 
C to CATIC02I CAICCZ)(T - TAT)
 
C 11 CAT(J2) : CA(62)(T - TAT)
 
C 12 CAT(N2) = CACN2)T - TAT)
 
C
 
C ARTERIAL H+ CONCENTRATICN AT CAROTID BOJ ES'SITE.
 
C 13 CAOIPt) = CA(H+1(7 - TAO)
 
C ARTERIAL 02 TENSION AT CAROTID BODIESSI"E.
 
C 14 PAMOC) - PAI(]2IT(- TAO)
 
C ARTERIAL H+ CCNCENTPATICN AT BRAIN ENTRAIICE.
 
C 15 CAR(H+) - CA(H |(T - TAB)
 
C TOTAL GAS CONCENTRATION FROM BRAIN AT LIIIG ENTRANCE.
 



C 16 (CVR(C(2) + CVA(02) + CV t2))11..TVBI
 
C TOT AL GAS CrrCEITqATION FIO14 TISSUE AT t (NG ENTRANCE.
 
C 17 (CVT(CC2) + CVT102) + CVT(N2))il - TVT)
 
C 
C 	 C(15) 
C FOR C(15) TFE SYMBOLS B=BARMETRIC PRESURE, 47=WATER VAPOR PRESS.,
 
C K=CONVERSION FACTOR FOR ATM TO MMHG. A=5IILUBILITY COEFF.OF GASES,
 
C H=CO4PUTFR TIE STEP, HE=BLCOO OXYGEN CAPACITY
 
C 1 R- 47
 
C 2 K AC(12
 
C 3 K A02
 
C 4 K 1N? 
C 5 K AN B - 47)
 
C 6 K AC2 (8 - 47)
 
C 7 K ANZ (B - 47)
 
C 8 0.16 + 2.3(1H)
 
C 9 e63/IF - 47)
 
C 10 0.62
 
C I1 K ACSFIC02)
 
C 12 K ACSF(02)
 
C 13 K ACsrIN2)
 
C 14 2*H 
C 15 1.9*1 
C FI20)
 
C COMPARTMENTAL GAS TFNSICNS AND CONCENTRA'IONS.
 
C I PA1021
 
C 2 K AC)V PA(CO)

C 3 PB3(2)
 
C 4 K ACO2 PB(C021
 
C S PT(02)
 
C 6 K ACC2 PT(C02)
 
C 7 PACnZI
 
C 8 PAIr2)
 
C 9 CA(1O2)

C to CA0hZ)
 
C 11 CACe2) + CAtOZI + CAINZ)
 
C 12 CVI(O?I
 
c 13 CVTIC?3
 
C 

C PAO0JCT OF nIFFUSICN COEFFS.AND GAS DIFI' RENTIALS ACROSS BLOOD-GRAIN 
,C BARNIER. 
C 14 0CC2 (P8(CC2) - PCSFIC02)) 
C 15 02 tpI(021 - PCSFIOZl) 
C 16 Oh2 (PnfN2) - PCSF(N2))
C
 

C 	 1? P8(n2)
 
C 	 18 P8(N?)
 

INTeGER UZ4
 
DIMENSION C(40), XN(40,21, SV18,50), VTRANII8), RKII4,4),
 
1 SC114,51, CC(14), A161, 0(1), F(20), VOLCIO), RMT(21,
 
2 BC(4), OF(61, TAUC5), CC(3h 0(83), 0 CPH13),
,CH(41 
3 DQ(41
DIMENSION XNI,42), 0J4). cOJI6), 10J121
 
COMMON/Z/ C, XN, SV, VTRAN, RK, SC, U;, A. D, F, VOL, RMT, BC; QP,
 
I TAU, CC, C140, CP. CPH, D, VE, VI, CPB, CPT, CADK. X, DT,
 
2 IRK, LOC, ITERX, INDEX, I, J, 4, N 
CUMMON/R/ XOSXMIHCXTlORK.UMvDUM2.)UM3,WORK2,RMTBRMTBZ.TIMEOF 

QH'LIN 
C
 
C 

http:COEFF.OF


SEF IF THIS 1ST TIME GRODIN CALLED.
 
IF(UPZ4 .NE. I I GC TO 370
 

CC 
C I-EQE IF THIS 1ST TIIF CROCIN CALLED. 
C 
C DATA FfR INITIAL CONDITIONS 

kflITE 16,5) 
5 FrPMAT (i' , GRCOINS: RFSPIRATORY COMIRCL MODEL)

300 CTINUE 
WPITE(6,90) 

90 FOR'4T(O 'ESPIRATORY CHEMOSTAT -- PPUT DATA'/) 
c DATA FOP INITIAL CONDITIONS 

Or 10 1 = 1,40
RFAD(5,1gCF D=301| C(I),(XN(IJ~tJ-I,2) 

10 CONTINUE 
C ESTABLISH, CCMPUTEA STEP INCEPENDENT OF INPUT DATA. 
C FOLLOWING TIME STEP TO MAKE GRODIN COMPATABLE TO GUYTON. 

C(3o) = .003 
ISO 	FORMAT FSX,F15 OSX,2A4)
 

CO 20 1 = 1,4
 
1P40 = I + 40
 
READ (5,190) BC!l), (XNB(I,Jl, J - 1,2)
 

20 	CONTINUE
 
Off30 I = 1,2

PrAO 15,190) RMT(I, 
IP40 = I + 44 

30 CONTINUF' 
DO 40 1 = 1,2 
FrAI) 5,1901 OJlll), 
IP40 = I + 46 

40 	CONTINUE
 
C
 

C 
C(IO) = URZI
 
C(IT) = U'Z3
 

(XNB(I,J). J = 3.23 

IXNB(I,J), J - 1,2) 

R11T121 - UPZ2 - C1261 
C OUTPUT INPUT + ABOVF 3 VARIABLES FROM GLYTON.

J = 	I
 

00 75 1 - 1.8
 
4J = J+4
 
IRITE(6,921 J, (Ctll),I1-JJJI
 

92 	FI)RAT1( ',I2,2X,5C9.4)i

4.J+5
 

75 COITINUE
 
WRITF(6,92) Jo IBC(I),I-1,4
 
J - 45
 
WtITF(6,52) J, RPTt, RNT(2), 041), OJI21
 

C
 
C FTICq2)
 

OU'YIC131)
 
C F1102$
 

OU'4ZCC 323 

C 	 Ft(U21 
DUM3=C(33I
 
N-RK=O.
 
W1PK2:0.
 

C META'IfILIC RATE OF C2 CONSUMPTION IN TISSLE.
 
RMT8-RMT(2
 



RMTQJ2RMT(2)
 

C
 
T I FF=O.
 
X')S=O0. 

XMH = 10. * C(36)/.003 
MHli=O
 

201 CCNTINUJ
 
XOS=XOSXVi
 
IF(N'4M.EO.I )XS=XODSC(36)
 

CI35)=C.
 
C140) O.
 

£ INITIAL IJUESSES FOR ITERATIVE LOOPS 
C &RTERIL CONCENTRATION OF C02. 

CC(l) = 0.6 
C BRAIN CO'JCFNTRATION OF £02. 

CCI21 = CI4) 

C BRAIN C32 TENSION. 
CP3 = 50.0 

C TISSUF CCZ TPNSION. 
CPT = 50.C 
IF(XDS.GT.XMH) GUT0202 

C SFTS VARIOUS CONSTANTS AND AGGREGATES OF CONSTANTS-
I TMAX. 

C(15) e C(15) 4 .0001 
C PRINT ALL TIS4E. 

C39) C(39) 4 .O0 
Or 200 1 27,29 

C FACTn OF l-E-7 MULTIPLYING DIFFUSION COEFFICIENTS. 
C(I) . Cil) * I.E-7 

200 CCNTINIIS
 
202 CONT INUE
 

IPK - I
 
M 4
 

N 5
 
1Uj0I) = C
 

C SOLUiILITY COEFFICIENTS.
 
