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1. INTRODUCTION
 

1.1 Fundamental Philosophy of Physiological System Modelling 

The importance of physiological system modelling within the area of biomedical research 

is becoming more evident. In particular, the application of control theory which involves 

the mathematical description of element functionings and interrelationships between elements 

has mode possible the simulation of very complex physiological feedback control systems. 

The mathematical relationships range from algebraic formulations and ordinary linear 

differential equations to nonlinear differential-difference equations and stochastic processes. 

Generally, physiological systems are very complex and comprise many interrelated 

variables. In the initial phases of model formulation verbal descriptions are used to formulate 

the expressions that are based upon experimental physiological data or assumptions. This 

approach of verbally explaining the functioning of the physiologi cal system becomes very 

unwieldy as the system's complexity increases. For this reason specific variables and symbols 

are defined and related to each other by mathematical expressions. Once the system is 

defined in logical mathematical terms the analysis process is then adapted to various computa­

tional devices, i.e. digital, analog, and hybrid computers. By altering parameter and 

functional relationships the model's responses are correlated with experimented data. At 

this stage in the model's development, the refinements made by the investigator determines 

how well the model faithfully describes the actual system. 

According to Yamamoto and Raub (1) the best means of categorizing the present stage of 

development of respiratory control system models would be to desciibe them as being in a 

transition stage from verbal to mathematical statements. There are still many physiologically 

related respiratory functions that are not easily descibed mathematically. One necessary 

component of the oveiall plan to rectify this situation is the establishment of expesimenlal 

efforts that provides quantitative measures instead of qualitative measures. From this point 
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of view perhaps the respiratory system and the related simulation efforts are even more firmly 

established than for other physiological systems. In particular, the control mechanism 

associated with respiration and its interaction with the mathematical description of the 

controlled component is defined by several sources (2-8). 

Prior to deciding upon a particular physiological system model one should utilize the 

expertise found in the literature and correlate the features of the published models with the 

goals of the immediate project. This is precisely the approach that was established in this 

research effort involving the respiratory control systems. 

1.2 	 Various Respiratory System Models 

The system modelling effort that is discussed in the following report is one related to the 

respiratory control system. Several models have been developed for the respiratory control 

system emphasizing particular features which make them adaptable for specific experimental 

and 	simulated environmental conditions. 

A few brief comments about some of the respiratory modelling efforts and their salient 

characteristics follow. Alveolar ventilation responses were of prime importance for the 

output responses of a model developed by Bellville et al. (9). Frequency, amplitude, and 

mean level of inhaled CO 2 were altered in a manner corresponding to sinusoidally varying 

CO 2 inhalation allowing a frequency response analysis of the respiratory system. 

The phenomenon of pulmonary mechanics as related to various forms of inspired-expired 

flow systems has been researched by Fry (10). Here variables related to physiological 

and pathological features of the air passageways are better defined. Elastic behavior of the 

lungs, airway compliances, and resistances weie consideted by Mead (11) in a model possessing 

characteristics similar to those of Fry's model. 
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Saidel et al. (12) developed a lumped parameter simulation of the pulmonary gas 

transport system with the ultimate goal of analyzing parameter changes. The model included 

five variable-volume compartments approximating the airway and alveolar regions and a 

constant-volume compartment representing the capillary bed. Extensive efforts were taken 

to mathematically describe the mass balance of the gas compartments and blood compartments. 

Breathing patterns related to CO 2 oscillatory exchanges are presented in a model 

developed by Yamamoto and Hori (13). A linear controller equation is used to describe, 

indirectly, the dependence of tidal volume and rate of breathing upon cerebral PCO 2 . 

Exercise levels (workload) are very important inputs for the proposed research. Analysis 

of maximum ventilation related to chronic airway obstruction and exercise has been conducted 

by Pierce et al. (14). This particular research was not intended to be a respiratory control 

system model study; however, the results of the endeavor are very applicable to modelling 

of airway passages and to the investigation of the respiratory-exercise relationships. 

A more detailed discussion of previous efforts involving exercise-respiratory phenomena 

is given in Section 1.3. Both humoral and neural control mechanisms are presented with 

supportive experimental work by several investigators (15-23). 

Milhorn and Brown's steady-state human respiratory system (5) is very closely related 

to Grodins' respiratory control system (2). In this particular model by Milhorn, a controlling 

system and a controlled system form the basis from which mass balance equations are written 

describing the exchange mechanisms for CO 2 and 02. The controlling equation of Milhorn's 

model is an important fundamental component and is similar to one of the forms in Grodins' 

model except for the void in exercise dependence and the monitoring of C02 and 02 instead 

of compartmental H4 concentrations. 
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Closely associated with Milhorn and Brown's model is a study of pulmonary capillary 

gas exchange by Milhorn and Pulley (24). This work portrays a more detailed version of the 

capillary gas exchange by introducing anatomical parameters into the model. 

Assuming a second order representation for the mechanical portion of the respiratory 

system Hilberman et al. (25) has utilized the Fourier series analysis and phasor notation 

to determine the modulus of impedance, phase angle, compliance, and resistance of the 

respiratory system. In doing so this research has developed a technique for adjusting 

parameters associated with respiratory mechanics. Although this research effort is not 

directly related to the present research the evaluation of parameters for specific environmental 

conditions might be useful in extending the proposed model's capabilities. 

As outlined in the following sections of this report, Grodins' respiratory control system 

model is the one to which modifications are proposed. Since the pH of each compartment of 

this proposed model is an important monitored variable the research by Hermansen et al. (26) 

relating exercise and blood pH could prove to be a valuable piece of supportive research 

in determining a level of maximal exercise for experimental subjects and in turn For the 

simulation efforts. 

A comparison of several respiratory system models' characteristics and capabilities are 

presented by Yamamoto and Raub (1). This particular review emphasizes that all models 

possess unique features but are categorized into three groups (a) Models related to those of 

Gordins, (b) Models related to Horgan's efforts, and (c) Models related to Milhorn's 

research. Also this review cites several other models giving their comparisons to the above 

three groups. 
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1.3 Theoretical Aspects of Respiration and Exercise Interrelationships 

It is a well established fact that exercise plays a very important role in the control of 

respiration. As stated by Strippoli (27) three significant variables that must be considered 

in determining the degree of respiratory system dependency upon exercise are: 

(A) Intensity of exercise, 

(B) Type of exercise, and 

(C) Environmental conditions 

The following material which explains the theories of respiratory control involving 

chemical, neural, and neural-chemical interactions was reported by Strippoli (27). The 

first approach utilized in explaining exercise-respiratory control interactions involved a 

simple explanation of decreasing arterial 02 and increasing arterial CO 2 . The chemical 

reaction is defined as 

CO 2 + H20---H 2 CO 3 -±H+ + HC3-. (1 - 1) 

At this point uncertainty prevailed as to whether the response was caused by C02 itself 

or the H+ concentration released by the hydrated form of C02, carbonic acid (H2 C0 3 ). 

However, experimental evidence indicated that neither C0 2 , anoxia, or the combination 

of high CO 2 and low 02 levels would produce the magnitude of the ventilation response 

observed during exercise. This fact stimulated research efforts to justify yet another form of 

stimuli during exercise. The humoral, neurogenic, and neurohumoral theories are discussed 

in the following paragraphs. 

(A). Humoral Theories 

Three chemical substances are known which are related to exercise hyperpnea. These 

are the arterial gas tensions of C0 2 , 02, and the H concenhation. There is also a possibility 
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of a release of chemical substances formed in the muscles which affect the respiratory response, 

but these are not well documented. A brief discussion of the effects of the three forenamed 

chemical substances are included here. 

1. Carbon dioxide tension, PC0 2 

The CO 2 production is increased during muscular exercise. This increase should 

lead to on increased concentration of CO 2 in the arterial system sufficient to stimulate 

the respiratory center so that the response (hyperventilation) would lead to a decreased 

blood CO 2 level. This regulation of respiration process would be similar to the 

operation of a feedback system. However, the blood CO 2 level increases very little 

during exercise, certainly not of sufficient magnitude to explain the observed change in 

ventilation. 

2. Oxygen tension, P0 2 

One would expect to see a slight decrease in blood PO2 during exercise. However, 

this decrease would not amount to more than a few mm Hg, since the saturation of 

arterial blood with 02 is not greatly affected by exercise. Oxygen tension of approximately 

60 mm Hg would be required -o produce a realizable stimulus from the chemoreceptors 

in the aortic arch and carotid bodies (15). 

H+3. concentration 

An increase in H+ concentration of the arterial blood due to CO 2 accumulation 

has never been observed in mild exercise. Only during severe exercise does the H4 

concentration of the arterial blood significantly increase. This increase is caused 

by large amounts of lactic acid produced by the exercising muscles during severe exeicise 

when anaerobic metabolism accounts for the majority of energy. 
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Even if all of the humoral mechanisms described above were functioning simul­

taneously the increase in ventilation (I/min) observed during exercise could not be 

justified. Within the limits of aerobic metabolism, even if there are no appreciable 

alterations in blood chemistry, there is a linear relotionship between steady-state 

ventilation and oxygen uptake. 

(B). Neurogenie Theoiies 

Krogh and Lindhard (16) were the first to interpret the sudden increase of 

ventilation at the beginning of exercise on a neural basis. They postulated that impulses 

from the motor cortex of the brain were sent to the respiratory center to effect a change in 

ventilation. In a different study, experimentation illustrated that the passive movements 

of the limbs elicited a ventilatory response (1). It was then thought that impulses from 

mechanoreceptors in the muscles, tendons and joints transmitted to the respiratoiy center 

were the cause of the response. Comroe and Schmidt (17) found that the mechanoreceptors 

involved were limited only to the joints. 

While performing cross circulation experiments on dogs, Kao (18) showed that 

the hyperventilation accompanying muscular activity is limited to the exercising neural 

dog. The humoral dog whose head was perfused by blood coming from the active limbs of 

the neural dog showed no change in ventilation. Thus, the increased ventilation of the 

neural dog was not due to the chemical stimulus of the respiiatory center, since there were 

no changes in the blood of the humoral dog. 

From these experiments and the research of Jensen et al. (19) it is established that 

at the onset of exercise, pulmonary ventilation increases abruptly in a much shorter time 

period than the circulation time; that is, before chemical substances formed by the exercising 

muscles can reach the respiratory center. 
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Neurogenic controls alone are inadequate to maintain the delicate chemical 

balance of the blood during exercise at the same level as when the body is at rest. Therefore, 

both.humoral and neurogenic mechanisms are involved for the most effective control of 

respiration during muscular exercise­

(C). Neurohumoral Theory 

Dejours (20) iecorded ventilation and arterial CO 2 tension, PaCO2' on a single 

breath basis to detect the very fast changes in ventilation at the initial and terminal phases 

of exercise. The ventilation increases abruptly at the beginning of exercise, causing a fall 

in PaC02. The ventilation then increases more slowly and reaches a steady-state level in 

a few minutes. Simultaneously, the PoCO 2 increases and returns to the pre-exercise level. 

Corresponding changes take place at the end of exercise. A sudden decrease in ventilation 

causes an increase in PaCO 2 followed by a slow decrease in PaCO2 to the resting value. 

Since the neurohumoral theory seems to be adequately justified by experimental 

results, it has been utilized in the description of exercise hyperpnea. A representation 

of ventilation using the neurohumoral approach is shown in Figure 1. 

The modification of Grodins' model which simulates the exercise phenomenon 

utilizes a form of both neural and humoral control (28) with Figure 2 illustrating the stimuli 

paths. However, there are still some uncertainties as to the degree of neural control in the 

on- and off-transient responses in ventilation (21). 

1.4 Comments on Physiological Systems' Interactions 

As the project progresses there must be a concerted effort in establishing the criteria 

for the interaction between the four physiological systems; respiiatory, cardiovascula, 

thermal, and the renal/endocrine/kody fluid systems. Research such as that of Albeigoni 
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et al. (29) which attempts to define the significant variables used in the interfacing model 

of the circulatory and respiratory systems and the recently publishec research effort of 

Guyton et al. (30) will help in the formulation of these criteria. Guyton's research may 

prove most valuable since it attempts to integrate some of the dynamical interactions of 

various physiological subsystems; i.e. circulatory dynamics, pulmonary dynamics, regional 

blood Flow control and its relationship to P0 2, tissue fluids and pressures, heart rate, and 

stroke volume. 

To fully appreciate the transition between model choices or the potential capabilities 

of a model an understanding of the preceding references is mandatory. This is certainly 

not an exhaustive listing, but several references have excellent bibliographies which makes 

it an adequate state-of-the-art listing for this research. 
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2. TERMINOLOGY 

There are many terms and symbols used in the respiratory control system simulations 

of Grodins and MiIhorn which are common to both. The terms involved with these 

simulations are related to each other and in turn compared to other simulations in a summary 

by Yamamoto and Roub (1). However, there are some specialized terms which have 

particular meanings when used only with their tespective models. 

Throughout the following report, including the study reports (See Appendices 6.1 and 

6.2), new terms are defined when they are used. A listing of the more common terms are 

presented in Tables 1-3 of this section. 

2.1 	 Terminology Associated with Grodins' Models 

Terms associated with the basic Grodins' respiratory control system are presented in 

Table 1 (2). 

Table 1. Symbols and Terms Used in the Basic Grodins' 
Respiratory Control System Simulation 

Symbol * Description Units 

ai 	 Solubility coefficient for gas liters/liter
(j =CO 2 , 0 2 , N2 ) in blood blood/atm, 37C 

Qi 	 Solubility coefficient for gas(Q=C0 2 , 02, N2 ) in 	 liters/literblood/atm, 37C 

brain (i = B), 
tissue (i = T), cerebrospinal 
fluid (i CSF). 

B 	 Barometric pressure mm Hg 

(BHCO3)j 	 Bicarbonate content of blood liters C0 2/ 
(i = b), tissue (i =T), cerebrospinal liter i, 37C 
fluid (i = CSF), brain (i - B). 

'Note: The symbol Ai1 is defined as follows. A designates vatiable class. i desi6nates model 
location of the variable. i designates the chemical species of the vaaiiable. 
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Symbol 	 Description Units 

C;. 	 Concentration of j (gas, Hb0 2 , H') 1. liters x/liter yin blood at lung exit 0 - a), 	 where x = gas 

in blood at brain entrance (i =aB), or 02 for Hb0 2
 
in blood at tissue entrance (i - aT), and y =blood,
 
in brain (i -B), brain, CSF, or
 
in cerebrospinal fluid (i CSE), tissue.
 
in tissue (i = T),
 
in blood at lung entrance (i -- v), 2. nanomoles/liter y
 

Hiin blood at carotid body (i = oo), For ion and 
in blood at brain exit (i =vB), y defined as above 
in blood at tissue exit (i = vT). 

Di 	 Diffusion coefficient of liters/min per
 
i (C02, 02, N2) across blood-brain rnm Hg
 
barrier
 

Fii 	 Volumetric fraction of i (CO 2 , 02, N2) dimensionless 
in dry alveolar gas (i = A), 
in dry expired gas (i E), 
in dry inspired gas (i I). 