C A(1)= IALPHAIC02, A(21= (ALPHA)OZ, A3)' (ALPHA3NZ,
 
C A(4)= (ALPHA)C2. A(S1 IALPHA)02, A(61 = IALPHAIN2
 

•All) 	= 0.51
 
A(2) = 0.024
 
A(1) 0.013
 
A14) = C.51
 
A(51 = 0.02.
 
A(6) O.G1!
 

C AT'/:"4HG CONVERSION FACTOR.
 
SK = 0,00132
 

C CARPO'4IC ACID nISSCCIATION CONSTANT.
 
CACK =-795.0
 

C VOLI)-V9LIIO)= VOLUMES USED IN CALCULATION OF VARIABLE TIME DELAYS. 
VOL(I) = 0.n15 
VCLIP) = I.Co2 
ViL131 = 0-18
 
VfLI41 0.06
 
VOLI5) = 0.139
 
VOLI6) = 2.94
 
VOLIT) = 0.735
 
VOL(8) - 1.062
 



VnLI)) = O.°)og
 
VL(IO= 1.062
 

C 
C (METABOLIC RATE OF C02 IN BRAIN + TISSUE.) / SAME FOR 02 

09(6) = (C125) + R14T(13)/(C(261 + RNIIZ)) 
C 3-47 

D13=CI30-47. 
On 	210 1 = 2,4 

C PROCJCTS CF COJVERSInN FACTORS AND SOLUBILITY COEFFICIENTS. 
n(l) = SK*A(I-I) 
D11+9) = SflAfl+21

C 
0(1+3) = 0(1*0(I)
 

210 CONTINUE
 
C FACT3R USED I ESTABLISHING CA(Cn23 

0(8) = 0.16 + 2.3*C1i7) 
C 

C(9) = 163.3/Otl) 
C FACTOR USED IN FSTABLISHIkG CBCCO2). 

0(10) = 0.62 
C flANTPULATICN CF COUPUTER TIME STEP. 

0(143 = C(36)*2.0 
D(15) = OI43 - .01*C(36) 

C 
CALL RC3
 
CALL RC4
 
CALL HC5 (CPf, Ft41, C14), CI21)

CALL RC21 (CHB2), F013, F(4), C(4), MH(21, CPH(21)
 
CALL HCI9 (CPB, CHB(22, CC(2), BC(11, F14))
 
CALL RCS (CPT, F(6), C13 SC(3)
 
CArL RC2I (CHB3)3, F(S), F(6), C13, 0,13), CPH(31)
 
CALL 'CL9 (CPT, CH813, CC(31 RCIIl), F(6))
 
CALL UO20
 
CALL RC7
 
CALL RCH
 
CALL RC9
 
CALL RCIO
 
CALL PCII
 

C FOaCE PRINTOUT 
URZ4 = 2. 
CALL RC12(URZ4,URZS) 
GO TO 60 

50 	CALL PCIS
 
CALL RC16
 

C 
C 

60 RUZI = CH811) 
PETUQN 

C
 
c 
C NO(MAL EN4TRY FROM GUVTON. 

370 CliO) = UPI? 
C(171 = UPZ3
 
P'T(2) = URZZ - C126)
 
CALL RCL3
 
CALL RCI2IURZ4,URZSI


C 

C SPEEIF. GUYTON SAYS END OF RUN. 
IF(URZ4 .62. 3 ) GOfTO S0 

01 



IF(C(35).GF..X$H) GO TO 201

C
 

73 CALL PC14
 
UU = AMOOCC(351, flf433
 
IF (UU .LT. .0001 nR. UU .GT. 0(15)1 GOTOSO
 
GOTO 60
 

C 

C HERE mHEN GUYTnN SAID END OF RUN. 
R IF (C(37) .GT. 1.OE-5) GO TO 250 

220 CTFPM = 0.0 
IF (VTRANI141 - 104.Cl 230, 240, 40 

230 CTER4 = (P3.6E-q)0((104.0 - VTRAN(14)J**4.9
240 C(371 = C(20)*1CdI6)OVIRAN(15) + (1.0 - C(16)1*CH4)) 

I + C(21)*VTRAN(13) * CTERM - VI 
I = 17 
WRITE(6,192)I,C(I), (XN(IJ), J = 1,21 

250 DO 260 1 = 1,14 
W<ITEI6,192)IC(I), (XN(I,J), J = 1,21 

260 CON'INUE 
301 CONTINUF 

STOP 
192 FORMAT (I3,2XFI5.SSX2A8) 
194 FOQVAT (IHI) 

FND 

SURROUTINF RCR
 
DIMENSION C(40), X4(40,2), SV(I18,50), VTRAN(I8) , kK14,4), 
I SCI14,5), DC(14), A(6), DI1I1, FI20), VnLI1OI, RMT(2), 
2 4CIA), OF6), 1AU(5), CC(3)1 CHBI3), CH(41. CPH(3), 
3 004) 
CONMONIZI C, XN, SV, VTRAN, RK, SC, CC, A, D. F. VOL. RMT. BC. OF.
 
I TAU, CC, CHB, CH, CPH, DO, WE, Vt, CPS, CPT, CAOK, X, OT,
 
2 IPK, LOC, ITFRX, INDEX, 1, J, o, N
 

C CALCULATES TRANSPORT TIMES
 
C EQUATIUNS 8.10 THRU 8.14
 
C6969 FORMATIiH 7HSUB RCS)
 

DO 870 1 = 1.5
 
OT = C(35) - SV(1l,l)
 
ND = I
 
GC Tl (O,812,I814,e816,810), I
 

BIO tC = 11
 
NI = IC
 
Gn TO 820
 

812 NC IC
 
NB = 11
 
DO TO 820
 

814 hC 10
 
M= 12 
GOi TO 820 

816 NC = 12
 
N= 10
 
CA = OFII)
 
GU TO 822
 

820 CA =DINe)
 
822 D) 860 J - 1,2
 

GU)TO 1834,8241, J
 
824 NC = N6
 

KO KK + I
 
IF (K) 826, 826, 832
 

826 IF INC - 12) 830, 828, 830
 

http:IF(C(35).GF


82R 	O4 = SV(NC,I),- ISV(NC.1) - OF1))*OTI(C(35) - SV(18,I))
 
GO TO 534
 

830OA = SV(IC,II - (SVINC,1) - C(NCII*Dl'IC(35) - SV(18,1))
 
Go TO 834
 

832 OA 4 SVINCND) - (SV(NC.K) - sv(NC#NrI))*OT/DI14)
 
834 Id 2'! + J - 2
 

Ad = (
VOLCIJ) (C(36)/.0078125)

AA =)T*(QA + SV(NCN))/2.0
 
DJ 838 K = NO,49
 
IF (AA - ABR) 836, 836. 840
 

836 AA = AA + C(36)*(SV(NCK) + SVINCK+IJ3
 
638 CONT 1UE
 

K = 49
 
WRITE (6,090) 1
 

840 	OA = At- AD
 
K = K -1
 
IF (K) 842, 842, 846
 

842 VV = SV(NCI) - OA 
IF (DV) 850, 844, 850 

644 CT = 04/A 
GO TO 960 

846 OV = SV(NCK+) - SV(NCK 
IF (OV) 850, e48, 850 

849 OT = Dh/SV(NCK) 
GO TO 860 

850 OT = (SV(NCKII - SORT (SVtNCK+I)* 2 - DV*DA/C(361))/(DV/D(14)) 
860 C)NTrNUF 

TAUMI = C935) - SVtl8,K + 1) - OT 
870 CONTINUE 

RPTURN 
890 FORMAT (SX27HSV ARRAY EXCEEDED ON CYC.E 12)
 

END
 

SIJaROUTINE RCI2(URZ4,URZS)
 
INTEGFR UPZ4
 
DI"ENSICN C140), XN(40,2), SV(L8,50), VTRAN(18J, RK(14,4),

I $SM4,51,0C114), A(6), 0115), F120), VOL(II0) RMT(2),
 

2 BC(4), OF6, TAU(5), CC(3), CHB(3), CHMA), CPH(3), 
3 D0(O) 
COMMON/Z/ C, XN. SV. VTRAN, RK, SC, ):, A, 0, F, VOL, RMT, 8C, OF, 
I TAU, CC, CH.B CH, CPH, DO, VE, VIt. CPO, CPT, CADK, X, OT, 
2 IRK, LOC, ITEQX, INDEX, I, J. 4. N 
GU"'iN/P/ XOSXI4ICXTWORKDUML.DUM2,)UM3,WORK2,RHTBRMTB2,TIHEOF
 
I ,QPLIN
 
CXT=C(35)+XDS-IC.
 
IFI(XT.LE.O.)CXT=+O.
 

C RFSPIRATJRY FPFOIJFNCY.
 
FRF3 d.t+7.3aI5*(PPT 2)*C(261)
 

C DEAD SPACE VEKTILATICN
 
.DEAUVTh.IIOTFREQ+.O785*VE
 

C C(lI3=(OEADVT*C(II4VE*CUML)/DEADVT+'JE)
 
C C(32h=(nAUVTC(21+VE*DUM2)I(DEADVT+VEI
 
C C(33)=(DEADVT4C(3)+VF*DUM3)/CDEADVT+VEJ

C MINUTE VCLUMF.
 

TVNTODEADVT+(VE+V)/2.
 
C HEART RATE.
 

H8ATE4A3.8*(R4T(2)+CI26))+S4.5
 
C 
C 
C SEE IF WORKLOAC HAS CHANGED.
 

N)
 



IFURZ5 .NF. WnAK) GO TO 500
 
C 
C
 

IF(MARKER.E.0I GOT0101
 
I WtURK=WORK2
 

WARKER=1
 
C
 
C SYSTEM RESDCNSFS: TIME CONSTANTS FOR WORP LOAD LEVELStINCAEASING$. 

IFIW PK.LE.0.IGCT02
 
IEWORKGE.50.I ICI=2.3/(2.*WnRK/200i.
 
IFtWrRK.Lr.-SO)TCT=4.6
 

C TISSUE 02 ' TAdOLIC RATE.
 
C WmT(2) Crl4FS FRO'4 GUYTCN.
 

VTI =q1.1-1.1*EXP(-TCT*(EXT-TIMFfGN)/1.93) 
C TERM USED IN VI THAT IS A CCMPONENT OF lIANSIENT RESPONSE RELATED 
C 7C fl0qKL06. 

RV.LIV =SS 24(WrRK]-(SSOZM(WORK)-RMTB2 *(I.-VTIME) 
IF(VTIME.GE.I.I RMLIN=SS]2W(WORKI 

C TISSUE CC2 METAPILIC OATE.
 
PTTt)=°R9* MT(2) 

IF(TVIT.GT.37.) RlMTII)=(TVNT+40.77)*iIT(2I/88.5 
IFIURZ4 'EQ.,O) GO TO 1230 
WRITE (6,333) qT(13,RMT(2) 

333 FOOMATI 'O',IX,25HCHANGE IN METABOL'oC RATES.SXTHMRC02n ,FIO.4, 
1 SX,'RI0M2= ,FIC.4,/) 

2 CONTINUE 
C 

IFIUQZ4 .EQ. 0) GO TC 1230
 
C
 

C HERE IF O0lKG TO PRINTOUT. 
C A4TEPIAL N2 TENSIEN. 
1210 PhN2 = O()*C(3) 

C TISSUE (12TENSION, 
PT'12 C()/fl(3)

C TISSUE N? TENSION. 
PTN2 = C(9)/04)

C CEREBMOSPNAL FLUIb PH , EQUATION 6.2 
PHSCF . q. - PCFIICM(41) 

C VENOUS BRAIN H+ CONCCNTQATICN , F.QUATICh 4.? 
HVO = Cafl*F(4)/(CC(2) - F(4)) 

C VENCUS fRAI' PH . FUUATIC? 4.6 
PIIVO = 9. - PCFI(HVP) 

C VENOUS TISSUF F+ CONCENTRATIGN , EOUATI3N 5.7 
HVT - CAnKF(61/(CC(3) - F161) 

C VENOJS TISSUr PH , EOLATIl.N 5.6 * 
PHVT - 9. - RCFI(PVT) 

C RFSPIRATORY QUOTIENT IALVEOLAR).
PQ - I(C(Lt)*VTA1I4) +QFI)*VTRANII))/CIOI - CC(1))/ 
I tF(F) - IC(LI)*VTRhNI5 + QF(1I*VTRAN(8I)/C11O)I 
OFfI) - lF63 - Ru 

C 
WRITE (tlqtOl CXT, 99f 0F(5 

C 
WRITE (6,113 (C(Ij I . 1,3j, (rI(l), I - 1,38, FIT). Ft), 
t PA-12 
WRITE (6,1820) CCIII, F(g), FILO. FIT). FIll, PAN2. C4(11. 
I CPHIII, CHH(LI 
WRITE (6,L8251 (CIII, I - 4,61, (C(JI, 1 a 4.63, CPO, F(L7l) 
I Ff11). CH2I). CPH(2) 
WRITE 16.100) (Cill, I - 7,93, 9o:111, 1 - 7.9). CPT, PT02. 

I 

http:IF(TVIT.GT.37
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I PTN2,.CHI3), CPH(S)

W'ITF (6,t835) (0CI), I = 12,14, :C(l), I = 12,14), CHtC, 
I PHCSF 
WRITE I6,L8',O) CC(2), FI12 Ct6i, :PB, F11T), Ff18), HVB,
 
I PHVA, CHE|21
 
WRITE t6,18451 CC(3), F113), C(9), :PT, PT02, PTN2, HVT.
 
I PHVT, CHBS)
 
WRITE (6,1050) (TAUt)), I = 1,5), VI, VE, C(1O), C(l1), OC(IO),
 

1 CIII)
 
%RITE (6,11855) FRECTVNTOEAOVTHRATE
 

1230 QETUVN
 
1290 FUMAT (5P XXXXSXTFIO.4)
 
12q2 FORtiAT (qFIO.41
 
105 FORMAT (IHI
 
1.110 F)RMAT iIHOX4)-TI4rFIO.4,74XoHnLV RQ:1O.4,3XHRO OIFF,F8.4/ 

I 16X31iC0'FX2HrIAnx2I4N27X2Ib() F R I V A T I V C SqX4HPCO26X 
2 3HPO27XIHPN 27XAH(H+)7XZiPH5X4UNH032I 

1815 FORMAT (3XIIHALVELAR9FIO.41 
1820 FIRMAT (3VHIARTFRIAL3FIO.4,3OX,5FIO.A,FB.4)
 
1825 FORMAT (6X5HAIAINIF1.4I
 
1830 FORMAT I5X6HTISSUEIIFIO.4)
 
1835 F-1'4AT 18X3HCSF3CX9FIO.4)
 
L440 FOR-AT (4XTHV PPAINFIO.4,3X,SFIO.4,.8.4I
 
1845 FORMAT L3X8HV TISSUF3FIO.4,3OXSFIOA,F8.4)
 
1850 FORMAT (SXIHTRANSPORT TIMES --4X2HA 3XHVB8X2HVTBX2HATBX2HAC2X
 

I 2H**4X2HVI8X2tIVFaX1HQ9X2HFB7XIIHDEIVATIVES/21XLOFLO.4.F8.4)
 
1855 FORAT3XM,94RESP FREC,FlO.45Xl3HMINJTE VOLUMEFIO.4,5X,
 

I 15IHOEAD SPACE VENT.FIO.4,IOX,1OHHbkAT RATEFIO.43
 
C 
C 
C HEOE GUYTON SENT WORK LOAD CHANGE. 