(Hb) 	 Blood oxygen capacity liters/liter blood 

k 	 conversion factor atm/mm Hg 

K( 	 Dissociation constant for nonomoles/liter
 
carbonic acid
 

Ki 	 Volume of brain (i = B), liters
 
cerebrospinal fluid (i = CSF),

tissue (i =T), &,,.oli (i =L)
 

MRi 	 Metabolic rate of carbon dioxide liters/min
 
production (i =C0 2 ),
 
oxygen consumption (j =02) by
 
brain (i =B), tissue (i -T)
 

Pi 	 Partial pressure of 1 (C02, 02, N2) mm Hg
 
in alveoli (i A), in blood at
 
lung exit (i a), in brain (i " B),
 
in cerebrospinal fluid (i -CSF), in
 
inspired a (i I). 
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Symbol 	 Description Units 

pH i 	 pH of blood at lung exit (i = a), 
of blood at brain exit (i vB), 
of blood at tissue exit (i vT), 
of cerebrospinal fluid (i =CSF) 

Q 	 Cardiac output liters/min 

Qi 	 Cerebral blood flow (i =B) liters/min
 
Normal resting blood flow (i =N)
 

AQ 	 Change in cardiac output litfers/min 

AQi 	 Change in cerebral blood flow (i = B) litess/min 

AQ1 	 Change in cardiac output due liters/min
 
to CO 2 (i =C0 2 ), due to
 
02 ( = 02)­

ri 	 Time constant associated with first order minutes 
differential equation for cardiac output 
response (i = 1), for cerebral blood 
flow response (i =2). 

t 	 Time minutes 

1'-( 	 Blood transport delay minutes 
from lung to brain (i = aB) 
from lung to tissue (i =aT) 
from brain to lung (i = vB) 
from tissue to lung (i = vT) 
from lung to carotid body (i = ao) 
for specified path segment (j =(l)) 

Vi 	 Expiratory gas flow rate (i = E) liters/min 
Inspiratory gas flow rate (i = I) 

One of the major modifications of the basic Grodins' model involves the addition 

of the exercise (workload) 	simulations. Table 2 gives a description of some of the terms 

used in the modification's 	subroutines. 
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Table 2. Symbols and Terms Associated With the Exercise Subroutines in the 
Modified Grodins' Respiratory Control System Simulation. 

Symbol Description Units 

CXT Term set equal to simulation time minutes 

DEADVT Dead space ventilation liters 

DURAT Workload duration minutes 

FREQ 

HRATE 

Respiratory frequency 

Heart rate 

minute - I 

-1minute 

RMLIN Linear function of 02 consumption 
as used in subroutine RC12 

liters/min 

RMTB Function of steady-state 02 
consumption at specific workload. 

liters/min 

RMTB(2) Term set equal 
RC12. 

to RMT(2) in subroutine liters/min 

RMTM Term set equal to RMT(2) in 
subroutine RC 12. 

liters/min 

RMT(1) Metabolic rate of CO 2 in tissues liters/min 

RMT(2) Metabolic rate of 02 in tissues liters/min 

SS02W(WORK) Steady-state 02 requirement for 
specific workload 

liters/min 

SSVENT Steady-state ventilation for the 
workload of intejest 

liters/min 

SVNT Parameter used to signify start of 
linear change in ventilation to 
steady-state value 

liters/min 

SVNT2 Difference in ventilation between VI 
chemical and the steady-state VI fo, 
a paiticular workload 

liteis/min 
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Symbol Description Units 

TCT Inverse of time constant associated dimensionless 
with exponential components in 
exercise subroutine calculations 

TIMEON Time when workload is initiated. It minutes 
is set equal to CXT after workload 
is read. 

TVNT Minute Volume liters/min 

WORK Workload watts 

WORK2 Woikload (new) watts 

2.2 Terminology Associated with Milhorn's Models 

Generally speaking, many variables appearing in Grodins' basic model also appear 

in Milhorn's models with different symbol notations. Table 3 gives a listing of most of 

the variables that are incorporated into the discussions of Milhorn's models as presented 

in Section 4 and Appendix 6.2. 

Table 	3. Symbols and Terms Used in Milhorn's 
Respiratory System Models 

Symbol Description Units 

Effective diffusing area of pulmonary 2mmA 
membrane 
Normal effective diffusing area of pul- 2 

,A mm 
0 	 monary membrane 

A, B,C D 	 Empirical constants used in Lloyd and A,B,C (mm Hg), 
Cunningham's controller equation D (liters/min mm Hg) 

CAC0 2 	 Alveolar C02 concentration vol fraction 

CA 0 2 	 Alveolar 02 concentration vol fiaction 

CApo 	 Caiotid bodies' site 02 concenliation vol fiaction 
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Symbol Description Units 

CBC02 Brain tissue CO 2 concentration vol fraction 

CBH4 H+ concentration at central receptor 
on blood side of blood-brain barrier 

nanomoles/liter 

CB 0 2  Brain tissue 02 concentration vol fraction 

CCSFHI H' concentration at central receptor 
on cerebrospinal fluid side of blood­
brain barrier. 

nanomoles/liter 

CPS* H+ concentration at peripheral sensors nanomoles/liter 

CTco 2 Body tissue CO 2 concentration vol fraction 

CT0 2 Body tissue 02 concentration vol fraction 

D Brain tissue CO 2 diffusion coefficient liters/min/mm H9 

f Blood flow through a single capillary liters/min 

fVD Minute dead space liters/min 

ki ,. Constants used in cerebral circulatory 
controller equation 

k2 Constant determined from C0 2 -0 2 
dissociation curve 

dimensionless 

k5 Ratio of normal arterial Po 2 to normal 
alveolar P0 2 

dimensionless 

n Constant used in a controller equation dimensionless 

PaCo 2 CO 2 arterial tension mm Hg 

Pao 2 0 2 arterial tension mm Hg 

PBCo2 Deep brain tissue CO 2 tension mm Hg 

PCSFCo 2 Cerebrospinal fluid CO 2 tension mm Hg 
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Symbol Description Units 

PH2 0 Water vapor pressure mm Hg 

PIc02 Inspired carbon dioxide partial pressure mm Hg 

p102 Inspired oxygen partial pressure 

Cerebral blood flow 

mm Hg 

liters/min 

5C Total blood flow through pulmonary 
capillaries 

liters/min 

6.C ° Normal blood flow through pulmonary 
capi Ilaries 

liters/min 

QCS Average blood flow at effective sensor 
site 

liters/min 

6S Pulmonary shunt flow liters/min 

R Respiratory quotient dimensionless 

S CO2 dissociation curve's slope mm Hg-

V Minute pulmonary ventilation liters/min 

'7A 
0 

VC 2 

Alveolar ventilation 

Rate of change in volume due to CO 2 
production 

liters/min 

liters/min 

VD Dead space liters 

VL Lung volume liteis 

VL 
0 

V 0 
2 

Normal lung volume 

Rate of change in volume due to 02 
consumption 

liters 

liters/min 

VT Tidal volume liters 

X Effective depth of sensor 
medulla's suiface 

below mm 
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3. 	 EVALUATION OF GRODINS' RESPIRATORY 
CONTROL MODEL MODIFICATIONS 

3.1 	 Statement of Objectives 

One, phase of the research effort was the evaluation of Grodins' respiratory control model 

as it simulated, the effects of altered environments; in particular, the simulation of various 

exercise levels in an altered environment. Part of this research is described in a Study Report 

(See Appendix 6.1). Additional investigation involving the interactions of exercise and 

respiratory control is included in this section. 

The objectives of this component of the research was to evaluate Grodins' program and to 

recommend modifications to increase the program's fidelity. This included the establishment of 

an evaluation procedure, comparison of program responses to published data, identify problem 

areas, and indicate modifications to rectify or alter known simulation shortcomings. 

3.2 	 Description of Grodins' Respiratory Control Model and Modifications 

The approach used to present the material in this section will be in the form of a 

summary of the Study Report (Appendix 6.1). The portions of the Study Report that were 

expanded after it was written, i.e. further investigations involving the exercise subroutines, 

will 	be presented in more detail here. The system can be envisioned as a feedback control 

system comprised of a "plant" (the controlled system) and the "regulatory component" 

(controlling system). 

3.2.1 Controlled System 

The controlled system as represented in Appendix 6.1 is partitioned into three compartments 

corresponding to the lungs, brain, and tissue with a fluid interconnecting path representing 

the blood. A set of differential-difference equations describing a gas transport and exchange 

system between the lungs, blood, brain, and tissue compartments constitutes the framework 

for 	the model. Equilibria formulations involving acid-base buffering and metabolism fo the 
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alveolar-arterial, venous blood-brain, and venous blood-tissue inteifaces are qualitatively 

and quantitatively described. As indicated these formulations are the most complex of any 

of the model segments. 

Reference should be made to Appendix 6.1 for a condensed listing of the assumptions and 

features of the model's compartments. It is important to note these assumptions since an 

evaluation of the system's performance would be irrelevant without them. 

An important aspect of the simulation is related to the blood transport time delays. 

As with any physically dynamic system involving flow dynamics or transfer of information, 

there are time delays in signal transmission. The time delay, ', is associated with the blood 

flow from the lung to the brain compartment, from the lung to the tissue compartment, from 

the tissue to the lung compartment, from the brain to the lung compartment, and from the 

lung compartment to the carotid body receptors. These are very necessary terms and their 

incorporation in the system equations enhances the confidence placed upon the dynamics 

of the simulation. To further define these time delays, they are not considered to be 

predetermined constants but are continuously recalculated. They are time dependent in 

that they are functions of cardiac output, brain blood flow, and vascular segment volumes. 

This reasoning is very sound since the blood flow dynamics obviously affect relative site 

gas concentrations. It should also be mentioned that the inclusion of these variable time 

delays necessarily increases the time for the calculation routines. Therefore, the sophistication 

that they provide might be offset by the cost of the simulation process. 

3.2.2 Controlling System 

To provide the closed loop (feedback contiol) phenomenon a controlling system is
 

utilized. Ignoring the exercise influence, thiee of the controlled system's outputs ate
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monitored as inputs for the controlling system. A controller equation describing the inspired 

ventilation as a weighted function of the H+ concentration in the cerebrospinal fluid 

(CCSF(H+, the H+ concentration in the arterial system (Co(H+)(t-rao) the H+ concentration 

in the venous blood of the brain (Ca(HF ) (t- aB)), and the oxygen contribution at the carotid 

chemoreceptor sites (FA(o 2 )) provides this feedback mechanism. Using the terminology as 

defined in Appendix 6.1 the controller equation is written as 

V1 1.1380[C(16)C(H+)(t - 0(B) - (1.O-C(16) ) CCSF(H))] 

+l.1 5 4 0Ca(H+) (t -to)4 TERM - VI (N) (3 - 1) 

where 

TERM = 23.6(10) - 9 [104 - (B-47)F A (02)( t _ q/ao0)] 4.9 

for (B - 47 )FA(o 2) (t -ta) -< 104 (3 - 2) 

>TERM = 0 for (B - 47 )FA(o 2)(t -' 00 ) 104. (3 - 3)
 

The study has indicated that the controller equation is the most flexible component of
 

the entire simulation and also the component which provides the most uncertainties. This fact
 

is even more evident when variations in exercise levels are being simulated. Equation 3-1 

takes on a different form when exercise levels are being simulated. Several other forms of 

controller equations are presented in both Apprendices 6.1 and 6.2. The idea that the controller 

equation needs continued evaluation is amplified in the conclusions and recommendations. 

3.2.3 Exercise and Related Subroutines 

In Appendix 6.1 several simulation runs were made in order to establish the significance 

of the exercise subroutine-modification that Weissrman (28) had added to Grodins' program. 

The ventilation responses foi varying exercise levels at an alteied enviionment (Skylab 

conditions) did not appear to be completely satisfactory. Fiist of all, the neural component 
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response in the off-transient was not evident. Also, after a charge in the exercise level 

was initiated the transient response to a steady-state value of ventilation seemed to be 

longer than would be desirable. To better understand the exercise subroutines a more 

detailed investigation of the computer progiam was performed (27). The following material 

is a portion of that investigation. The existing computer program (Appendix 6.3) has a limited 

number of comment statements. Fortunately, the entire program is partitioned into subroutines. 

The exercise modification is contained in subroutine RC12. The block diagram in Figure 3 

shows subroutine RC12's relationship to the other subroutines in the program. RC12 is 

embedded in a loop that establishes and solves the controlled and controlling system equations. 

Therefore, thecontroller subroutine, RC17, is also a part of the loop. The controller 

subrojtine is called before the system equations are calculated in RC11 since inspiratory 

ventilation rate (VI) and expiratory ventilation rate (VE) are both needed in the calculation 

of the system equations. RC17 will be considered later. 

A flow chart shown in Figure 4 was formed in order to get an insight into the functioning 

of the exercise subroutine. In this subroutine the tissue metabolic rates of oxygen (RMT(2)) 

and carbon dioxide (RMT(1)) are calculated .. ,ng with heart rate (HRATE), respiratory 

frequency (FREQ), minute volume (TVNT), and dead space (DEADVT). The above mentioned 

metabolic rates are the variables that interface this subroutine with the remainder of the 

program. Both metabolic rates are used in the system equations. 

The subroutine reads in a workload (WORK2) ahd duration (DURAT) from the input data 

cards. See Appendices 6.1 and 6.3 for a description of input data cards. A decision is then 

made concerning the workload which depends upon the workload's absolute magnitude and 

its magnitude relative to the previous workload (WORK). This decision is needed since theie 
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are two different equations that calculate the metabolic rate of oxygen. One is for WORK2 

less than WORK, and one is for WORK2 greater than equal to WORK. To make sure 

that the program knows where it is at all times, a flag is set depending on the relative 

magnitude of the new workload. If WORK2 is less than WORK, MARKER is set equal to 

zero (MARKER-- 0). If it is greater than or equal to WORK, MARKER is set equal to one 

(MARKER - 1). This Flag is necessary because the program is continually calling RC12. 

The flag makes it possible for the program to return to the same set of equations until a 

new workload is read in. This will occur whenever the simulation time, C(35), is greater 

than TIMEOF. TIMEOF is set equal to the duratioh time plus the simulation time, CXT, when 

the workload is read in: 

TIMEOF = CXT + DURAT (3 -4) 

Physiological studies show that oxygen uptake is a good indicator for the amount of work 

that is being performed (31). For this reason many other physiological parameters are 

always related to oxygen uptake. As mentioned before, the modification under discussion 

for this program is based mainly on two expressions for oxygen uptake; one for when the 

workloads are increasing, and one for when the workloads are decteasing. These two 

expressions are discussed in the following material. 

(A). Increasing Workloads 

-For this case subroutine RC12 utilizes the expression 

RMT(2) = SS02W(WORK) - (SS02W(WORK) - RMTB2)* 

EXP(-TCT(CXT - TIMEON)) (3 - 5) 

where: 

SS02W(WORK) is the tissue steady-state oxygen consumption for a paiticular woikload. 

Oxygen consumption varies linearly with workload as shown in Figure 5. However, the 
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relationship between oxygen consumption and workload in this program is a piecewise 

linear relationship, as illustrated by Figure 6. Figures 5 and 6 illustrate a maximum value 

(3.5 liters/min) for the oxygen consumption. At this point there is no additional increase 

in oxygen consumption for a further increase in workload. This value is known as the maximum 

oxygen uptake (MAX 02). It is a measure of one's physical fitness. In the average male 

the MAX 02 is about 3.5 liters per minute at a workload of 250 watts. MAX 02 is higher 

in the more physically fit individual. The dotted line in Figure 6 is a suggested change that 

would eliminate the discontinuity at 250 watts. 