500 ORK2 = I11Z5 
WIT|(6,305) WORK2,CXT 

305 FORM4AT('', 0I*¢*I CHG.IN WORK LOAn, WORK=',F7.2OtWATTS 
I '(AT ',FIO.4,'INS)h) 
TIEVN=CXT
 

C SYSTEM QESPOEFS? TIME CONSTANTS FOR WOI'( LOADS AND TISSUE 02
 
C MFTAIOLIC OATF.
 

irI(nRK2.GE.WHRk)TRMBT2=RMT(2) 
C OECRFASINg w9Q LCACS 

ICIW*1K2.LT.URK) RMfT4=RIT(2) 
IF1dU4K?.LT.WORKIRMTB=SSO2W(WORK2I
 
IFt(iCR2.LT.WCK).ANO.IWORK.CE.50.)I TCTs2.3/12.*WlRK/200.,
 
IHFiAOPI2.LT.WARK).ANO.(WqHK.LT.O,))TCT-4.6
 
IF(4$1'42.G.WIRK) GOTOI
 

101 WWKnAURK2

VAQKEq.C
 

C TISSHiF Ol MFTA'3ULIC PATE.
 
C R'T(2) Cf0'FS FRCM GUYTCN.
 

VTIMFII-I.I4EXP(-TCT*ICXT-TIOEnN)/3,841
C TEPM USEn IN VI THAT IS A CCMPONENT CF TRANSIENT RESPONSE RELATED 
C TO WA1K.LI1AD. 

RMLIN =R-MT-RMTe-RMTMJt(I.-VTIME)
 
IF(VTIME.OF..l RMLIN.MTB
 

C TISSUE CO2 METABOLIC RATE.
 
PMTl)=B.t*RMT(2)
 
IF(TVNT.GT.17.) RMT(I)=|TVNT+40.77)*IMT(2)/88.5
 
IF(URZ4 ,EQ. 0) GO TO 1230
 
WRITE t6,333) RVTIIRMTL2)
 
G TOZ
 

http:IF(TVNT.GT.17
http:IF(VTIME.OF
http:RATEFIO.43
http:PPAINFIO.4,3X,SFIO.4,.8.4I
http:6X5HAIAINIF1.4I
http:3XIIHALVELAR9FIO.41


ENO
 

SIBROUTINE QC3 
DIMENSIUN C(40), XNC4O,2), SV(19,50), VTRANtI8), RK(14,4), 

1 SC1t4,5) , CC(14), A16), OI), F(20), VOL(1O), R4T(2), 
2 (C(4), CFr6), IAU(S), CCC3I. C1183), CHI(, CPH(3, 
3 G014) 
COIHUN/Z/ C, Xh, SV. VTRAN, RK, SC, V2, A, 0, F, VOL, RMT, BC, OF.
 
I TAU, CC, CHB, CH, CPH, DO, VE, VIt CPB. CPT, CAOKi X, DT,
 
2 IR, LCC, ITERX, INDEX, 1, J, ,. N
 

C6969 F:)QMAT(IN THSUB RC3)
 
C SETS TIME-DEPENDENT EXPRESSIONS
 
C TISSUIE BLOOD FL0'4.
 

qp(II = C(IO) - C(II) 
C ARTE'IAL C2 rCISICN. 

Fil) = D(IHCl21 
C APTEPIAL C02 CCNCENTRATION. 

Fl?) = D(51'CI
C BRAIN 12 CbfNCPTRAION / (CONV.FACTDR*SCtLBILITY COEFF.FUR 02)

FMB) = C(5)/D(3) 
C ICONV.FACT(P4SOLIJLITY COEFF.FOR C02) - BRAIN C02 TENSION. 

F(4) = D(2)*CPB
C 1ISSJF 12 CO\CFNTRATICN / (CCNV.FACTCR*'3ILUBILITY COEFF.FOP 02) 

F15) = C(B)/O(3) 
C (CCNV.FACTCR*SCLUBILITY COEFF.FOR C02) * TISSUE C02 TENSION. 

F16) = n(2)*CPT 
C ARTERIAL C02 TENSION. 

FITL = OI1)*C(i') 
C ARTERIAL 02 TENSICN. 

FlI) = Qt()*C(2) 
RETURN 
ENJO
 

SUBROUTINE PC4
 
DIMENSION C140), XNI4O,2), SV(1q,50). VIRANCIR), RKt14,4).
 
I SCIIM45), DC(14), A6), DItS, F(20), VOLIIO, RNT(2),
 
2 OCt41, QF(1, TAUS), CC(3', CHB(3), CH(41, CPHI3),
 
3 DOW(4
 
CONMOI/Z/ C, XN, SV, VTRAN, RK, SC, 0:, A, D, F, VOL, RMT BC, OF,
 
I TAU, CC, C'I , CH, CPH, Do, VE, VI, CPO. CPTj CAOK, X, OT, 
2 1i1, LOC, ITERX, INDEX, I, J, 4, N 

C ITERATES FOQ CC[I), ARTFRIAL C02 CONICENTRATION 
C6969 FORAT(IH T4SUB RC4)

410 CALL RCI ICHRC), F(I), F(2), CCC1), CHMII. CPHII)I 
X = ICCII) - FC2H/O.OI4PTII 
X = RCFlfXI 

C SEE EQUATIQN 3.1, X= CAICO) 
X = +I0.375*CC(17) - CHACI)) + :12) - OC8)*(X - 0.14) 

C CCCI) CA(CO2) . 
CALL RC6 (CCCI)
CCI) = CCIII + 2.041X - CCIIfI/3.0 

C3000 FURMATIH ,5HCCII),5X,EI6.6I 
IF (ITERX) 420, 410, 420 

420 RETURN 
END 

SUBROUTINE RC5 (CP, FB. CCB, BHC)
 
DIMENSION C(40), XNI40,2), SVII8,50), VTRANIL8), RK(14,4),
 

1 SCt14,5). CCCI'), A(M), DI 5, F(20, VOL|IO), RMTC2),
 
2 SCI4), OF(6)t TAUISI, CCI3), CHB(3), CHMI), CPHC3),
 

http:5HCCII),5X,EI6.6I


I no(4) 
fC1M4Mr)NZ/ C, XN, SV, VTRAN, RK, SC, :1.,A, 0, F, VOL, RMT, BC, OFt 
I TAU, CC, HH, CH, CPH, VQ VE. VI, CPB, CPT, CADK, X, DT,
 
2 IRK, LOC, ITFRX, INDEX, I, J, 1I, N
 

c ITEPATES FnR BRAIN AND TISSUE PCO2
 
C696Q FORtAT(1H 7HSUB RCS)
 

510 X = (CCB - FB)/(O.CI4CPI
 
X = RCFIIX)
 

C SEE EQUATICN 4.1, X = PB(CC2)
 
X (-BHC +.CCU + I10)*(X - 0.1.4)/II 2) 

C CP = PB(CCZ) 
CALL QC6 (CP) 
CP = CP + (X - CP)/I0.A 

C CEREBRAL BLCCI FLCW. 
F4 = f(2)*CP 

C3000 FI)1HAT(IH 4PCP= 9E16.6,4HFB= EI6.6. IICCB. E16.6,5HHC= E16.6) 
IF (ITERX) 520, 510, 520 

520 RETURN 
END
 

SUBROUTINE RC6 (Y)
 
DIPFNSICN C(40), XN(40,22, SV(18,50), VTRAN(1B), RK(14,4),
 
I SC{14,5) CC114), A6, D(15, , F(20), VOLCIO), RMT(2),
 
2 BC(4), QF16). IAUCS), CC(3) CHB81), CH14), CPHI3Iy
 
3 00(4)
 
COM*ON/Z/ C, XN, SV, VTRAN, RX, SC, LI., A, 0, F, VOL, RMT, BC, OF,
 
I TAU, CC, CPB, CH, CPH, no, VE, VIe CPB, CPT, CAOK, X, OTt
 
2 IRK, LOC, ITFRX, INDEX, I, J, H, N
 

C CHECKS CONVERGENCE OF ITERATIVE PROCEDURES
 
C RC4 : X=CA(C1211 Y=CC(II
 
C RCS : X=PBICO2), Y.CP •
 
C RC19 X=CV(C(12), Y=CVC
 
C6969 FORATtIH THSUB RC6)
 

ITERX = 0
 
DIFF ABS ((X - YI/Y)
 
IF (OIFF - I.OF-5l 620, 620, 630
 

620 ITERX = I
 
630 qFTURN
 

E14D
 

SUBROUTINE RC7
 
DIMENSION C(40), XN(40,23, SVIIB,501, VTRANII8), RK914,4),
 
I SC(14,5), OC{I, A(6), D(15), F120), VOLIIO), RHTC2),
 
2 bC(4), OF(6), TAU(S1, CCI3), (IIB(3), CHM4), CPHC3I,
 
3 0Q(4)
 
CO$ON/Z/ C, XN, SV, VIRAN, RK, SC, It.,A, D, F, VOL, RT, BC, OF,
 
I TAU, CC, CHBp CH, CPH, DO, VE, VI, CPB, CPT, CADK, X, OT
 
2 IPK, LUC, ITERX, INDEX, I, J, I1,N
 
C0-'I0N/P/ XOS ,XMHCXTWCRK,DUNIDUMZIUM3,WORKZRMTBRMTB2tTIMEOP
 
I ,R"LIN
 

C6969 FrRMATtIH 7HSUB RCTI
 
C FILLS SV ARRAY WITH INITIAL CONDITIOGM
 

CALL RCI6
 
IF(XDS.GT.XPH) GOT02
 
00 725 I - 1,17
 
00 720 J 2,50
 
SV(IJ) = SVIII3
 

720 CONTINUE
 
725 CONTINUE
 

2 COhTINUE
 



On 730 J = 2,50
 
SVtI1,J) = SVIIBJ - 1? - D141
 

730 CONTINUE 
C3000 FOPLATIIH , I2HISSV S D 141,613XE16.5)flH ,613XEI6.6)/IH ,7t3X,Et 
C C6.6)I 

RPTURN
 
END
 

SUBROUTINF HC9
 
CIMENSInN C(401, XN(40,2), SVILH,5), VTRANt18I, RKI<14,4)
 
I SCIL4,SI, CC(1,lh A(6), D(1S), F(20), VOLIIO), RMTI2I,
 
2 BC(4), OFI6), TAU(5), CC13), CHiIL3), CH(4), CPHI3),

3 DQ(4)
 
COI*ON/Z/ C, XN, SV, VTRAN, RK, SC, 'C, A, 0, F, VOL, RMT. BC, OFp
 
I TAUt, CC, CHI, CH, CPH, 00. VE, VI, CPB, CPT, CAUK, X, DT,
 
2 IRK, LOC. ITEPX, INDEX, I, J, 4, N
 

C SETS VALUCS IN VTRAN ARRAY
 
C6969 FCR'IAT(IH IHSUO RC9I
 

o0 960 I = 1,5
 
TA = TAUII) - (C(35) - SVII8.1))
 
LOC TA/C[141

IF (LCC - 49) 904, 904, 902
 

902 WRITE (6,S90) I,LOC
 
LOC = 49
 

9C4 	XLI)C = LaC
 
T8 = XLOCO( 14)
 
nT = TA - TB
 
Gr)TO 1910,920,930,94C,950) I
 

910 O 914 J 1.3
 
C LUSG TO ARAIN Cl2,r2,N2 TIME DELAYED ARERIAL CONCENTRATIONS.
 

VTRAN(IJ) = RCF3(J)
 
914 CINTIUF 

C LUNG Tn iqAIN H+ TIME I)ELAYEO ARTERIAL CJNCENTRATIDN. 
VTPAN(15) RCF3(13) 

GO TO 960
 
920 On 924 J 4,6'
 

C BAIN TO LUNG C0Zr2,N2 TIME DELAYED VEII)US CONCENTRATIONS.
 
VTRAN(J) = QCF3IJ)
 

924 	CmT1INUE
 
C BRAIN TO LUNG COj4HINED C02,O2,N2 TIME DEAYED VFNOUS CMNCENTRATIONS.
 

VTPAN(16 = RCF3416)
 
GO TO 960
 

930 Oll934 J 7,9
 
C TISSUP T) lUNG C02,42N2 TIHF DELAYED Vl.qOUS CONCENTRATIONS.
 

VTRAN(J) = QCF3(J)
 
934 CCNTIN'UE
 

C TISSUE T')LUNG COmIINED C02.02,N2 TIME ILAYSD VENOUS CONCENTRATIONS.
 
VTPANIIT7) = PCF3(171

Cl Tfl 540
 

940 CQ*9 4 J = 1,3 
C LUNG TO TISSUE COZ,02,N2 TI1E DELAYED AIRlERIAL CONCENTRATIONS. 

VT'94N(J 9= RCF3(J) 
944 CCNtiNUS 

GI TO 560 
C LUNG TO CAROTID SITE H+ TIME DELAYED ARTERIAL CONCENTRATION. 

950 VTRAN(131 = 9CF3(131 
C LUNG 10 CAROTID SITE 02 TIME DELAYED ARTZRIAL TENSION. 

VTvAN(14l - RCF3(14) 
960 CONTINUE 

C NAMELIST/INM/VTRAN 

--3
--I 
I 



RETURN 
990 Fi)mAT '(SX2THSV ARRAY EXCEEDEn C14CYCLE 12,12H WITH LOC = ,14)

ENO
 

SUBROUTINE RCO
 
0I"ENSICN C(40), XN(40,2), SV(18,50), VTRAN(18), RK(14,A4)
 

SC(14,5), CC(14), A16), 0(15), F(20), VOL(1O), RMT(2).
 
2 BCt4), OF(6), TAUS), CC(3), CHB(3), CHi}4, CPH3),
 
3 OQ(4)
 
COMMON/Z/ C, XN, 5V, VTRAN, RK, SC, CC, A, 0, r, VOL, RMT, BC, QF, 
I TAU, CC, CHR, CH, CPH, 0Q, VEt, VI, CPO, CPT, CABK, X, DT, 
2 IRK, LOC, ITCRX, INDEX, I, J, 4, N 

C6969 FORMAT(iH BlSUB RCle)
C COMPUTES FMPIRICAL FUNCTIONS FOR ACR5IAC OUTPUT AND BRAIN BLOOD 
C FLnW DIFFERENTIAL EQUATIONS

O)(I) = 0.
 
02(2) = 0.
 

C FiBe = PAIO2I 
IF (F()S - 104.0) 1008, 1024, 1024 

C (DELTA)C8IC2] t EQUATICN 7.9 . 
tOOR CQ(2) = I((7.655-E-8*F(8) - 2.324F-5)*F(B) + 2.6032E-314F(8) 

I - O.1323)4F(8) + 2.785
 
1016 IF (O22)j 1024, 1044, 1044
 
1024 CO(2) = 0.0
 

C 

C IF PC"2 GT 60 0Q(3| STAYS AT ITS VALE AT 60 - - OL ROUTINE SETS 
C THE VALUE OF DQI3i) EQUAL TO 0 
C 
1044 IF IF(7) - 38.0) 104a, 10:2, 1052 

C (DELTA)Qe(C02) , FOUATION 7.11 . 
1048 DOM', =9.0163E-4*FI71) - 3.1073E-2)*F(7 + 2.3232E-2 

RETURN 
1052 IF (FIT) - 44.0) 1056, 10!6, 1060 
1056 0014) - 0.0 

RETURN 
C IOELTA)Q0(CC2I , FQUATION 7.13 
1060 nn(4) = 1((-2.1748E-7*F(7l + 9.391dE-5)*F(7) - 1.294TE-2)*FiT) 

I + 0.7607)*Ft7) - 15.58 
C hAPFLIST/IC/DQ.F 

RFTURN 
ENDO
 

SUBROUTINE RCII
 
OIMENSION C(40), XNt40,21, SV(1I,50). VTRANI8), RK(14, ,0 
I SC(14,51, 0C(143, A(6), DIS, F12O), VOLiIO), RMTiTZ, 
2 SCCA), QFf6), TAUtS), CC31, CHB3), C414), CP1(3), 
3 D(4) 
CN'4I1N/Z/ C, XN, SV, VTPAN, RK, SC, IC, A, 0, F, VOL, RMT, RC, OF, 
I TAU, CC, 011B, CH, CPH, DO, Vt. VI, CPB, CPT, CADK, X, DT, 
2 IRK, LOC, ITERX, INDEX, I, J, 4, N 

C CALCULATFS DIFFERENTIAL FOUATIONS 
C6969 FORMAT(iH 8HSUB RCII1 

CALL RCIT 
C EQUATION 10.1 

nC0() - IVI4C(31) - VE*C(1) + DO9)*(C(IIl*VTRAN(4l + OF) 
I 4VTRA(71 - CIIO)*CC(I))/C(U2) 

C EQUATION 10.2 
"C(2) (VI*C(32) - VE*C(2) + 0(9)*(, ()1)*VTRAN(5 t OFIj) 
| *VTRAN(83 - C(1O)*F(9|))I/C(2:I 

C EQUATION 10.3 . 