RMTB2 is the oxygen consumption at the time the workload is initiated. If the workload 

is started from rest, this value is 0.215 liters per minute. 

TCT is the inverse of the time constant. It determines the rise time of the exponential 

components. TCT is related to the workload by the following expressions: 

4.6 for work -50 watts 
TCT = 

2.3/2*WQRK/200 for work > 50 watts (3 - 6) 

The term TCT as a function of workload is plotted in Figure 7. From this plot it is seen 

that, as the workload is increased, TCT becomes smaller. This means that as the workload 

increases, more time is required to reach steady-state. 

CXT is equal to the simulation time C(35). 

TIMEON is the time when the workload is started. After the workload is read in, 

the subroutine sets TIMEON = CXT. Thus CXT - TIMEON is elapsed time of the workload 

at any time C(35). 

To gain a better insight into the functional relationship of RMT(2) as workloads are 

varied, Figures 8 and 9 illustrate the times required for the steady-state oxygen uptakes 



-

-

-

Currently pro grammed 

Suggested change 

4. 

3,5 -
3.53 -- - --- -----

----
- ----

- ----- - - -
---- - ----- ---- - ------ I 

-

2. 

-

("4 

0 

1.. 

0 50 

FIGURE 6. 

75 100 150 200 250 

WORK (WATTS) 

Piecewise linear relationship of steady-state 

uptake and work load used in model 

oxygen 



4. 

2 I -

- - ­ -. - -- .-. .-. .-

115 50.. . 10 20 

1. I t !I c I 
I I I 

01
0 

I 

I 

I 

I
10 

I 

I
150 

,-*
200 

'NORK (WATTS) 

FIGURE 7. Inverse time constant versus work 



27 
/ 250W 

~200W 

09---; o 
0 

is 

0 123 4 5 

TIME (MIN) 

FIGURE 8. Uptake qf oxygen from resting conditions 



3250W 

202 

0150W 

z 
0"" 10O0W 

0 

X I I-

Co 
215 

0 
0 5 10 is 20 25 

TIME (MIN) 

FIGURE 9. Uptake of oxygen for successive work loads 
c,) 



39 

to be achieved when exercise transition is from rest or from other exercise levels. In both 

figures it is readily seen that the transient response is longer for greater workloads, 

the transition being either from rest or another workload. 

(B). Decreasing Workloads 

For decreasing workloads RC12 utilizes an oxygen consumption expression that 

is a decaying exponential. It has a time constant that is twice as long as the time constant 

used in the expression for increasing workloads. The expression is written as 

RMT(2) = RMTB - (RMTB-RMTM) k EXP(-tCT*(CXT-TIMEON) 4 0.5) (3 - 6) 

where: 

RMTB is the steady-stqte oxygen consumption at the new, lower workload. 

CXT, TCT, and TIMEON are defined as with increasing workloads. However, it is 

important to notice that TCT is determined not by the new workload but by the previous 

workload. This is physiologically justified because the swiftness by which the body returns 

to the resting state is dependent upon the prior exercise level. The greater the prior exercise 

level the longer it takes to replace the oxygen and high energy stores of the body. 

Figure 10 is a plot of RMT(2) for transithons from various exercise levels to rest, for 

five different workloads. 

No changes are made for the metabolic production of CO 2 during increasing and decreasing 

workloads. For both increasing and decreasing workloads the metabolic production of 

carbon dioxide, RMT(1), is calculated by the same equations: 

RMT(1) = (TVNT i 40.77)YRMT(2)/88.5 (3 -7) 

for TVNT less than or equal to 37. 
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For TVNT greater than 37 

RMT(l) = O.88RMT(2) (3 -8) 

where TVNT is the minute volume. 

(C). System Controller Equation 

Up to this point, only the alteration of the controlled system's equations during 

exercise has been discussed. It is still necessary to determine how the controller equation 

subroutine, RC17, is modified to take exercise into account. 

As before, a flow chart can be obtained for RC17 as shown in Figure 11. From the flow 

chart it is still difficult to determine the interaction of the steps and how the various 

individual elements of the routine interact. A print routine which prints out the important 

variables is added to this subroutine. See Appendix 6.3 (RC17) . When the program is run 

at different workloads, knowledge of the subroutine functioning is obtained by utilizing these 

printouts. 

Verification that the modification of the controller equation is based on the neurohumoral 

theory as discussed in Section 1.3 is possible. That is, it consists of a fast neural component 

and a slower humoral component. Referring to Appendix 6.3, which is the subroutine 

listing, the first calculation made is that of the ventilation as given by Grodins' controller 

equation, (VI). This value is then subtracted from the steady-state ventilation for the workload 

of interest, (SSVENT(SS02W(WORK))). This steady-state ventilation is calculated using 

the relationship given by the plot in Figure 12. This plot effectively illustrates that steady­

state ventilation is linearly related to steady-state oxygen consumption. However, oxygen 

consumption is dependent upon the workload as previously discussed. The difference, 

if less than or equal to 15 liters per minute, between this steady-state value and the value 
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obtained by Grodins' controller equation is the neural component. If the difference is 

greater than 15 liters per minute, the neural component is set equal to 15. The difference 

is given the variable name SVNT2. This neural component is added to the value of ventilation 

that is calculated by Orodins' controller equation and a new value for VI is obtained. 

Thus VI is defined as 

VI VI 1 SVNT2 f01 0 'r SVNT2 < 15 (3 - 8) 
or 

VI Vl + 15 for SVNT2 '>15 (3 -9) 

At this point, another variable is calculated, SVNT. SVNT is the difference between 

another steady-state value for ventilation defined by the term SSVENT(RMLIN) and the 

value of ventilation which is calculated in Equation 3-8 or 3-9. The variable SVNT is 

formulated as 

SVNT =SSVENT(RMLIN) - VI . (3 - 10) 

The argument RMLIN used to determine the steady-state ventilation term is calculated in 

RC12. RMLIN is a slowed down, linearlized version of RMT(2). It is given by 

RMLIN =SS02W(WORK) - (SS02W(WORK) - RMTB2)(1.VTIME) (3 - 11) 

where SS02W(WORK) and RMTB2 are as previously discussed. VTIME is the function that 

slows down RMLIN in relationship to RMT(2). It is given by 

VTIME =TCT(CXT - TIMEON)/9.2 for VTIME< 1 (3 - 12) 

The value 9.2 makes RMLIN approach its steady-state value at a rate Four times slower than 

RMT(2) when the workload is 100 watts. For workloads less than 100 watts, the response of 

RMT(2) is less than four times as fast. For woikiouds greatei than 100 watts, the response 

of RMT(2) is greatet than four times as fast Figuies 13 and 14 show the telationship between 

RMLIN and RMT(2) foi two diftfetent woiklonds (25 watts and 75 watts). Figure 13 iepresents 

a hansilion fborn rest to 25 watts while Figute 14 iepiesents a transition from 25 watts to 75 watts. 
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When VTIME reaches the value of 1, RMLIN has reached steady-state and is given by: 

RMLIN = SS02W(WORK). (3 - 13,) 

Returning to the discussion of the controller equation, if SVNT is greater than 0.5, 

ventilation will linearly approach its steady-state value. This is done by adding 75% of 

SVNT to the value of VI calculated above. The relationship used is: 

VI = VI + 0.75SVNT (3 - 14) 

After inspiratory ventilation has been calculated, expiratory ventilation is calculated, 

again using a relationship given by Grodins (2). 

Figure 15 illustrates plots of the various variables discussed above for a workload of 

75 watts. From these plots it is easily shown that the sum of VO and SVNT2 equals SSVENT 

(SS02W(WORK)) for SSVENT(RMLINC0.5 + VI. VI is equal to the sum of VO and the 

neural component. When SSVENT(RMLIN) becomes greater than the sum of 0.5 + VI, VI 

starts a linear increase to its steady-state value for that particular workload by using Equation 

3-14. 

The controller equation modification has no physiological significance. This is justified 

by the detailed investigation of the appropriate subroutines. As indicated by Strippoli with 

further justification presented in Section 3.4 it does permit a reasonable simulation for 

specific workloads (27). The fast on- and off-transient responses can be associated with 

neural components. However, the functional expressions which simulate this component do 

not actually describe the physiology involved. This particular physiology has not been well 

documented. 

3.3 Model Parameter Variations 

One of the goals of the investigation was to evaluate Grodins' modified program with 

regard to sensitivities for reasonable variations in parameter values. Grodins' modified 
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program provides for various parameter variations by the use of input data cards. There qre 

many standard conditions for inspired volumetric fractions of gases from which to base a 

sensitivity analysis. The decision was made to use the following data from which all 

simulations of variations in parameters are compared 

B = 760 mm Hg 
FI(C02) = 0.1000 
FI(02) = 0.1100 
FI(N2) = 0.7900 

See Appendix 6.1 for the type of responses obtained and the table of input data cards 

used for the base run. 

It is believed that these base conditions were adequate for the sensitivity analyses 

performed. However, one should use extreme caution in projecting, in a direct fashion, 

the sensitivity of any parameter to other base conditions. Only one parameter or group of 

common parameters was altered at one time. This is really the first step in what should be 

a continuing effort in analyzing combinations of parameter varialions and weightings. 

The format followed in the Study Report (Appendix 6.1) is one which hopefully conveys 

the model's capabilities and limitations in a concise and informative manner. There is 

a tremendous amount of data which is not discussed or presented in graphical form. Only the 

variables which present significant changes are addressed. This is not meant to deemphasize 

the other variables' importance. General Electric Company's Technical Information Release 

741-MED-3008 and 741-MED-3009 illustrate the output data format and the possible relationships 

between variables that can be generated (32,33). 

With regard to inspired gaseous concentrations only the on-transient and related steady-state 

conditions are analyzed. The off-transient as related to the transition from an exercise to 

the resting state is presented later in Section 3.3.2. 
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3.3.1 	 Resting State and Sea Level Conditions 

The computer program is a modified version of Grodins' program similar to that used 

by Weissman (28). Although it has a subroutine which involves a work-exercise phenomenon, 

the case of the resting subject is considered first. A table in Appendix 6.1 presents the 

input data format giving card number, symbol, normal initial value, and a brief description 

of each parameter. 

Since a detailed discussion and evaluation of the parameter sensitivity analyses are 

presented in Appendix 6.1 only a few comments are included here. 

The controlled system parameters that were varied include 

(1) 	 The time constants RI and R2 of the first order differential equations 

describing cardiac output and brain blood flow, 

(2) 	 the standard bicarbonate content BHCO3 BRAIN and BHCO3 TISSUE 

of the brain and tissue compartments, and 

(3) 	 the diffusion coefficients D(C02) and D(02) of CO 2 and 02 across the 

blood-cerebrospinal fluid barrier. 

Briefly, the simulation proved to be insensitive to variations in RI and R2 after an initial 

transient disturbance of about I minute duration. The simulation was found to be much more 

sensitive to changes in the bicarbonate content of the tissues than of the brain which is thought 

to be related to relative volume sizes of the two compartments in addition to the buffering 

and metabolism relationships. Results of the simuldtions with varying diffusion coefficients 

supported the known physiology (blood-cerebrospinal fluid barrier highly permeable to C0 2 ) 

involved in that the system was sensitive to D(C02) variations and insensitive to D(02) 

vailations (3-). 
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The controlling system parameter weightings that were varied for the resting subject 

include 

(1) 	 the weighting of the H+ concentration in the CSF compartment, CNT SENS 

COF, 

(2) 	 the weighting of the H+ concentration at the carotid bodies' site, CRTD 

BDY SCF, 

(3) 	 the weighting of the relative influence of the H+ concentration in the CSF 

and brain compartments, CENT SENJS PT, and 

(4) 	 combinations of (1) and (2). 

H+No significant variations were observed in any compartmental concentration, 

P (O2) Q, or Pa(CO2) for variations in CNT SENS COF. However, VI was shown to be 

directly dependent upon CNT SENS COF although not responding rapidly in the initial 

transient. Considering all of the variables monitored there was a greater degree of sensitivity 

toward variations in CRTD BDY SCF than CNT SENS COF. Thus, there is an indication 

that the system responds more rapidly to chemical changes at the carotid bodies' site than 

in the CSF compartment. This feature was further emphasized when combinations of 

CNT SENS COF and CRTD BDY SCF variations were used. Simulation runs illustrated that 

the brain compartment H+ concentration detector mechanism responds faster than the CSF H+ 

concentration detector system. All of the variables illustrated a faster response as CENT 

SENS PT was increased. 

3.3.2 Exercise States at an Altered Environment 

The usefulness of such a model must be evident for conditions which approximates those 

of actual experiments. Thus, this model must perform quality simulations under environmental 
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conditions such as those of Skylab. From the simulations run for sea level conditions, 

barometric pressure =760 mm Hg, it was concluded that the most sensitive component of 

the system was the controlling equation. Thus, the simulation efforts related to an altered 

environment were concentrated on the controlling equation and its variable weightings both 

for the resting state and various exercise levels. 

Initial variable values were obtained by allowing the simulation to reach steady-state 

conditions when subjected to the altered environment. This first simulation effort involved 

a change of only the barometric pressure and inspired gaseous concentrations. Thus, 

these specific input data cards were altered as shown in Table 4 with the CO 2 concentration 

corresponding to 5 torr. 

Table 4. Input Data Cards Specifying the Altered Environment 

Card No. Symbol Revised Initial Values 

C(30) B 260.0000 
C(31) Fl(C02) .0192 
C(32) FI(02) .7000 
C(33) F I(N2) .2808 

The use of the steady-state values obtained from this run compensated for the preconditioning 

period. See Table 2 of Appendix 6.1. Exercise levels of 5-minute intervals were utilized 

as shown in Table 5 for the following set of time intervals.
 

Table 5. Input Data for Workload Schedule
 

Time Interval Workload * 

0 <t< 5min 0 watts 

5min < 10min 50 watts 
10min t< 15 min 100 watts 
15 min <t< 20 min 150 watts 
20 min _5t< 30 min 0 watts 

kSee A,'endix 6.3 for Workload Input Data Format. 
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Since the simulations discussed in Section 3.3.1 indicated that the most influential 

component of the system was the controller equation simulations of exercise at Skylab 

conditions concentrated on further evaluations of the controller equation. 

The controlling system parameter weightings that were varied during the transition 

from one exercise level to another include 

(1) 	 the weighting of the relative influence of the H' concentration in the CSF 

and brain compartments, CENT SENS PT, 

(2) 	 the weighting of the H+ concentration in the CSF compartment, CNT SENS 

COF, and 

(3) 	 the weighting of the H+ concentration at the carotid bodies' site, CRTD BDY SCF. 

All exercise levels produce a slightly lower steady-state response for V I when CENT 

SENS PT is increased while the decrease in exercise level is not significantly altered by 

variations in CENT SENS PT. The greater the weighting of the H+ concentration sensing 

in the venous blood of the brain, the higher the relative arterial CO 2 tension is for any 

instant of time. As expected the level of the H+ concentration in the CSF compartment is 

greater when CENT SENS PT is increased. 