Co 
I 



0Ct3) = (VIC(33) VE*C(M)+ O(93 (CI11)*VTRAN(6) . OFLI)
I *VTRAN(9) - C(I0)*F(1O)))/CI22 

C F4UTIAT4 10.4 
OC4) - C(25) + C(I1)*(VTRANII) - C02)) g F(14)3/C(23) 

C EQUATION 10.5 1 
DC(S) - (-C(26) + C(11)*(VTRANI2) - F(12)) - F(112ICC231
 

C EQUATIOn 10.6 .
 
DC(b) = IC(ll*t(VTRAN(3) - C6)) - F(16))/C(23)


10.7 	.
C EQUATI9J 
DCC7) = (RfT(I) * OF(1) (VTRAN(0 - M4(3))/C(24) 

C EQUATION 10.8 . 
De(8) = (-PHT(2) + QF(1)*(VTRAN(It - F13)))/C243 

C EQUATION 10O9 
0c(9) QF(1p)(VTRAN(12} - C(9))/C(24k
 
OC(1O| = 0.
 

C 
C
 
C OEPE!tDANCE OF CARDIAC OUTPUT ON TISSUE
 
C UTILIZ&TIDN CF OXYGEN.
 

XA8=5.5 t(RNT(2)-.2'I5*6.-C(10)
 
IF((RMT(2).GT..2LS).ANO.CXAB.GT.O.))UC(IOI=DC(10)+XAB/.010
 

C
 
C
 
C EQUATION 7.7
 

OCIII) = (-CiI1) + 0.75 * 0012) + 00t4I)Ct19) 
C FOUATIU 1.10 . 

C(IZ) t F(14)/IC(34I*U(11IM 
C EQUATION 1.11 . 

nC(13) i,F1151/11C(30*0O(1211
 

C EQUATIN.I.I2
 
OC't14) = F(16)/(C(34)*D(133) 

C 	 NAMFLIST/AB/DC
 
RETURN
 
FNO
 

SUEROUTINE RC13
 
0IFNSION C(40), XN(4O,2), SVII8,50), VTRAN(IB), RKII4,4),
 
I W(14,5), DC(14), A61, D(M), F120), VOCIlO), RMTI2),
 
2 PC(4), QFI6), TAUCS)M, CC3), CHB(3), CH4), CPH(3),
 
3 Do(4)
 
CO"-ON/Z/ C 'XN, SV, VTRAN, RK, SC, Cf., A, 0, F, VOL. RMT, BC, OF,
 
1 TAUt CC, CH, CH, CPH, DO, VEr VI, CPB, CPT, CAOK, X. OT,
 
2 IRK, LC, ITERX, INDEX, 1, J, I1, N
 

C6969 FORMAT(IH 8HSUB RC13)
 
C SOLVFS P fIFFERENTIAL EQUATIONS BY FIIIRTH-ORDER RUNGE-KUTTA AND
 
C 	 AA-AS-'4UTLCN PREDICTUR-CORRECTOR MEIIICOS 
C 	 hAWLSI/0pG/CDCSC 

- IF 	(IQK - 4) 1304, 1356, 1356
 

1304 DI 1352 INDEX = 1,4
 
PPl1309 I =
 
RKIIINDEX) - OCI)
 

1303 CCNTFUE
 
Gn Ti (1312, 1120, 1328. 1340), INDEX
 

1312 Or 1316 1 = 1,9
 
SC(I,IRK 1) - Ci1)
 
SC(IIPK) a OC11)
 

1316 	CONTINUE
 
TI 	 C1135) 

1370 	C35) - TI + C1161/2.0
 
0) 1324 1 - 10
 

http:EQUATIN.I.I2


CM = SCCI,IRK+II + C(36)*RK(I,INDEX 12.0
 
1324 CONTINUE
 

Gn TO 1336
 
1328 C(35) = t + C(36)
 

CO 1332 1 = 1,M
 
CII = SC(IIRK+I) + C(36)*RKIIINOEXI
 

1332 CI14T INUE
 
1336 CALL '4C14
 

.GO TO 1352
 
1340 00 1344 1 = 10t
 

C(I) SCFI,IRK t) + C(36)*IRKII,) 4 2.0*RK(I,2) + 2.O*RKI,3)
 
I + RK(I,4))/6.C


1344 CONTIKUE I
 
IRK = IRK + 1
 

1352 CONTINUE
 
RETUqN
 

1356 0 1360 I = lIM 
SCIIt5) = CmI) 
SC(I,4) = nC(I) 
CII = SCIIS) + CI36)*(55.0*SC(IAI, " 59.0SCCr,3) + 37.0*SC(I.2 
I - 9.0SC(I,1))/24.0
 

1360 	CONTINUE
 
C(35) = C(35) + C(361
 
NC35=C(35)/C(36) + .1
 
C(l5)=C(36)NC35
 

L164 	CALL RCI4
 
00 1363 I = 1,9 
SC(Il) = CM1) 
CI) = SC(I,5) + C136)*tg.O*DC(I) + I9.O*SCII,4) - 5.0*SC(1,31 

I + SCCI,2I)/24.O
 
1369 CONTINUE
 

00 1372 1 = 1,4
 
IF (4aS tC(1) - SC(I,')l I.OE-3) 1372, '1372, 1364
 

137? 	C-NTINUE
 
0O 1376 I IM1 

O 1376 J = 1,3
 
SC(IJ) = SC(1,J+)
 

1376 CONTINUE
 
RFTURN
 
END
 

SUBROUTINE 4C14
 
DIMENSION C140), XNI4O,2), SV(18,50), VTRAN(IS), RK(14,41,
 
I SC(14,5), OC(14), A0O), G115), F(20), VOLIIOI, RMT(2),
 
2 OCC4I, OF(61, TA(5), CC(31- CH3), CH4(), CPHC3),
 
3 00(4)

COMMON/Z/ C, XN, SV, VTHAN, RK, SC, CL, A, 0, F, VOL. RHT, SC, QF,
 
I TAU, CC, CHO, CH, CPH, D0, VE, VI, CPB, CPT, CADK, X, DT,
 
2 IRK, LOC. ITERX, INDEX, I, J, fi, N
 

C CALLS OTHER SUBROUTINES IN C BLOCK
 
C6960 FOP4AT(IH SHSUB RC14)
 

CALL 	RC3
 
CALL RC8
 
CALL PC9
 
CALL PC4
 
CALL AC5 (CP8, F14), C1, BC(2)I
 
CALL RC2I (CHI2), )3, F,) C(4, ([4(), CPH(2)
 
CALL Rrt9 (CPR, CHB(), CCU), 8C(1?, F(A))
 
CALL C5 (CPT, F(61, C?), 6C13))
 
CALL RC2I (CHONl, f(S), F16), CM(,)(H(3), CPH{3))
 



CALL RCI9 ICPT, CHB(31, CCi3), SCiI), F(61)
 
CALL RCIO
 
CALL RC2O
 
CALL RCLI
 
RETURN
 
END
 

SUBROUTINE PCI5
 
DIOFNSION C(4O), XN(40,21, SV(18,50), VTRANCISI, RKI14,)A
 

t SC(14,51, CC(14), A(6, D(15), F(20), VOL110) RMT(2),
4 

2 6C(t), QF(6), TAU(s), CC(3), CHBI3I, CH(4), CPH(3),
 
3 DO4)
 
CarMON/Z/ C, XN, SV, VTRAN, RK, SC, M, A, D, F, VOL, R$T, BC, OF,
 
I TAU, CC, CHB, CH, CPH, 00, VE, %I, CPB, CPT, CACK, X, OT,
 
2 IRK, LOC, ITERX, INDEX, I, J, I, N
 

C6969 FaRMAT(IH 8HSUB RCIS)
 
C NAMELIST/SCH/SV

C SHIFTS VALUES IN SV ARRAY
 

DO 1530 1 = 1.18
 
On 1520 J . 1,49
 
JM = 51 - J
 
J.= JM - I
 
SV(jJM) = SVIIJM)
 

1520 CONTINUE
 
1530 CONTINUE
 

PETUR'
 
END
 

SUBROUTINE RCt6
 
UIHFNSICN C(401, XN(40,21, SV(18,501, VTRAN(I), RK(14,4),
 
I SC(14,51, DC(1I, AIN), DCI!), FIZO), VOLIO), AMT(21,
 
2 PC(4), OF16), TAU(5, CCI3), CHB(3), CHM4), CPHI3),
 
3 00(4)
 
COMMONIZ/ C, XN, SV, VIRAN. RK, SC, DC, A, D, F, VOL. RMT, BC, OF,
 

I TAU, CC, CHB, CH, CPH, DO, VE, VI, CPB, CPT, CADK, X, Di,
 
2 IRK, LOC, ITFRX, INDEX, I, J, I, N 

COMM'INIP/ XDS.XVH.CXT,WORKnUMIDU42.fUM3,WORK2.RMTBRNTB2.TIMEOF 
I ,RMLIN
 

C6969 FORMATHIN SHSUS RCI6)
 
C SETS VALUFS FOR SV ARRAY
 
C ARTFRIAL C02 CCCENTRATION.
 

SV(I,1) = CCIl) 
C ARTFOIAL C2 CClCENTRATiCN. 

SV(2,1) = F(9) 
C BRAIN VEhCUS Cr2 CONCENTRATION. 

SV(4,1l = CC(2)
C ARTF0IAL N2 COIICENTRATION.
 

SV13,I) = F(10)
 

C BRAIN VFNOUS 02 CONCENTRATICN 
SVIS,L) = F(12) 

C FRAIN VENCUS N2 CCNCENTRATICN. 
SV(6,1I = C(61 

C TISSUE VENOUS C02 CONCENTRATION. 
SV(7,I) = CC() 

C TISSUE VENOUS 02 CONCENTRATION. 
SVI8,II = F113) 

C TISSUE VENOUS N2 CONCENTRATION. 
SVL9'I) = C(S 

C CARDIAC CUTPUT. 
SVIO,1) CIIO) 

OD
 
I'
 



C CFOERRL BLCCD FLCW. 
SVIIIlI = C(Il 

C TISSU13LC6D FLOW. 
SV(2,1I = CEII 

C ARTEIAL HI CnNCENTRATION, 
SV(13,I) . CHl) 

C ARTEPIQL 02 TENSION.
 
SV(14,l) = F()
 

C INITIAL TIUE.
 
SVtI5,Il = 0.0 

C TOTAL GAS CONCFNTRATIONS AT BRAIN EXIT. 
SVII6,I) = SV(I,1I + SV(5,1 + SVI6.1k 

C TOTAL GAS CONCENTRATIONS AT TISSUE EXIT. 
SV(IT.1) = SV17,1) + SVCRI) + SVIQ,tI 

C SIMULATED TIME.
 
SVI1R.1I = C1351
 
RETURN
 
END 

SUBROUTINE RC17 
DIMENSION CA401, XN4O,), SV(18,S03, VTRANIIE,) RK(14,4), 

I SC(14,5,) OCt14), 416), 0(15), FI2OI, VOL10), RMT(2Io 
2 nCI4), QF(6), TAUtS), CC(3), CHB() CH(i), CPH(3), 
3 00)

COMON/Z/ C, XN, SV, VTRAN, RK, SC, rC, A, 0, F, VOL. R4T, BC, OF, 
I TAU, CC, CH6, CH, CPH, DO, VE, VI, CP8, CPT, CAOK, X, UT,
2 IRK, LOC, ITEPX, INDEX, it J, M, N 
CO4MON/R/ XOS,XMHCXTbRCKDUICMIJMZDUM3,WORK2,RMTBRMTB2,TI$EOF
 
I ,RMLIN
 

C NANELIST/BA/CHI4),CPOK,C{Il1,C(12),EC14),C(33,C(3VTRAN(14),
 
C ITERM,VI,CI20,CII6)VTANII5) ,C211,\TRAN(13),C137),0(9),Cll),
 
C 2VTRAN(t6)tOFtI).VTRANIIT,C(1O),F(II,
 
C696q FOPm6TIIH BHSUB RCIT)
 
C CALCULATES VENTILATICN
 
C CFS H+ CiINLE'ITKATION , EQUATION 6.1.

CH(4) = CAr.K*C(1)*C(12)/BC(4) 
IF (C(37) .GT. I.OE-5) GO TO 1708 

1704 VI = C1381 
GO TO 1730 

1708 TERM = 0.C 
C DECISION CN ARTFqIAL C2 TENSION AT CARLTID BODIS'SITE. 

IF IVTRAN(14) - 104.0) 1710, 17.0, 1720
 
1710 TERM = (21.6E-q)*((I04.O - VTRAN(14) *4.93
 

C CONTROLLER CCUATION AS A FUNCTION OF HIIORAL TERMS.
 
1720 VI = CI2OIiC1I6*VTlN(15I + 11.0 - C(16)f*CHI4))
 

I . C(213*VIRANIl) + TERM - C('/) 
C INCLCJSIIJ OF NPUqAL CCuPrNENT AS A FUNIION OF WORK LOAD. 

SV'4T2=SSVEITISSO2WWIORKI) -VI
 
IrIISVTZ.rCT.o.).ANC.(SVNT2.LE.15.) VI=VI+SVNT2 
IF(SVNT2.GT.15.J VI=VI.15. 

C 
C OESCRIPTI10l CF TRANSIENT VENTILATION RElSPONSE. 

,SVNT =SSVENT(RMLIN 3 -VI 
IFISVtT.GT.0.5l VI=VI+0.75*SVNT 

C 
C EXPIRED VENTILATION RATE, EQUATION 11.1
 
1730 VE - VI + D19)*IC(I1I)*VTRAN(I6) 4 QFII*VTRANII7f - C(IO)*F(I)
 

IF IV[ .LT. 0.0 tOR. VE LT. 0.01 GO TO 1740
 
RETURN
 

1740 VI - 0.0 

http:IFISVtT.GT.0.5l
http:VI=VI.15
http:IrIISVTZ.rCT.o.).ANC.(SVNT2.LE.15
http:SVI1R.1I


VE = 0.0
 
HFTURN
 
FND
 

SUBROUTINE PC19 (CPA, CVHBA, CVC, BH4-, FC)

DIMENSION C(IO), XN(4a,2), SV(18,50), VTRANI1R), RK(l4,4),
 
1 SCUS4,5), OC(141, A6), 0(15), Ft20), VOLIIO), RMT(21,
 
2 SC(41, OFI(), TAUIS), CC(31, CHB(3), CHI4), CPH3),
 
3 DO(4)

COMMOJ/Z/ C. XN, SV, VTRAN, RKt SC, 0:, A, 0, F, VOL. RRT, BC, OF, 
I TA' CC, EMB, CV, CPH, 00, VE, VI, CPB, CPT, CAOK, X, DT, 
2 IRK, LUC, ITERX, INDEX, It J, 4, N 

C NAMELIST/Dr?/CPA,CVHBACVCBHCAFC
 
C6969 FCRMAT(IH 8HSUB RC19)
 
C ITERATES FOR VENOUS ERAIN AND VENOUS TISSUE CO2 CONCENTRATION
 
C TERM USED IN'EQUATICN 4.2 .
 