Since CCSF(H+) does not deviate from the base run for variations in CNT SENS COF 

other variables are not altered significantly either. As observed in Section 3.3.1 the 

simulation is more sensitive to alterations in CRTD BDY SCF than CNT SENS COF. This fact 

is also evident under exercise conditions. 

Appendix 6.1 also includes plots of P0(0 2 ) versus Q for the complete exercise cycle 

(rest-exercise levels-rest). One interpretation of these plots is that a depletion and tecovery 

of arterial oxygen is evident for the exercise transitions that do not initiate from a resting state. 

Other conclusive statements should not be made without further investigation. 
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3.4 Evaluation of Exercise Feature 

For further supportive evidence of the role that exercise plays in the control of respiration, 

other exercise levels and level transitions were simulated (27). In particular, the justification 

of both neural and humoral components was considered with an expansion of the investigation 

of the exercise subroutines discussed in Section 3.2.3. The values for the input data cards 

are shown in the following listing. All other input data cards have values indicated in 

Appendix 6.1. 

Table 6. Input Data Cards for Five xercise Simulation Runs 

Input 
Data Run #1 Run #2 Run #3 Run #4 Pun #5 
Cards 

C(1) 0.1783 0.1674 0.1746
 
C(2) 0.5336 0,5419 0.5231
 
C(3) 0.2881 0.2907 0.3123 
C(4) 0.6413 0.6345 0.6359
 

C(5) 0.0012 0.0011 00011
 
C(6) 0.0011 0.0011 0.0011
 
C(7) 0.6153 Some 0.6164 0.6390 Same 
C(9) 0.0015 as 0.0011 0.0007 a;
 
C (9) 0.0012 Run #1 0.0012 0.0011 Run #1 

C(IO) 6.0000 7.3800 11.5717
 
C(1I) 0.7496 0.6839 0.7260
 
C(12) 48.1202 47.9542 47.3567
 
C(13) 36,6316 36.0486 35.3290
 
C(14) 70.6804 68.5268 66.2437
 
RMT(1) 0.1820 0.1820 1.1699 
RMT(2) 0.2150 0.2150 1.3294 NJ 

WORK2 0.0/0.2 * 0.0/0.2 A 25/0.2 100/2.5 * 0.0/0.2 * 

WORK2 50/1.8 * 25/1.8 * '0/2.0 * 0.0/30 * 50/2M 
WORK2 100/2.0 * 75/2.0 * 100/2.0 * 0.0/2.0* 

*Watts/Min 

Gallagher (22) showed that at workloads of 50, 100, and 150 watts no neural component 

was simulated for the transitions to 100 and 150 watts when the tiansition was made duing 

steady-state. The absence of the neurci response was also shown by some of the above 

simulation runs. Figure 16 is a plot of VI for Run #1. 
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FIGURE 16. Simulation run number one for 0-50-100 watts
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For a simulation run of 0, 25, and 75 watts (Run 2) neural components were observed 

for both exercise transitions. Figure 17 illustrates the VI response for this run. It is also 

observed that the neural response accounted for the entire response in the 0 to 25 watt 

transition. This type of response was also justified by D'Angelo et al. (23) when they reported 

that ventilation during low levels of exercise was piedominately associated with a neural 

response. 

Run 3 having exercise transitions of 25 to 70 watts and 70 to 100 watts, simulated 

neural components at both transitions as shown by Figure 18. Although no quantitative 

experimental data is available for comparison it appears that the neural component is sensitive 

to the level and increment of exercise levels. Also, the problem discussed later in this 

paragraph, that of system initialization, prevailed in the initial transient response; however, 

the initial deviation in the system's variables are not as severe for 25 watts. Run #4, with 

exercise levels of 100 and 0 watts, was used to determine the type of response that would be 

obtained in the off-transient of exercise. The off-transient response obtained was not 

justifiable. Further investigation of the exercise subroutines revealed that at the first 

calculation of the controller equation, which occurs before RC12 is implemented, the 

initial work level is considered to be 0 watts instead of the desired 100 watts. Thus, the 

transient responses are invalid. Further modification of the program is required if simulations 

are to be initialized with other than 0 workload (or small workloads). 
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4. MILHORN'S RESPIRATORY CONTROL MODELS 

4.1 	 Statement of Objec tsves 

The other phase of the iesearch effort was the study and analysis of Milhorn's respiiatory 

control models. The majo thrust of this effort was in the summa ization of the theoiy and 

assumptions of existing models which are associated with Milhorn's jeseaich (4, 5, 7, 8, 24, 35). 

One aspect of the objectives was to analyze published piogram iesults and describe potential 

applications of Milhorn's work to improve Grodins' piogram. These potential modifications 

could then be implemented in Grodins' program and evaluated at a future date if the con­

tinuation of the modelling effort should include such implementation. 

4.2 	 Models' Variations and Significant Features 

The detailed evaluation of Milhorn's models leading to the fulfillment of the above 

objectives is presented in Appendix 6.2. Most of Milhorn's models, although developed 

under different experimental conditions and foi varying motivations, contain teatures that 

are similar to Grodins' work. Theiefore, to complete an investigation of Iwo of the major 

groups of respiratory control models it seemed appropiiate to discuss the salient features 

of Milhorn's models and suggest special modifications which might enhance Ciodins' model. 

With Appendix 6.2 (Study Report) available it is not necessajy to go into any depth 

in the summary of the Study Repoit. Only a brief statement conceining the vaiious models 

that were presented in the Study Report is contained in this section. 

One of Milhorn's first models was a compaitmental iespiiatoty model wilh the basic 

assumption being that the contiol of alveolai venti lotion was due to CO 2 and 02 levels (7). 

The effects of the HI stimulus was ielated lo PCO 2 by a hinci i oelationship. The model 

contained a contiolled system and a contiolling system; thus, having an oveiall similatity 
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to that of Grodins' model. Upon the establishment of variable and functional interrelationships 

a set of eight variables and eight differential equations was used to describe the system. 

The ventilatory controller equation provided the feedback mechanism. An evaluation of 

some of the simulation responses is contained in Appendix 6.2. 

Another model which illustrated the static, dynamic, mechanical, and cyclic 

phenomena emphasized a restructuring of the ventilatory controller equation (8). Special 

weightings of the H4 contribution from the peripheral sensors, a central receptor in the 

brain, and a central receptor in the cerebrospinal fluid were given for the controller 

equation. No exercise phenomena were presented. The interrelationships between the 

cardiovascular and respiratory systems were experimentally investigated with the goal 

being to expand the range of Lloyd and Cunningham's controller equation range for PAco2' 

The concept of venous admixture and a detailed description of the capillary shunts 

form the basis for another model (24). Features of this model would be of value to the 

present research if a modification of Giodins' model included a description of the gas 

exchange mechanism associated with the lung compartment. The most important advantage 

in the use of this model would be the component of the simulation associated with the 

admixture phenomenon as the fractional gaseous concentrations of the environment were 

altered. 

For a complete understanding of the transient ventilatory response, the receptor sites, 

number of sites, and the general nature of the responses at these sites should be better 

defined. Consequently, the system presented by Milhorn and Brown (5) was formulated 

in such a manner as to moie Fully utilize the information Fiom the steady-state tesponses in 

odet Io rnpiove the hansient simulations. Alveola 02 and CO2 ensions aic descitbed in 
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terms of inspired 02, 02 consumption, alveolar ventilation, respiratory quotient, water 

vapor pressure, and barometric pressure. Since all of these terms are accessible in Grodins' 

model these equations could be made compatible with such a model. Interdependence 

of these forenamed variables are discussed in detail in Appendix 6.2. A comparison of 

Gray's controller equation and Lloyd and Cunningham's contioller equation was made 

using the model framework as described above. Three-dimensional plots with inspired 02 

and CO2 tensions and either alveolai ventilation, tidal volume, or respiratoiy frequency 

were presented. Also three-dimensional plots with alveolar 02 and C02 tensions and either 

alveolar ventilation, tidal volume, or respiratory frequency were given. With an expansion 

of this system to include exercise it appeari to contain features which would be appropriate 

for suggested modifications, to Grodins' program. Further discussion of this modification is 

presented in Section 5. 

Stimuli of 3, 5, 6, and 7% CO 2 - air mixtures were used in a model developed by 

Reynolds et al. (35). The basic purpose of the experiment was to correlate the strength 

of' the stimuli and the magnitude of the responses. Minute ventilation, tidal volume, 

respiratory frequency, alveolar oxygen tension, and alveolar caibon dioxide tensions 

were recorded in order to better define the transient responses of the variables. Summary 

discussions concerning the transient half-times in addition to the responses of the 

forenamed variables for the various stimuli are presented in Appendix 6.2. This type of 

experimentation will help to chart subject responses for rapid changes in the gaseous mixtures 

of the air. 

The H4 concentration is a variable that is wdll established as a contributor to the control 

of ventilation. The precise H' concentration detectoi sites are not established. It is 
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conceivable that two detector sites, one corresponding to the CSF comportment and one 

corresponding to the venous blood of the brain, might be appropriate for respiratory control 

monitoring of the H I concentration. A model has been formulated which attempts to 

establish a satisfactoiy transient response in ventilation which would apply if the CO2 

detection site (or H' concentration) was assumed to be on either side of the control ieceptors 

(4). With this model ventilation is assumed to be controlled by the peripheral sensor H' 

concentration and the central sensor H i concentration. Pulmonary ventilation is the sum 

of two signals. These two signals have a weighted functional dependence upon the peripheral 

and central sensors. This special weighting allows for the establishment of a single sensor 

depth. Utilizing a CO 2 .ension gradient this deptk was found to correspond to a position 

which is 77% of the distance between cerebrospinal fluid PCO 2 and deep brain tissue PCO 2 . 

Three different controller equations were evaluated using this single sensor site depth. 

This section has contained a summary of a review of control system models developed 

by Milhorn and his associates. Chronologically speaking, the models encompass those 

developments associated with the steady-state models published in the mid-1960's to the 

more recent investigationsinvolving CFS perfusion studies. These recent developments 

also attempt to simulate transient responses as well as steady-sra'e responses. 
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5. CONCLUSIONS AND RECOMMENDATIONS. 

5.1 Grodins' Respiratory Control Model 

After an evaluation of the parameter sensitivity analysesthe simulation runs at 

an altered environment, and the exercise subroutines itappears that Grodins' Respiratory 

Control Model can be made adaptable to the research efforts of the Environmental Physiology 

Branch, Biomedical Re3earch Division, Life Sciences' Directorate, NASA-JSC. Several 

alterations to the program which could improve the physiological soundness of the variable 

responses are included in this section. Here specific considerations are directed toward 

the exercise phenomenon while Section 5.2 contains suggested modifications for Grodins' 

program which evolve from Milhorn's work. 

With regard to the formulation of Grodins' basic piogram the parameter sensitivity 

analyses should be extended to include combinations of parameter variations especially 

in the off-transient environmental conditions. Considering the assumptions used in 

developing the model a tolerable range of environmental CO 2 levels should be established. 

Since levels of inspired CO 2 are physiologically correlated with ventilation rates, coma, 

anesthetized states, and death, the model should perform in a similar manner. If it doesn't 

perform as required CO 2 limits must be specified. 

At present, the model includes no general description of the control of cardiac output 

and regional blood flow. Certainly the iegional blood flow feature will be important 

when the interfacing of the cordiovasculai, thermal, renal/endociine/body fluid, and 

iespiratory systems ate considered. This would pertain to both the testing and exeicising 

subject. 

In the investigation of the inteielationships of pa;ameteis Ihat compiise the execise 

subioutines of Giodins' modified ptogiam it was obseived that the metabolic iate of oxygen 
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consumption was the basis for the modification. The system controller equation which 

incorporates the exercise phenomenon is based upon the neurohurnoral theory. Inspired 

ventilation (VI) is simulated by a fast neural component and a slow linear component when 

transition in exercise levels occurs. The slow linear component is related to oxygen con­

sumption via a linear version of RMT(2) called RMLIN. See Section 3.2.3 and Appendix 6.3 

for the details of this modification. 

Based upon the investigations thus far, theie are several suggested modifications for 

the existing program that would improve the simulation with regard to exercise. According 

to published experimental data, a transition in exercise levels produces a faster transient 

response for ventilation. With a modification of the expression for VTIME (Subroutine RC12) 

from 

VTIME =TCT(CXT-TIMEON)/9.2 (5 - 1) 
to 

VTIME =TCT(CXT-TIMEON)/4.6 (5 - 2) 

the variable responses to exercise will be more acceptable. 

A punched card output is available for the first fourteen input data cards. If, in 

addition to these o-itput data cards, the workload, time, metabolic rate of oxygen (RMT(2)), 

and the metabolic rate of carbon dioxide (RMT(1))were included as punched output data 

it would permit the responses corresponding to one workload to be used as the initial 

conditions for a succeeding workload. To complete this change, the initialization of 

time and workload should be removed. Although not completely justified, these changes 

might also require a renaming of variables in the exercise portion of the controller equation 

since WORK is used for both resting and exeicisihg conditions. 

The off-transient tesponse foi exeicise is not extiemely atifying horn a physiological 

point of view. The output tesponse VI foi simulation Run #5 (See the listing In Section 3.4. 

is shown in Figuie 19. The initial off-transient contain, anuiiistuitaneous dci ease in VI 
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followed by a linear decrease to the resting level. This instantaneous decrease which one 

associates with the neural response is of smaller magnitude than he corresponding instantaneous 

increase in the on-transient for 50 watts. Whether the implication that a neural component 

functions after exercise has ceased is physiologically sound or not is uncertain. 

It was observed that when an off-transient in exercise was initiated before steady-state 

conditions were reached for the previous exercise level there was no instantaneous decrease 

in the VI response. In fact, under these conditions, it was possible to generate an increase 

in the initial off-transient for VI. This particular response is caused by the fact that the 

routine for the off-transient is dependent upon the inspired ventilation reaching steady-state. 

In subroutine RC12, calculations are made for respiratory frequency (FREQ) and 

heart iate (HRATE). These two functions are not utilized in any other portion of the program. 

They are given as functions of the 02 metabolic rates of the tissue (RMBT(2)) and brain 

(RMB(02)) compartments. 

FREQ = 8.1 + 7.815 (RMT(2) + RMB(02) (5 - 3) 

HIRATE =43.8 (RMT'\ + RMB(02)) + 54.5 (5 - 4) 

These two expressions do not simulate in a faithful manner the respiratory frequency 

and heart rate for exercise transitions. For example, heart rate increases instantaneously 

in the initial transient of exercise and usually overshoots the steady-state value for any 

particular exercise level (31). But, since RMT(2) does not change in this rapid mannei, 

neither will HRATE. It is postulated that the immediate inci ease in heart rate corresponds 

to a neurological phenomenon. 

A fairly linear relationship has been established between steady-state heart rate 

and woik load. Statting at appioximately 65-70 BPM foi the iesting state Ihe Iieait 

tate incteases to about 200 BPM foi maximal exercise of a notmal individual. Data telated 
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to these steady-state values in addition to data corresponding to an exercise dependent 

neurological component would form the basis for an improved HRATE expression. 

A similar postulation can be made for the respiratory frequency. In comparing the 

two formulations for FREQ and HRATE, FREQ has probably the more stable response of the 

two since the overshoot, if there is any, is not as pronounced as for HRATE. 

5.2 Milhorn's Respiratory Control Models 

Several of Milhorn's models and their corresponding experimental justifications are 

presented in Appendix 6.2. The models that were summarized included those which 

concentrated on steady-state responses and also some of the more recent ones which simulate 

transient responses. The prime objective in the evaluation of these models was to establish 

some of their features as possible modifications for Grodins' model. As with Grodins' work 

several of Milhorn's models were involved in evaluation or establishment of controller 

equations. The suggested modifications involving the controller equation do not include 

any dependencies upon exercise. Thus, any controller equation alteration or substitution 

must be made compatible with the existing exercise controller functions of Grodins' model. 

The two most promising modifications of Grodins' program involve Equations 22 and 23 

of Appendix 6.2. They are repeated here for convenience. 

V = 2 (PA1 0 - 37.24) (1 + 13. 6/(P 0 -25)))>,0 (5 -5) 

= ~s pBc ) e xp [E-1k L%.iOS1 (5-6) 

PCC2 C2 + C0 L D/760J 

Equation 5-5 allows for the additive and multiplicative effects of 02 and CO 2 instead 

H+of monitoring the compartmental concentratiorls. Since Equation 5-5 is only valid for 

PACe 2 ; 37.24 mm Hg a new range is required so that simulations under the environmental 
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conditions of 5 torr CO2 at 260 mm Hg can be run. Both variables involved here are 

accessible in Grodins' model. 

The modification involving the lone sensor site for the detection of CO 2 tension is 

more complex. This modification relates to Equation 5-6. The components of Grodins' 

controller equation which rely upon the H+ concentration of the venous blood of the brain 

and the CSF subsystem would be replaced by a form of Equation 5-6. The essence of this 

modification is that it combines the sensing mechahisms of the brain and CSF compartments. 

Another technique involving the utilization of Equation 5-6 but still allowing the control 

of V, to be H+ concentration oriented would be to convert PCSC0 2 into a corresponding 

H+ concentration. This particular H+ concentration would be a weighted value corresponding 

to the effective sensor site. 

It is felt that these modifications would be the most beneficial to pursue in that they 

add missing detail and flexibility to the present modified version of Grodins' model. 
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6. APPENDICES 

The Appendices include two Study Reports and the program listing for the modified 

Grodins' Respiratory Control System. The Study Reports are essentially complete documents 

in that they each contain a table of contents, data with related discussions, conclusions, 

recommendations, and their own bibliographies. Both Study Reports and the program listing 

are included as Appendices in this research report to add continuity and completeness. 
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6.1 	 Study Raport - Respiratory Control System Simulation 

General Electric Company TIR-741-MED-3021 
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6.2 Study Report - Summarization of the Major Features of Milhorn's Respiratory 

System Modeios
 
General Electric Company TlR-741-MED-3030
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6.3 Program Listing for the Modified Grodins' Respiratory Control System 

Minor modifications are indicated in the right hand margins of subroutines RC13 and 

RC17. The addition to RC13 is to prevent the simulation from getting into a loop which 

was found to occur under certain conditions. The RCI7 modification provides additional 

print routines as mentioned in the text. 

General Electric Company TIR-741-MED-3008 
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I. INTRODUCTION
 

A. Overview of Physiological System Modelling
 

The importance of biological system modelling within the
 

area of biomedical research is becoming more evident. In
 

particular, the application of control theory which involves
 

the mathematical description of element functionings and
 

interrelationships between elements has made possible the
 

Ssimulation of very complex physiological feedback control
 

systems. The mathematical relationships range from algebraic
 

formulations and ordinary linear differential equations to
 

nonlinear differential-difference equations and stochastic
 

'prbcesses,
 

Prior to deciding upon a particular physiological system
 

model it is instructive to utilize the expertise found in the
 

literature and optimally meet the demands of the project with
 

combinations or variations of existing research efforts.
 

This is precisely the procedure established in this research
 

involving the respiratory system.
 

B. Model Variations
 

The system modelling effort that is discussed in the
 

following report is one related to the respiratory control
 

system. Several models have been developed for the respiratory
 

control system emphasizing particular features which make
 

them adaptable for specific experimental and simulated
 

environment.tl voniiLions.
 

http:environment.tl


(2) 

A few brief comments about some of the respiratory
 

modelling efforts and their salient characteristics follow.
 

AlMeolar ventilation responses were of prime importance for
 

the output responses of a model developed by Bellville
 

et al. (1). Frequency, amplitude, and mean level of inhaled
 

CO 2 were altered in a manner corresponding to sinusoidally
 

varying CO2 inhalation alloying a frequency response analysis
 

of the respir aory'system.
 

The phenomenon of pulmonary mechanics as related to
 

various forms of inspired-expired flow systems has been
 

researched by Fry (2). Here variables related to physiological
 

and pathological features of the air passageways are better
 

defined. Elastic behavior of the lungs, airway compliances,
 

and resistances were considered by Mead (3) in a model poss­

essing characteristics similar to those of Fry's model.
 

Saidel et al. (4) developed a lumped parameter simulation
 

of the pulmonary gas transport system with the ultimate
 

goal of analyzing parameter changes. The model included
 

five variable-volume compartments approximating the airway
 

and alveolar regions and a constant-volume compartment
 

representing the capillary bed. Extensive efforts were taken
 

t o mathematically describe the mass balance of the gas compart­

ments and blood compartments.
 

Breathing patterns related to CO2 oscillatory exchanges
 

are Dresented in a model developed by Yamamoto and Hori (5).
 

A linear controller equation is used to describe, indirectly,
 

the dependence of tidal volume and rate of breathing upon
 

cerebral PC 02,
 



Exercise and/or work load is a very important input for
 

the proposed research. Analysis of maximum ventilation
 

related to chronic airway obstruction and exercise has been
 

condu-cted by Pierce et al. (6). This particular research was
 

not intended to be a re'spiratory control system model study;
 

however, the results of the endeavor are very applicable to
 

modelling of airway passages and to the investigation of the
 

respiratoiy-exercise relationships.
 

Milhorn and Brown's steady-state human respiratory system
 

(7) is very closely related to Grodins' respiratory control
 

system (8). In Milhorn's model, a controlling system and a
 

,controlled system form the basis from which mass balance
 

e-quations are written describing the exchange mechanisms for
 

'C02 and 02. The controlling equation of Milhorn's model is an
 

important fundamental component which should be critically
 

evaluated and compared to a similar component of Grodins'
 

model.
 

Closely associated with Milhorn and Brown's model is a
 

study of pulmonary capillary gas exchange by Milhorn and Pulley
 

(9). This work portrays a more detailed version of the capil­

lary gas exchange by introducing anatomical parameters in the
 

.moddl.
 

Assuming a second order representation for the mechanical
 
It 

pbrtion of the respiratory system Hilberman et al. (10)
 

has utilized the Fourier series analysis and phasor notation
 

to determine the modulus of impedance, phase angle, compliance,
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and resistance or the respiratory system. In doing so this
 

research has developed a technique for adjusting parameters
 

associated with respiratory mechanics. Although this research
 

effort is not directly related to the present research the
 

evaluation of parameters for specific environmental conditions
 

might be useful in extending the proposed model's capabilities.
 

Since the pH of each compartment of the proposed model
 

is an important monitored variable the research by Hermansen
 

et al. (l1) relating exercise and blood pH will prove to be
 

a valuable piece of supportive research in determining a level
 

of maximal exercise for the experimental subjects and in turn
 

for the simulation efforts.
 

A comparison of several respiratory system models' char­

acteristics and capabilities are presented by Yamamoto and
 

Raub (12). This review emphasizes that all models possess
 

un'ie features but are categorized into three groups: (a)
 

Models related to those of Grodins, (b) Models related to
 

Horgan's efforts, and (c) Models related to Milhorn's research.
 

Alo this review cites several other models giving their com­

parisions to the above three groups.
 

As the project progresses there must be a concerted effort
 

in establisbing the criteria for the interactio between the
 

four physiological systems;respiratory, cardiovascular, ther­

mal, and the renal-body fluid systems. Research such as that
 

of Albergoni et al. (13) which attempts to define the signifi­

,cant variables used in the interfacing model of the eirculatory
 

and respiratory systems and the recently published research
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effort of Guyton et al. '(14) will help in the formulation of
 

these criteria. Guyton's research may prove most valuable
 

.since it attempts to integrate some of, the dynamical inter­

actions of various physiological subsystems; i.e. circulatory
 

dynamics, pulmonary dynamics, regional blood flow control'and
 

its relationship to P 2, tissue fluids and pressures, heart
 

rate, and stroke volume.
 

To fully appreciate the transition between model choices
 

or the potential capabilities of a model an understanding of
 

the preceding references is mandatory. This is certainly
 

not an exhaustive listing but several references have excel­

lent bibliographies which makes it an adequate state-of-art
 

listing for this research.
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II. 	 DESCRIPTION OF GRODINS' RESPIRATORY CONTROL MODEL
 

The material presented in this section is a condensed
 

summary of the model's description. Basically, this is the
 

version of the model that was used for the simulations involving
 

the parameter sensitivity analyses with various exercise
 

levels and environmental condations. These simulations will
 

be explained in a later section. A more complete description
 

of Grodins' model is included in the Appendix.
 

Also, inelcided in this section are comparisons of several­

controlling functions and a brief statement of the immediate re­

search goals as described 'in the following Study Report.
 

A. 	 General Model Description
 

The model can be envisioned as a feedback control system
 

comprised of a "plant" (the controlled system) and the regu­

latory component (controlling system). The controlled system
 

is partitioned into three compartments corresponding to the
 

lungs, brain, and tissue with a fluid interconnecting path
 

representing the blood. A set of differential-difference
 

equations describing agas transport and exchange system
 

between the lungs, blood, brain, and tissue compartments
 

constitutes the framework for the models. A controller
 

equation describing the inspired ventilation as a weighted
 

function of the H+ concentration in the cerebrospinal fluid
 

(CcsF(H+) the H + concentration in the arterial system 

(Ca(H+)(t - ao)), the H concentration in the venous blood 
a~l)a
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of-the brain (C (H+) (t - T aB)), and the oxygen partial pres­

sure at the carotid chempreceptor sites (FA(o )) provides the 

feedback mechanism. A good qualitative explanation of the
 

alveolar-arterial, venous blood-brain, and venous blood­

tissue equilibria formulations involving acid-base buffering,
 

metabolism, and empirical relationships is given by Grodins
 

(a. These particular relationships which are used in the
 

development of the differential-difference equations are pro­

bably the most complex, both mathematically and physiologically
 

speaking, of any of the model segments. The respiratory feed­

back system is represented'by the block diagram in Figure 1.
 

Wit-h reference to thet.following description of the compart­

-mentalizat'ion and notation used, a list of symbols is given in
 

,,he 	Appendix of Grodins' paper (8). The same terminology is
 

adhered to here and in the following discussions. The basic
 

assumptions and features of the model's compartments that are
 

characteristic of Grodins' program are enumerated below.
 

Lung Compartment:
 

1. Void of respiratory cyclic phenomena.
 

2, 'Constant volume and uniform content.
 

3. 	 Flow rate of unioform gas stream is dependent upon 

the variations 'of RQ from unity. 

4. 	Pa(C02)' Pa(Or)' and Pa(N2) of expired air and lung
 

exit arterial blood'are'equal. 

Tissue Compar Linn .! 

1, Uniform partial pressures equuL to various blood partial 

pressures.
 



Parameter and Input
 
Variations and/or
 
System Disturbances
 

Controlled System System 
V Compartmental Material Balance Equations Out utsGas concentration equilibria equations
 

Blood flow and transport delay equations
 
Inspired-expired ventilation relationship
 

I ..... Controlling System 
 ' '
 

Controller equation defined as 
a function
 

VIlof CCSF(H+), Ca(H+)' 
and FA(02 )
 

I C

CCSF(H + )
 

Ca(H ) 
FA(O2)
 

Figure 1. Respiratory Feedback Control System
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2. 	 Removal of CO2 and supplying of 02 at a constant rate
 

are functions of metabolism.
 

3. 	 Only physically dissolved 02 and N2 are considered.
 

4. T(CO is a function of (BHCO ) and appropriate 

buffer relations.
 

5.' Bicarbonate concentration H + concentration.
 

Brain Compartment:
 

1. 	 Uniform partial pressures equal to venous blood
 

partial pressures.
 

2. 	 Removing of CO 2 and supplying of 02 at a constant
 

rate are functions of metabolism.
 

3. 	 Only physically dissolved 02 and N are considered.
 

h. 	 CB(CO2) is a function of (BHCO3)B and appropriate 

buffer relations. 

5. 	 Bicarbonate concentration 0 H+ concentration.
 

6. 	 Brain/CSF membrane is permeable only to respiratory 

gases. 

7. 	Partial pressure gradient occurs only across membrane.
 

8. 	 No buffering of carbonic acid in CSF, Bicarbonate 

content is constant for PCSF(CO2) > 10 mmHg. 

Blood Interconnecting Pathways:
 

1. 	 Ca(i2 ) is a fuhiction of Pa(02), arterial pH, and the
 

Bohr effect (effect of Pa(CO 2)). 

2. 	 Ca(c0 2 ) is a function of P a(CO2) (BHCO 3 )bHb HbO2,
, 


plasma protein content, and the Haldane effect 

(effect of Pao ) 
N 	 .2 
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3. 	Arterial blood pH is 2CO2)
a function of P a( and bicar­

bonate content evolving from the Henderson-Hasselbalch
 

equation.
 

4. 	 Only physically dissolved nitrogen is considered.
 

5. 	Transport delays are a function of volume and flow
 

rates.
 

6., 	Q and QB are functions of Pa(C0 ) and Pa(a2 ) with
 
I2
 

assumed time constants.
 

7. 	 Recombination of venous tissue and venous brain blood 

enter the lungs after a variable transport delay.
 

Controlling System:
 

1. 	Not explicitly described in terms of recepto' and sensor,
 

locations, afferent nerves, central nervous system,
 

motor nerves, and respiratory muscles.
 

2. 	 No dynamically described elements in neurological
 

aspects of the system--no time delays.
 

3. 	Direct inpht (chemical concentrations)--output (vent­

ilation) relationships.
 

An important aspect of the simulation is related to the
 

blood transport time delays. As with any physically dynamic 

system involving flow dynamics or transfer of information, there 

ar time delays in signal transmission. The time delay, t, 

is associated with the blood flow from the lung to the brain
 

compartment, from the lung to the tissue compartment, from the
 

tissue to the lung compartment, from the brain to the lung
 

compartment, and from the lung comparLment to the carotid
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body receptor. These are very necessary terms and their incor­

poration in the system equations enhances the confidence
 

placed upon the dynamics of the simulation. To further refine
 

these time delays, they are not considered to be predetermined
 

constants but are continuously recalculated. They are time
 

dependent in that they are functions of cardiac output, brain
 

blood flow, and vascular segment volumes. This reasoning is
 

,very sound since the blood flow dynamics obviously affect
 

relative site gas concentrations. However, consultation with
 

Dr. Grodins has led to the questioning of the improvement in
 

the simulation's fidelity with these time delay formulations
 

in comparison to a more simplified version with a correspondingly
 

simpler computer algorithi.
 

A modification of Grodins' program involves the determin­

ation of respiratory frequency and heart rate. (15) At
 

present the simulation is using the following expressions.
 