1910 X = (CVC - FC)/(O.O1*CPA)
 

C LOGARITHM SUOPCUT|NE,
 
X RCFIIX)
 

C EQUATION 4.2 .
 
X = RHCA 4 O.375*(C(IT) - CVHBA) - 08)4(1X - 0.14) + FC
 
CALL RC6 (CVC)
 
CVC'= CVC + 2.00(X - CVCI/3.0

IF (ITERX) 1920, 1910, 1920
 

1920 CONTINUE
 
RETURN
 
END
 

SUBROUTINE PC20
 
DIMFNSION C(40), XNI4O,2), SV(1850), VTRAN(1n), RK(14,4,
 
I 5CC14,5), OC14), AIN), DIti), F(20), VOLCIOI, RMT(2),
 
2 6Cf4), QF(6), TAU(S), CC43), CHB(3), CHIA), CPH(3),
 
3 [00)(

COMMONIZI C, XN, SV, VTRAN, RK, SC, 1):,A, D, F, VOL, RNT, SC, OF,
 
1 TAU, CC, CHRt CH, CPH, 00, VE, V!, CPS, CPT, CAOK, X, 0,
 
2 IRK, LOC, ITERX, INDEX, I, J, 4, N
 

C NAPELIST/NMF/F
 
C6969 FCRMATIIH 8ISUB RC20)
 
C SETS TIMF DEPENGENT EXPRESSIONS
 
C ARTERIAL CXYGFEK CONCENTRATION INCLUDING EFFECTS OF HEMOGLOBIN.
 

F11) = DIf)*C(2) + CHBII 
C ARTE!IIAL NIT&$GEN CONCENTRATION. 

1I102 = n(7)C(3) 
C TOTAL A1TERI4L GAS CONCENTRATION AT LUNG, EXIT. 

FLIT) = CCfI) + F() + FIFO) 
C VENOUS BRAIN OXYFN CONCENTRATION INCLUIING EFFECTS OF HEMOGLOBIN. 

FIT2) = C(5) 4 CHB(2) 
C VENCUS TISSUE CXYGEN CONCENTRATION INCLI)ING EFFECTS OF HEMOGLOBIN 

Fit1) = CI8) + CHq(3) 
C CXYGFN TENSICN IN EPAIN. 

FI7 = C(5)/O(31
C NITROGEN TENSION IN BRAIN. 

Fil) - C(6)I/D(4) 
C PROCUCT OF DIFFUSION COEFFS.AND DIFFERENTIAL BRAIN - CSF GAS TENSIONS 

Fit4) = C(27)*(CPB - C(12))
FitS) - C(iZ)*tF(17) - CI13)) 
F(16) - Ci29)*iFtI8I - C(14))

C 
RETURN
 
END
 



SUBROUTINE PC21 ICHOA, FA, FD, CCA, IHA, CPHAI 
DIMENSION C140), X'4140,2), SV(IB,50) VTRAN(18), RK114,41, 
I SC(14,53, CCII4), Al6), D( .5), F(20), VOL(IO). RMTI2I, 
2 8C141, QF6), TAU(5), CC(3 , CHBI3), CHIA), CPH133, 
3 0994) 
COMMON/Z/ C, XN, SV, VTRAN, RK, SC, 1iC, A, 0, F, VOL, RMT, BC, OF, 
1 TAU, CC, CHR, CH, CPH, DO, Vt VI, CPB, CPT, CADK, X, OT, 
2 IRK, LOC, ITFX, INDEX, I, J, M, N 

C6969 FORMAT(IH BHSU RC21) 
C NAMELIST/pR/CHEAFA.F0,CCACHACPHA
C COMPUTES H+ ION, PH, AND OXYHEXOGLO N
 
C ARTERIAL H+ CONCENTRATICN.
 

CHA = CADKvFD/(CCA - FD)
 
C ARTFPIAL PH.
 

CPHA = 9.0 - RCFI(CHA)
 
C DEVELCPMENT OF EXPRESSICN USED IN CALCU-LATION OF ARTERIAL
 
C OXYHF80GLCRIN SATURATION.
 

X = RCF2tCPHA)
 
X = -X * FA
 
X = (1.0 - EXP (X))**2
 
X=ABS (X) 

C
 
C ARlERIAL OXYHEROGLOBIN CONCENTRATION. 

CHBA = X*C(I7 
RETURN 
P40 

FUNCTICN PCFI(W)
 
DIMENSION Ct40), XN(40,2)1, SV(18,50!, VTRANCIS), RK(14,4),
 

I SC(14,5), OCIIA), A(6), Oh5), F120), VDL(IO, RMT(2),
 
2 RC(4), OF(6), TAU(5), CC(31, CHB(3), CH(41, CPH(3),
 
3 P.0(4) 
COMMON/Z/ C, XN, SV. VTRAN, RK, SC, rC, A, D, F, VOL, RMT, BC, OF,
 
I TAU, CC, CHb, CH, CPH, DQ, VEt VI, CP8, CPT, CAOK, X, DT,
 
2 IRK, L.C, ITEPX, INDEX, 1, J. M, N
 

C 	 LOGARITHM TO BASE 10 
RCFI 0.43429448 * ALOG(M4
RFTURN 
END 

FUNCTION RCF2(ZZ)

DIMFNSION Ct40), XN(40,2), SV(18,50, VTRAN(18), RKt14,41,
 
1 SC(14,S), DCt14), A(6), ODiL5). F20), VOLIIO), RITIZ),

2 IC14), QF6), TAU(S), CC ;I, CHB(3), CH1), CPH133,
 
3 D0141
 
COMPON/Z/ C, XN, SV, VTRAN, RK. SC, )C, A, 0, F, VOL, RlT, BC. OF,
 
I TAU, CC, CHB, CH, CPR, DO, V4, VI, CPB, CPT, CAOK, X, DI,
 
2 IRK, LOC, ITERX, INDEX, I, J: M, N
 

C IXYHFUOGLCRIN - PH EPPInICAL FUNCTIIJl 
c FQUATION 3.4 

PCF2 at(o.0066815*ZZI-0.10098)*ZZ I 0.44921)*ZZ-0,454
RETURN
 
ENa
 

FUNCTION RCr3(KK) 
DIMENSION Ct40), XN(40,2), SV11S,50l, VTRANIIB), RK114,4), 
I SC114,I0, OC(14), A(61, OHS), F(20), VOLUIO), PMT'21, 
2 OC(4), 0F(6), TAU(5, CC(S). CHBCS), CH(41, CPH(3), 
3 DOW4) 

cn
 



COMUO1/Z/ C, XN, SV, VTRAN, RN, SC, OC, A, D, F, VOL, RFT, BC, OF,
 
I TAU, CC, CHM, CH, CPH, 00, VEt VI, CPS, CPT. CADK, X, DT,
 

2 IRK, LOC, ITFRX, INDEX, I, J, H, N 
C VTRAN FUNCTION 
C VARIABLES WITH TI4E DELAYS USED IN EQUATIIIdS 8.1-8.1
 

RCF3 = SV(KKLOC) * (SVIKK.LOC + 13 - SIIKKLOC))*tI/D(14) 
RFTURN
 
END
 

FUNCTION SSC2W(X)

C CALCULATION OF'STEADY-STATE OXYGEN RECUIRCIENTS FOR VARIOUS LEVELS 
C CF hORK LCAO IX=WATTS). 

S502W = .195 * tX/84.15) 
[FIX .GT. 210.1 SS02W - 2.7 
RETURN 
El r) 

FUNCTION SSVENTX)
 
C CALCULATION OF STEADY-STATE VENTILATION RA E AS A FUNCTION OF TISSUE
 
C OXYGEN 4ETABOLIC RATE.
 

Zr(X.LE..195) SSVENT=5.398
 
IFfX.GE.2.)SSVENT=55.36450.*(X-2.)
 
IFfIX.GT..195).AND.IX.LT*2.))SSVENs27,8*X
 
RETURN
 
END
 

http:tX/84.15
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