Respiratory frequency is defined as
 

FREQ = 8.1 + 7.815 (RMT(02) + RMB(02))
 

and heart rate is'defined as
 

HRATE = 43.8 (RMT(02) + RMB(02)) + 54.5
 

where ?MT(02) and EMB(02) refer to the 02metabolic rates of
 

the tissue and brain compartments respectively.
 

B. Comparison of Various Controlling Functions
 

Tne controlling function Is a very important link in the 

total feelbach :'ntem. Thts iz oni, compotlent of the study that 

has no-e ben e-raluat td in depth othor than variations of the 

piraneter weaghbi gsi in the existing equation as is further 
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described in the parameter sensitivity analyses section.
 

Other forms for the controller equation should be incorporated
 

in Grodins' model for a more complete evaluation.
 

Since all controller functions simulate the actual system
 

in a more realistic physiological manner over spe~cific variable
 

ranges, it seems instructive to compare some of the more estab­

lished ones.
 

1. Gray's Controller Equation
 

Gray's controller equation (7) describes alveolar ventil­

ation as a function of alveolar CO 2 , PACO2, and alveolar
 

oxygen, PAO2, as
 

0 
V =gaP - b + c(d - P )n >0 ()
A AGO?2 io 2
 

0 

with empirical constants, b, b, c, d, and n. VA is really a
 

function of two expressions, one describing the dependency
 

upon PACO2, (aPAc2 b), and the other related to PA02
 

(c(d - PA02 )N Consideration of only additive effects of
 

CO 2 and 02 has been proven invalid, but the inclusion of this
 

equation illustrates one of the first stages of development of
 

:a controller equation.
 

2. Lloyd and Cunningham's Controller Equation
 

Lloyd and Cunningham's controller equation was developed
 

under the basic assumptions that the product as well as the
 

additive form of CO2 and 02 effects be included, that exper­

imental data be used to empirically develop the equation
 

for PAC02 , normal values, ndk ttvtt %t voaLd describe minute
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ventillzion, V. it is given in the reference by Milhorn et 

al. (7) as 
0 P~ 0 Ai P 0 _ 

V = D B) [1 + P c)] 0. (2) 

The product of the two terms, D and the bracketed expression, 

describe a hyperbolic expression with P as the dependent
AO0
2
 

variable.
 

Here, PAC0 B = 37.24 mmHg and P % C = 25 mmHg.
 
2 A 2
 

In comparison to Gray's equation alveolar ventilation is given as­
0 0 0 

VA =V - (v/VT) VD (3)
 

with empirical expressions describing V- and V D as
 
T D 

ob
 
V T = M V 1 = Tidal Volume
 

and V = M V +b = Dead Space.
 

r 2 T 2 

All values for the empirical constants are given by Milhorn 

(7). A brief discusslo describing the salient features of 

Lloyd and Cunningham's equation and Gray's equation is also
 

given by MilhQrn (7).
 

3. Milhorn's Controller Equation
 

Although the controlling equation utilized in some of
 

Milhorn's more recent research appears to be of the form of
 

Lloyd and Cunningham's equation, the reader is also encouraged
 

to follow a more descriptive discussion of an earlier devel­

opment in Mflhorn's text (16'V. The alveolar ventilation, VA'
 

is desc2ibed as a function of the aortic-carotid bodies arterial
 

0. co.,centr'ation (CAa0O) and the brain tissue CO2 concentration 

(C ). It is given as 
'CO
 

2
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VA a(C ) -b-+d(m-K 5PBCAO 2 0. (4) 

iI-2
 

The term (CBC02) 2 comes from an empirical CO2 dissociation
 

curve. Also it is assumed that the relationship between
 

arterial P and alveolar P is
 

02
 2
2 020
 

Then with
 

5 A 02 K5PBCAS )02 

we have the form of the last term in Equation 4. Other con­

stants in Equation'4 are described as follows. First of all,
 

it should be noted that some of the constants will assume differ­

ent values for the excitatory and inhibitory phases.
 

a = 810.0 (Excitatory)
 

a = 99'.0 (Inhibitory)
 

b = 194.5 (Excitatory)
 

b = '19.6 (Inhibitory)
 

k2= 0.415 (Obtained from CO2 dissociation curve)
 

ks= 0.92 (Normal arterial Po 2 /Normal alveolar P02)
 

d = 8.0 (10F-41 Determined under inhibitory conditions
 

n = 3.0
 

m = 98.0 (Normal arterial PO2)
 

4. Grodins' Controller Equation
 

The controller equatLon that is used in Grodins' program
 

is given here with the same terminology as previously used and
 

which is used in the Appendix.
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VI = 1.1380[C(16).C(+) (t - ea ) + (.o -c(16))CsF(H+)] 

+C.1540Ca(t -< ) + TERM - VI(N) (7) 

+I~~l0C(H+) aC0 

'where 

- .
TERM = 23,6(lo)-91104 - (B-47)FA(2( 
4 9
 

A(02) aO
 

for (B - 47)FA( )(t - ) < 104 (8) 

TERM = 0 for (B- 47)FA(O2 )(t - 'eao) > 104. (9) 

The 	obvious question that needs to be answered is whether
 

an expression like Equation 7 is more physiologically represent­

ative than one like Equation 3. A summary of such a comparison
 

yields the following list:
 

1. 	 Grodins' modified program defines minute ventilation as
 

TVNT = DEADVT + (VE + VI)/2.
 

TVNT = (.II07)(FREQ) + (.0785)(VE) + (VE + VI)/2.(lO)
 

Milhorn's use of Lloyd and Cunningham's minute ventil­

ation equation (Equation 2) should be compared to
 

Equation 10.
 

2. 	 Grodins' inspireld vefitilation, VI, corresponds to
 

the alveolar ventilation expression used by Milhorn
 

which is Equation 3.
 

3. 	 One major difference between Grodins' controller
 

equation and Lloyd and Cunningham's controller equation
 

is that wibh the former there is no product effect 

of C02 and 0,. 

4. - Grodins' system iis cho capability of distinguizhing 

between thf sensing mechanisms of the CSF compartment 

and the'vepous blood in the brain. 
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5. 	 Grodins' model reilects the metabolism and acid-btse
 

buffering by utilizing a weighting of the H + concen­

tration in the CSF compartment and at the carotid
 

bodies site.
 

6. 	 Appropriate time delays are utilized for lung-to-brain
 

and lung-to-carotid bodies in Grodins' model. This
 

feature simulates a more representative system in the
 

dynamical sense.
 

It is very difficult to justify the use of some
 

of the-weightidg factors in both systems. For a more
 

complete comparison, a form of Milhorn's controller
 

equation should be incorporated in Grodins' program.
 

Then the benefits of H + concentration sensing and/or
 

blood gas tension sensing can be discussed in better
 

perspective. This particular research will be
 

elaborated upon in a future Study Report.
 

C. Research Goals for the Study Report
 

As described in the contract's Statement of Work the
 

underlying goal of this Study Report is to critically compare
 

Grodins' respiratory program responses to Environmental
 

Physiology Branch and published data and recommend and implement
 

approved program changes to increase program fidelity. In
 

order to fulfill this goal a description of the mathematical
 

development of Grodins' model is presented. See Appendix.
 

.To evaluate and analyze the program responses a parameter
 

sensitivity evaluation was performed using normal environmental
 

conditions at a resting state and also environmental conditions
 

C - -7 



approximating Those of Skylab with various levels of exercise.
 

Since the controller equation was shown to be a very
 

influential component of the system a special sensitivity
 

H+
analysis for the weightings of the concentration in the
 

cerebrospinal fluid and blood compartments was formulated.
 

'hese results are shown in the following report. When the
 

exercise data from the Environmental Physiology Branch is
 

received a more quantitative evaluation of the program's
 

capabilities will be made. As it now appears the program
 

responds with logical transient and steady-state trends for
 

exercise levels.
 



IIT. VARIATIONS IN MODEL PARAMETERS 

A. (eneral Considerations and Philosophy
 

Before discussing specific parameter variations, a few
 

general'comments are appropriate. The primary overall goal
 

of this investigation is to evaluate the model sensitivities
 

for reasonable variations in parameter values. Grodins' mod­

ified program provides for various parameter variations by the
 

use of input data cards. There are many standard conditions
 

for inspired volumetric fractions of gases from which to base
 

a sensitivity analysis. The decision was made to use the
 

following data from which all simulations of variations in
 

parameters are compared.
 

B = 760 mmHg
 
FI(C02) = 0.1000
 
FI(02) = 0.1100.
 
FI(N2) = 0.7900
 

The time responses for VI, Q, and Pa(c02) are shown in Figures
 

2-4 respectively.
 

It is believed that these base conditions are adequate for
 

the sensitivity analyses performed. However, one should use
 

extreme caution in projecting, in a direct fashion, the sensi­

tivity of any parameter to other base conditions. Only one par­

ameter or group of common parameters was altered at one time.
 

This is really the first step in what should be a continuing
 

effort in analyzing combinations,of parameter variations and
 

weightings.
 

The format followed in the ensuing discussion is one which
 

hopefully conveys the model's capabilitJes and limitations in a
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concise and informative manner. There is a tremendous amount
 

of data which will not be discussed or presented in graphical
 

form. This is not mean't to deemphasize their importance. Only
 

the variables which illustrate significant changes will be addres­

sed. The reader should acquaint himself with the output data
 

format and all the possible relationships between variables that
 

can be generated. See General Electric TIR 741-MED-3008 and
 

TIR 741-MED-3009,
 

With regard to inspired gaseous concentrations only the on­

transient and related steady-state conditions are analyzed.
 

The off-transient as related to the transition from exercise to
 

the resting state is presented later in this section. Since
 

the base run indicates an oscillatory response in the off-trans­

ient of some variables, parameter sensitivity analyses will no
 

doubt pr.ove enlightning within this time range.
 

The computer program is a modified version of Grodins'
 

.program'similar to that used by Weissman (15). Although it has
 

a subroutine which involves a work-exercise phenomenon, only the
 

case of the resting subject is considered here.
 

Table 1 presents the input data format giving card number,
 

symbol, normal initial yalue, and a brief discription of each
 

parameter. In the discussion of each parameter variation,, the
 

card- number, symbol, ahd new initial value (or % change in base
 

initial value) will be given.
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TABLE 1: INPUT DATA CARDS
 

Card No. Symbol Normal Initial Value 


1 FA(C02) 
2 FA(02) 
3j FA(N2) 

4 CB(C02) 
5 CB(02) 
6 CB(N2) 

7 CT(C02) 
8 CT(02) 
9 CT(N2) 

10 Q 
1l QB 

12 PCSF('C02) 
13 PCSF(02) 
14 PCSF(N2) 

15 TMAX 

16- CENT SENS PT 

17 HB 

18 Ri 
19 R2 

20 CNT SENS COF 
21 CRTD BDY SCF 

.0527 


.1514 


.7959 


.6397 


.0011 


.0097
 

.6132 


.0014 


.0097 


6.0000 

.7370 


47.8529 

36.0047 


567.4731 


30.0000 


0.0000 


.2000 


.1000 


.1000 


1.1380 

1.1540 


Description
 

Alveolar gas fractions (dry),
 
volumetric fraction of gas,
 
dimensionless
 

Concentration of gas in brain,
 
liters (STPD)/liter brain
 

Concentration of gas in tissue
 
compartment. Liters(STPD)/liter
 
tissue
 

Cardiac output blood flow, liters/
 
min., cerebral blood flow, liters/
 
min.
 

Partial pressure of gas in
 
cerebrospinal fluid compart­
ment, mmHg.
 

Length of computer run, min.
 

Central Sensitivity Partition.
 
Weighting of the H+ concentration
 

in CSF with that of venous blood
 
in the brain. With c(16)=o,
 
zero weight is given to venous
 
blood at level of the brain and
 

+
 a weight of one is given to H

conc. in CSF.
 

Blood oxygen capacity, liters
 
(STPD)/liter blood
 

Time constants for cardiac output
 

response (R1) and cerebral blood
 
flow response (R2) for changes
 
'in blood chemical composition.
 

Controller sensitivity weight­
ings, i.e.,
 

VVI = 1.1380 [C(1 6 )Ca(H+)(t-TaB) + 

(i.o-C(16))Ccs (11+)J
 

+ !1540 Ca(H+) (t-rao )+TERM-(N)
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Card No. Symbol Normal InitiaL Value Description
 

where 
T 
ao 

= Blood transport'delay fromlung to carotid body, 

TaB = Blood transport delay from 

lung to brain, 

VI(N) = C(37), and 

TERM = function of FA(2). 

22 

23 
24 

KL 

KB 
KT 

3.0000 

1.0000 
39.0000 

Volumes of Lung (alveoli), brain, 
and tissue compartments, liters 

25 
26 -

MRB 
MRB 

(C02) 
(02) 

.0500 

.0500 
Metabolic rates by brain, 
liters (STPD)/min 

27 
.28 
29 

D 
D 
D 

(C02) 
(02) 
(N2) 

t8i.9900 
4.3610 
2.5240 

Diffusion coefficient for gas 
across "blood-brain", liters 
(STPD)/min per mmHg 

30 B 760.0000 Barometric pressure, mmHg 

31 
32 
33f 

FI(C02) 
FI(02) 
FI(N2) 

.1000 

.1100 

.7900 

Volumetric fraction of gas (dry 
inspired), dimensionless. This 
is the value for the Base Run 
that's utilized. 

34 KCSF .1000 Volume of cerebrospinal fluid, 
liters. 

35 T .0000 Initial time. 

36 IH .0078 Size of computer time step, min. 

3? VI(N) 87.5500 Constant that is involved in the 
controller equation (See C(21)). 
Determines the normal level of 
alveolar ventilation so that 
P(C02) , 40.0 at rest, breathing 

air at sea level. When the con­
troller sensitivity weightings 
are changed VI(N) should be 
altered accordingly. 

38 VI(SS) 5.3900 Value used for normal resting 
alveolar ventilation. This 
is not used in the program if 
VI(N) is known. 
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Card No. Symbol Normal Initial Value 	 Description
 

PRINT AL TIM 0.5000 Output printed in these time
 
increments. However, there
 
is an over-riding statement
 
that permits no increments
 
greater than 0.5 min.
 

40 UNKNOWN 0.0000 Importance related to C(39),

but doesn't seem to be of any
 

real significance.
 

41 BHC03 Blood .5470 Standard bicarbonate content, 
42 BHC03 Brain .5850 liters C02 (STPD)/liter x, 
43 BHC03 Tissue .5850 370C where 
44 BHC03 CSF .5850 , 

X = Blood, brain, tissue, CSF.
 

45 RMT(C02) .1820 Metabolic rates by tissue,
 
46 RMT(02) .2150 liters (STPD)/min.
 

47 DJ1 .0000 	 Used in performing Dejours
 
48 DJ2 .0000 	 experiment (Not utilized in
 

present runs). Brief description
 
of Dejours work relating 02 and
 
C02 threshold effects is given
 
in Grodins' paper (8).
 

49 *col 1-6 WORK2 0.00 Work load (watts)
 
Col 7-9 Blank
 
Col 10-15 DURAT**
 

30,00 Run time for work load
 
(min.)
 

*F6.2
 
**If DURAT is less than TMAX (Card 15) another work load
 

card is read when print time exceeds DURAT.
 

B. Controlled System Parameter Variations-Barometric Pressure = 760 mmHg
 

Run No. Card No. Symbol Revised Initial Values
 

107 	 c(18) Rl .0700
 
0(19) R2 .0700
 

108 	 C(18) El .1300
 
c(19) R2 .1300
 

Discussion: The values R! and R2 correspond to the time constants
 

rI and r2 	in the first order difTerenbial ecquations describing cardiac
 

output and brain blood flov. By using 70% and 130% of the normal initial
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values essentially the time that is required for the blood flows
 

to reach their steady-state values was altered. The model was
 

shown to be insensitive to this alteration for t > 1 min. There
 

,were slight variations in the initial transient (Ot<1), but
 

even in this time period, the system seems fairly insensitive
 

to these 30% variations. Cardiac output reaches its steady­

9 state value in about 4 minutes, so in general its transient
 

period is less than for some, other variables.
 

Run No. Card No. Symbol Revised Initial Values
 

112 C(42) BHC03 BRAIN 0.5660
 
c(43) BHC03 TISSUE 0.5660
 

113 C(42) BHC03 BRAIN 0.5470
 
c(43) BHC03 TISSUE 0.5470
 

114 c(42) BHC03 BRAIN 0.5850
 
c(43) BHC03 TISSUE 0.5470
 

115 c(42) BHC03 BRAIN 0.5470
 
c(43) BHC03 TISSUE 0.5850
 

Discussion: Refer to Figures 5-7. Grodins indicates
 

that the standard bicarbonate content of the brain and tissue
 

compartments of 0.5850 is too high. Several simulations were
 

run from which some data are plotted in Figures 5-7. Physio­

'logically speaking there is a lower limit placed upon possible
 

values for C(42) and C(43). Neither can be less than the value
 

of C(41), the bicarbonate content of the blood. This extreme
 

limit was one of several chosen for evaluation. The model was
 

'.found to be much more sensitive to changes in the bicarbonate
 

content of the tissues than of the brain. This is likely to
 

be related to the relative volume sizes of the two compartments
 

in addition to the bufferifig and metabolism relationships. The
 

most pronounced changes occured in the transients with the
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for the H+
 
steady-state responses remaining unaltered except 


concentrations related to the brain and tissue compartments,
 

i.e., CB(H+) and CT(H+).
 

Run No. Card No. Symbol Revised Initial Values
 

129 C(27) D(C02) 50% Normal = 40.9950
 
C(28) C(02) 50% Normal = 2.1805
 

130 C(27) D(C02) 150% Normal =122.9850
 
C(28) D(02) 150% Normal = 6.5415
 

131 C(27) D(C02) 50% Normal = 40.9950
 
C(28) D(02) 50% Normal = 2.1805
 
C(29) D(N2) 50% Normal = 1.2620
 

132 C(27) D(C02) 150% Normal =122.9850
 
C(28) D(02) 150% Normal = 6.5415
 
C(29) D(N2) 150% Normal = 3.7860
 

Discussion: Refer to Figures 8-9. The qualitative trends
 

that these variations produced are very physiologically sound.
 

Noting that the diffusion rate is directly proportional to the
 

diffusion gradient, we have a direct change in the rate of
 

CO02, 02 and N2 passing across the brain-CSF barrier as we look
 

at 50% and 150% variations in their diffusion coefficients.
 

Since the blood-cerebrospinal fluid barrier is very impermeable
 

to H+ , 
a change in the Ca(H + ) has little effect upon the CCSF(H+).
 

However, Pa(C02) variations are detected in the CSF(18). The
 

blood-cerebrospinal fluid barrier is highly permeable to C02;
 

thus, a 50% or 150% variation in D(C02) will be significant.
 

In addition, when CO2 enters the CSF compartment, CCSF(H + ) is
 

increased via the formation of carbonic acid. This is reflected
 

in the Henderson-Hasselbalch equation and provides for the CSF
 

compartment to be very sensitive to C0 variations. One should
 

not expect a sirnificant change in V for variations of D(02)
 

or D'(N2) since N, effects are not considered in the controller
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equation and the simulated dependency upon 02 would not signif­

icantly affect the CCdF(H+) or C,(, + ) which directly controls
 

V V The simulations support these conclusions in being very
 

sensitive to D(C02) variations and insensitive to D(02) and
 

D(N2) variations. Both an increase in the transient and steady­

state responses were obtained for VI and CCSF(H+) with Run
 

Nos. 130 and 132. Corresponding decreases were observed for
 

Run Nos. 129 and 131.
 

C. 	 Controlling System Parameter Weightings-Barometric Pressure ­

760 mmHg. 

Run No. Card No. Symbol Revised Initial Values 

201 C(20) CNT SENS COP 50% Normal = 0.5690
 
C(37) vI(N) 62.6399
 

202 C(20) OFT SENS COP 90% Normal = 1.0242
 
C(37) VI(N) 82.5680
 

203 C(20) CNT SENS COF 110% Normal = 1.2518
 
C(37) VI(N) 92.5321
 

204 C(20) CNT SENS COP 150% Normal = 1.7070
 
C(37) VI(N) 112.4602
 

Discussion: Refer to Figure 10. The variation in C(20)
 

corresponds to a variation in the weighting of CCSF(H+ ) in the
 

controller equation. As previously described respiratory control
 

is very sensitive to alterations in the CCSF(H+). There was a
 

corresponding 6hange made in C(37) so as to compensate for main­

taining Pa(C02) 40 mmHg at rest. If a new calculation for
 

,VI(N) was not made, the system would use the value of C(38) and
 

then calculate a new value of VI(N). This step was bypassed
 

,with hopefully a good initial approximate calculation for VI(N).
 

No significant variations were observed in any contpartmental
 

2 + concentration, Pa(02)2 Q, or Pa(C02) However, as illustrated
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in Figure 10, V is directly dependent upon C(20) although not
 
I
 

responding rapidly in the initial transient. 

Run No. Card No. Symbol Revised Initial Values 

205 C(21) CRTD BDY SCF 50% Normal = 0.5770 
0(37) VI(N) 65.9842 

206 C(21) CRTD BDY-SCF 90% Normal = 1.0386 
C(37) VI(N) 83.2368 

207 0(21) CRTD BDY SCF 110% Normal = 1.2694 
C(37) VI'(N) . 91.8632 

208 C(21) CRTD BDY SCF 150% Normal = 1.7310 
C(37) VI(N) 109.1158 

Discussion: Refer to Figures 11-12. With consideration
 

given to all the system variables the simulation seems to be
 

more sensitive to variations in the carotid body sensitivity
 

-Weighting, C(21), than the central sensitivity weighting, C(20).
 

Here, the initial phase of the transient is modified with this
 

modification significantly realized in the cardiac output,
 

0 ti4 min. Although the steady-state values of the other var­

iables are not altered appreciably, the system's initial trans­

ient variations in V and Q are reflected in the other variables'
 

transient responses. The term VI(N) is used in the same manner
 

as in Run Nos. 201-204. Physiologically speaking, one should
 

expect the system to respond faster to changes at the carotid
 

receptor sites than at the CSF site. Not illustrated in such a
 

pronounced fashion, but certainly evident in Run Nos. 205-208,
 

is the fact that ,the system that has the faster response seems
 

to reach a steady-state value of lower magnitude than does the
 

system with the slower response for all variables except V1
 

and Q.
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Run No. Card No. Symbol Revised Initial Values 

209 C(20) CNT SENS COF 50% Normal = 0.5690 
C(21) CRTD BDY SCF 50% Normal = 0.5770 
C(37) VI(N) 41.0741 

210 0(20) CNT SENS COF 50% Normal = 0.5690 
C(21) CRTD BDY SCF 150% Normal = 1.7310 

C(37) VI(N) 84.2057 
211 C(20) CNT SENS COF 150% Normal = 1.7070 

C(21) CRTD BDY SCF 50% Normal = 0.5770 
C(37) VI(N) 90.8944 

212 C(20) CNT SENS COF 150% Normal = 1.7070 
C(21) CRTD BDY SCF 150% Normal = 1.7310 
C(37) VI(N) 134.0260 

Discussion: Refer to Figures 13-15. There are some inter­

esting interacting phenomena that occur when both C(20) and
 

C(21) are varied. From initial investigation of Figure 13,
 

one might conclude that for both C(20) and C(21) equal to 50%
 

or 150% of their normal values that the system's responses are
 

additive. However, when the system's responses for independent
 

variations in C(20) and C(21) are viewed and compared to Figure
 

13, it is noted that the responses are not additive, but convey
 

interaction. A decrease in C(20) by 50% is more influencial
 

than a concurrent increase in C(21) by 50%. In a similar manner,
 

ian increase in C(20) by 50% is more dominating than a concurrent
 

decrease in C(21) by 50%. As steady-state conditions are approached
 

the simulation becomes more dependent upon the CSF detecting
 

system than the carotid body site. The opposite effect can
 

be mentioned for the initial part of the transient. Here the
 

carotid body site is more influential.
 

Figure 14 shows the effects of the extreme conditions upon
 

cardiac output. Vigure .15 showing the response of P a(C02) to 

the oxtrenie varL i Loi Ck:10) (2; trui, u Lhct, o1 '1tl 1tti htt, 



___ 

____ ___ 

4 T4; 1 11 Z Iii.-1v~ I Ir u I .K1,fl-uTi: f.-F.r.I. Ir 1j'r . 11t 1 
rt, 1 1--,r T~4t~ ~ 1 1, i L471Z

-l IIV -P~ i1Wti.J{tf~ti Ti .f - l 
f4r~-y j 'IE4A .,r~ .~ ,- sI 

- ~ .T2 441l-I- -tt....IN! 14-I 'Id I' t v 1L 

44 

241 r-~ J , 1tZ1 
4'______ 

inIL 

42til 1--L!', 
P-1:. -
P-i- .4rjr 

t 

_ -l1 A it -1 

:1L it~ 14.IjQ I~~jrv .i..±....~. 

"Ifli1 TI L 
Ii,, 

TrP.- 14i iHif, -

r IP, 

1 4 I 

TIlt 

. 

tt 7 -V 

4-4 T h 

iII 

r1; M-P 

,I-. 

I 

Jr if; 

41 

ti 

Tll 

.C11t11rIt1 I 

"I - _ _ 'tV 

TT-. 

4I 

-t 

-t 

p1 

L-~ 4 
t 

T 

H4f I It IA -ii '4I I4 i- If 1Lil I14 
4 t Zt I1 

Vf't-
_ 

14 tjHI ! 

L4
IF'fl.LI:11IT ~~ __~~~ 



w if i, 

It I t 

:IJ 

'TiT 

J, 

i4RIM q 

-tJ ------- 1 TT. Im 

-psi 
;1H 

U 

IT 

W 

IT tit; 

PTI TLT, 

j-"! 

rill 

gro 

-7K-

DF 

TffF E4:1 
+1 

ITf 
IT 

4 FT, 

Ili; 4 i TLl 

4T 

u 

NIP 

rl 

T 

LT 

TrY 

4 1 

H 11]411 ;1; 1 
it 



__ __ 

___ 

- - - - - - - -  

____________ 

____ 

____ __ _ L__ ,j, ."I__ ITT 

4 *j--jIT ~ llr IT.- - r krri .J:;r I P'.42J-------- _ .. '1 

"4~ 1*-, g';:~ L -- -. 2-- ~ - 'LI*~ ­

- . ** 4,IT 
&TT Ipr r.1 I 1j 1, ;, 

1x z;~ i:tt t- 4fpil7 ,.- jiz.y ­12 i-f1 

tr *.rii14.W-P __I Ir~z L. 

~ ~- rT.I~. 144 11' 


I~~~~~~ 4 " . PTj~~ 
~,~ J ~ Z-4 l4 I-~ J1 j1~-L ­

t I4tj,4.Lkjj4 t TI -, H*g I -. 

_ T._ r I ::- 1 ,1 -[4": - - . 'rrI1! r_ .7_ -l----- :Jt 7' 

-ct-fl~~~1!Ay-:j-o ktATh4T 
tit 

-,11 I.4W-2I*.-- t3irt . .. ti - . '"'f7T ~~rItIT- ~n.:I2r:.~t-t:~I.H1~thW, 
' __ '1 it: ~ t 44 

il

zi~' ALC-qE-411 3 IT t-~l, r.. ~tJ i+ 2 h I US * ' - 1T ~ 
7 F".i- 'I riy btw112-1C1Pn1+ 

tEL: tj L~ EI 
inviI--a-~~~~I ­j 

T- 1:: 4 14--' ~-- - itI- r- _21 

T iI--, 

FLT
 

~~~L if :Itv~ i it 4 ~ - -. 

- ,1 411 

I 
T-, IT' 'I I 11 j 

____4 T44II.~.Z~t1 ik~2ITTl-

1 



(42)
 

faster responding system eventually reaches a lower steady-state
 

value than the slower responding system. The variations in
 

Pa(C02 ) at steady-state are in agreement in that a larger
 

steady-state Pa(C02) is maintained when VI is reduced and vice­

versa.
 

Run No. Card No. Symbol Revised Initial Values
 

16 c(16) CENT SENS PT 0.1000
 
117 c(16) CENT SENS PT 0.2000
 
118 c(16) CENT SENS PT o.4ooo
 
119 C(16) CENT SENS PT o.6ooo
 
120 c(16) CENT SENS PT 0.8000
 

Discussion: Refer to Figure 16. The central sensitivity
 

partition term is involved in a weighting of the response to
 

H concentrations in two compartments, namely the CSF and brain.
 

Although CSF H' concentration is the dominant controller in the
 

brain-CSF compartment, it has been suggested that venous brain
 

H+ 
concentrations are also involved in the controller function
 

for ventilation. In addition, the latter responds more rapidly
 

than the CSF detector system. With C(16) = 0, zero weighting
 

is given to the venous blood at the level of the brain and a
 

weighting of one is given to the H+ concentration in the CSF.
 

The form of the controller equation reflecting this condition
 

is shown as
 

VI = I.1380(C(16)Ca(H+) (t-TaB) + (1.0-C(16)) cCSF(H+)
 

+ 1.1540 ca(H+) (t-Tao ) + TERM - VI(N).
 

All of the variables illustrated a faster response as
 

C(16) was increased; however, a variation in steady-state re­

sponse was realized only in the inspired ventilation. This
 

feature is a direct reflection on the fact that in the steady­
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state response the H concentration in the arterial compartment,
 

Ca(H+)ss = 59.5 nanomoles per liter blood, is less than in the
 

CSF compartment, CCSF(H+)ss = 71.5 nanomoles per liter CSF.
 

D. 	 Comments on Simulated Skylab Conditions
 

The importance and usefulness of the model will be more
 

evident in environmental simulations approaching the conditions
 

of Skylab. From the simulations run for sea level conditions,
 

barometric pressure = 760 mmHg, it was concluded that the most
 

sensitive component of the system was the controlling equation.
 

Thus the efforts of this section are concentrated on the
 

controlling equation and its variable weightings both for the
 

resting state and various exercise levels.
 

The first simulation effort involved a change of only the
 

barometric pressure and inspired gaseous concentrations. Thus,
 

these specific input data cards were altered to read as follows
 

with the C02 concentration corresponding to 5 Torr,
 

Card No. 	 Symbol Revised Initial Values
 

C(30) B 	 26o.oooo
 
C(31) FI(C02) 	 .0192
 
0(32) FI(02) 	 .7000
 
C(33) FI(N2) 	 .2808
 

With the above conditions for the simulations, the subject
 

was introduced into the new environmental conditions with no
 

preconditioning period. Consequently, no faithful results
 

could be associated with the transient solution. The steady­

state conditions that were obtained for all the variables were
 

of value sLnce they were required to establish the appropriate
 

initial values for all the simulations using the above conditions.
 



(45)
 

--in a sense, the use of these steady-state values compensated
 

for the preconditioning period. The transient period for most
 

of the variables appeared to be less than 5 minutes; therefore,
 

a simulation run of 25-30 minutes produced good steady-state
 

values. Table 2 shows the comparison of the initial values
 

for the variables at normal environmental sea level conditions
 

versus Skylab conditions. The variables associated with,N2 were
 

altered the most.
 

TABLE 2: COMPARISON OF INPUT DATA CARDS FOR SEA
 
LEVEL VERSUS SKYLAB CONDITIONS
 

Card No. Symbol Initial Value for Normal Initial Value for
 

Environmental Conditions Skylab Conditions
 

1 FA(C02) .0527 .1783
 

2 FA(02) .1514 .5336
 

3 FA(N2) .7959 .2881
 

4 CB(C02) .6397 .6413
 

5 CB(02) .0011 .0012 

6 CB(N2) .0097 .0011 

7 CT(C02) .6132 .6153 

8 CT(02) .0014 .0015 

9 CT(N2) .0097 .0012
 

10 Q 6.oooo 6.oooo
 

11 QB .7370 .7496
 

12 
 PCSF(C02) 47.8529 48.1202
 

13 PCSF(02) 36.0047 36.6316
 

14 
 PCSF(N2) 567,4731 70.6804
 

15 TMAX 30.0000 30.0000
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Initial Value for Normal 
Card No. Symbol Environmental Conditions 

16 CENT SENS PT 0.0000 

17 HB .2000 

18 Ri .1000 

19 R2 .1000 

20 CNT SENS COF 1.1380 

21 CRTD BDY SCF 1.1540 

22 KL 3.0000 

23 KB 1.0000 

24 KT 39.0000 

25 MRB(C02) .0500 

26 MR-B(02) .0500 

27 D(C02) 81.9900 

28 D(.02) 4.3610 

29 D(N2) 2.5240 

30 B 760.0000 

31 FI(C02) .1000 

32 FI(02) .1100 

33 FI(N2) .7900 

34 KCSF .1000 

35 T .0000 

36 H .0078 

37 VI(N) 87.5500 

38 VI(ss) 5.3900 

39 PRINT AL TIM .5000 

40 UNKNOWN .0000 

41 BHC03 BLOOD -5470 

42 BHC03 BRAIN .5850 

Initial Value for
 
Skylab Conditions
 

.0000
 

.2000
 

.1000
 

.1000
 

1.1380
 

1.1540
 

3.0000
 

1.0000
 

39.0000
 

.0500
 

.0500
 

81.9900
 

4.3610
 

2.5240
 

260.0000
 

.0192
 

.7000
 

.2808
 

.1000
 

.0000
 

.0078
 

87.5500
 

5.3900
 

.5000
 

.0000
 

.5470
 

.5850
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Initial Value for Normal Initial Value for
 

Card No. Symbol Environmental Conaitions Skylab Conditions
 

43 BHC03 TISSUE .5850 .5850
 

44 BHC03 CSF .5850 .5850
 

45 
 RMT(C02) .1820 .1820
 

46 RMT(02) .2150 .2150
 

47 DJl .0000 .0000
 

48 DJ2 .0000 .0000
 

One of the goals of the Skylab experiments is to evaluate
 

the subject's performance at various exercise levels. The
 

base run to which the succeeding parameter sensitivity analyses
 

were compared incorporates the exercise phenomenon. Exercise
 

levels of five-minute intervals were used. The work loads
 

and corresponding time intervals were described as
 

Time Interval Work Load * 

0 <t< 5 min 0 watts 

5 min ,< 10 min 50 watts
 

10 min t< 15 min 100 watts
 

15 min t< 20 min 150 watts
 

20 min <t< 30 min 0 watts
 

At 5, 10, and 15 minutes an on-transient of all the variables
 

may be observed. The off-transient or return to the resting
 

state is contained in the interval from 20 to 30 minutes.
 

E. 	 Controlling System Parimeter Weightings - Barometric
 

Pressure = 260 mmiig
 

Although significant results were obtained for all system
 

variables only a reoresenzatlvc number of outputs were plotted.
 

Inspired ventilatlon, cardiac output, an example of compartmental
 

* Note card No. 49 on page 25 for input data format
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H+ 
concentration (CCsF(H+)) , and an example of CO 2 partial 

pressure in the blood (P (C 2)) were used. Also data were
 

plotted illustrating the interrelationship between 02 partial
 

pressure in the blood (Pa(02)) and cardiac output, Q.
 

Run No. Card No. Symbol Revised Initial Value
 

303 C(16) CENT SENS PT 0.4000
 

3o4 C(16) CENT SENS PT 0.8000
 

DiscussioTI: Refer to Figures 17-20. From Figure 17 one
 

can see that when more weighting is given to the H + concentration
 

in the venous blood of the brain than in the CSF compartment
 

there is an increase in oscillation in the V I response to
 

exercisrs. All exercise levels produce a slightly lower steady­

state response for VI when CENT SENS PT is increased. The
 

decrease in exercise level to the resting state is not signif­

icantly altered by variations in CENT SENS PT. Cardiac
 

output, Figure 18, is unaffected except possibly for the off­

transient where a slight oscillation is observed.
 

The oscillations are more pronounced for 20 t 30 minutes
 

in Figures 19-20, Throughout the entire simulation an increase
 

+ 


0 


in the CENT SENS PT correspondingly raises the H concentration
 

in the CSF compartment and the partial pressure of CO2 in the
 

blood regardless of the exercise level.
 

In going from the resting state to the first exercise
 

level the arterial CO2 tension is reduced indicating that the
 

increase in insnired ventilation for this level of exercise is
 

more than adeouate. Hiovever, as the exercise level is increased
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beyond the 50 watts both the arterial C02 tension and H+ concen­

tration in the CSF compartment is increased. This Justifies
 

the statement that the ventilation rate is not as efficient
 

for increased exercise. Also from Figure 17 it is evident
 

that the ventilation rate increase-does not respond as swiftly
 

for higher exercise levels. The more weighting that is given
 

+
to the H concentration sensing in the venous blood of the brain,
 

the higher the relative arterial C02 tension is for any instant
 

of time. As expected the level of the H+ concentration in
 

the CSF compartment is higher when the CENT SENS PT is increased.
 

Run No. Card No. Symbol Revised Initial Value
 

313 C(20) CNT SENS COF 50% Normal = 0.5690
 

C(37) VI(N) 62.6399
 

314 C(20) CNT SENS COF 150% Normal = 1.7070
 

C(37) VI(N) 112.4602
 

Discussion: Refer to Figures 21-24. There was no signifi­

cant deviation from the base run for the variations in the
 

+
weighting of the H concentration in the CSF compartment. A
 

slight variation occurred in the arterial CO2 tension response
 

when the initial exercise level was implemented. Under the
 

existing environmental conditions (low inspired C02 concentration)
 

the system is insensitive to various weightings of CCSF(H+)*
 

Of course this fact is evident since from Figure 24 it is
 

shown that CCSF(H + ) does not deviate very much from the base
 

run.
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(58) ORIGINAL PAGE ISOF POOR QUALITY 

Run No. Card No. Symbol Revised Initial Value
 

323 0(21) CRTD BDY SCF 50% Normal = 0.5770
 

C(37) VI(N) 65.9842
 

324 C(21) CRTD BDY SCF 150% Normal = 1.7310
 

C(37) VI(N) 109.1158
 

Discussion: Refer to Figures 25-28. The arterial 002
 

tension in Figure 27 displayed the most sensitivity toward var­

iations in the weighting of the H+ concentration at the carotid
 

bodies. An increase in the CRTD BDY SCF weighting produced
 

a more pronounced oscillation in the transient response of VI
 

when the first exercise level was simulated. Basically, the
 

carotid bodies' receptor site is a faster responding system
 

component than the CSF component; therefore, it is not too
 

surprising to observe slightly more sensitivity for similar
 

variations in CRTD BDY SCF than in CNT SENS COF.
 

Many times it is more instructive to analyze the relation­

ship between two variables instead of viewing the variables
 

on a time basis. The two variables chosen are P a(02 ) and Q
 

as shown in Figures 29 and 30. The two curves can be explained
 

by following through a sequence of events corresponding to the
 

letters A through H. Figure 29 corresponds to a deemphasis
 

in the H+ concentration weighting at the carotid bodies'
 

site while Fignre 30 corresponds to an increase in the same 

wicighting LacLor. 

Time is 1easured along the curve connecting the letters 

with t=0 at point A ana ,=30 ',inutes at point if. The sequence 

of events which relate to the exercise changes can be described
 

as follows.
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Interval A-C: 5-'10' minutes. Work load = 50 watts
 

Interval C-E: 10-15 minutes. Work load = 100 watts
 

Interval E-G: 15-20 minutes. Work load = 150 vatts
 

Interval G-H: 20-30 minutes. Work load = 0 watts
 

(return to resting state).
 

Intervals A-B, C-D, and E-F correspond to very short
 

time segments. All three of these intervals are less than
 

, minute in length. As the exercise level increases, the
 

cardiac output increases and the partial pressure of 02
 

in the blood decreases. Both Figures 29 and 30 illustrate
 

a recovery in Pa(o2 ) fo;,the exercise levels. The steady­

state values of Pa(0 2) and Q for the three exercise levels
 

correspond to points C,E, and G. When the maximum exercise
 

level is reduced to the resting state, the two variables take
 

on values along the curve from point G to point H.
 

The recovery phenomenon referred to in the previous
 

paragraph can be physiologically described as follows. Basically,
 

an increase in exercise promotes an increase in cardiac out­

put. The increase in cardiac output along with an increase
 

in the ventilation rate is not adequate to maintain the arter­

ial 02 tension at a constant level for the exercise steps of
 

100 and 200 watts. The increase in ventilation rate is more than
 

adequate for the first exercise level since there is an increase
 

in both cardiac output and arterial 02 tension. After the car­

diac output approaches its steady-state value for each exercise
 

level the arterial 0, tension recovers as shown by the curves
 

approaching points B and 0.
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IV. CONCLUSIONS AND RECOMMENDATIONS
 

Upon performing some preliminary studies as described in
 

the previous sections, it appears that Grodins' Respiratory
 

Control Model can be made adaptable to the research efforts
 

of the Environmental Physiology Branch of the Biomedical Research
 

Division, NASA-MSC. There are several facets of the program
 

that need to be altered which will provide for a more complete
 

physiological representation. On the surface there appears to
 

be potential benefits from the incorporation of other research
 

efforts, i.e., Milhorn's models, while utilizing the basic
 

framework of Grodinst model. This phase of the project will be
 

considered later.
 

The parameter sensitivity analyses need to be extended to
 

include combinations of parameter variations and also to criti­

cally evaluate the off-transient (t 30 min) conditions. A
 

test for the physiological constraints of the model with regard
 

to C02 input levels would be an important investigative effort.
 

Levels of inspired CO2 are physiologically correlated with
 

Ventilation rates, coma, anesthetized states, and death. The
 

model should perform in a similar manner. If not, C0 2 limits
 

must be specified.
 

The most flexible feature of the entire system is the con­

troller equation. There needs to be a continuing effort in the
 

modification of the existing controller equation and in the eval­

uation of other controller equations. This is especially im­

portant in view of integration of the respiratory system model
 

with other physiological systems. The controller equation will
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be a very important link in the total system providing some of
 

the interface capabilities between the cardiovascular, thermal,
 

and body fluid systems with the respiratory system for both the
 

resting and exercising subject.
 

To perform with any acceptable degree of fidelity, the
 

system must be closely correlated to the salient physiological
 

-function~ings. Variations in the solubility coefficients of the
 

gases for each compartment and a reduction of the bicarbonate
 

cpntent of the brain and tissue compartments, seem to be desir­

able. The model'includes no general description of the control
 

of cardiac output and regional blood flow. Certainly the regional
 

,blood flow, feature will be important when the system is inter­

faced with the body fluid and cardiovascular systems.
 

As mentioned in Section II.A, respiratory frequency which
 

'is now defined as
 

FREQ = 8.1 + 7.815 (RMT(02) + RMB(02))
 

should be expanded to illustrate other physiological dependencies
 

in addition to 02 metabolic rates of the tissue and brain com­

partments. In a similar manner, heart rate, defined as
 

HRATE = 43.8 (RMT(02) + RMB(02)) + 54.5
 

should be expanded to include relationships involving stroke
 

volume, regional blood flow, increased work load, and perhaps
 

a proper weighting of parasympathetic and/or sympathetic stim­

ulations. 

Piobably the most important element of the simulation is
 

the adaptation of the model to particular individuals. This
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will require a better defined set of initial parameter values
 

in addition to relating these parameter values to the desired
 

environmental conditions.
 

At present there is a feeling of skepticism with regard
 

to the exercise portion of the simulation in that it doesn't
 

relate to the actual physiological processes involved. There
 

is supportive experimental evidence that indicates the initial
 

transient ventilation response due to a change in the exercise
 

level under stable environmental conditions is created primar­

ily by neurological control (18). With the present simulation,
 

a change in the exercise level causes a change in the metabolic
 

rates of CO 2 and 02 in the brain compartment which via chem­

ical control is reflected in the ventilation rate. A control
 

mechanism which appropriately weights the neural and chemical
 

processes is being studied. This postulated change will also
 

be related to the functions describing heart and respiratory
 

rates during exercise.
 

Investigation will continue in the forementioned areas
 

with the goal being to develop a model that is physiologically
 

sound and compatible with the research of the Environmental
 

Physiology Branch. Specific system alterations will be given
 

upon further evaluation of experimental data related to
 

exercise levels and after a more thorough investigation of
 

research.
Milhorn's 
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V. APPENDIX
 

The following material is a description of the mathematical
 

development of Grodins' program (8) excluding the exercise
 

simulation component. The description involves
 

(A) Compartment material balance equations 
(B) Alveolar-arterial concentration equilibria 
(C) Venous blood-brain equilibria 
(D) Venous blood-tissue equilibria 
(E) Cardiac output and brain blood flow 
(F) Blood transport time delays 
(G) Controller equation 
(H) Differential-difference equations. 

All of the explanations including equation numbers refer to
 

Grodins' paper (8).
 

A. Compartment Material Balance Equations
 

Equations 1.1-1.3 of Grodins' model (8) will not be
 

duplicated. This format will be carried throughout the ensuing
 

discussion. These three equations describe the time rate of
 

change in the nondimensional volumetric fraction of C0 2 , 02'
 

and N2 in the lung compartment. They are first order differ­

ential equations containing the following terms. Each equation
 

contains the difference between two product terms. One of the
 

terms is the product of the inspiratory gas flow rate multiplied
 

by the volumetric fraction of each gas in dry inspired air.
 

The other term is similar in that it is the product of the
 

expiratory gas flow rate multiplied by the volumetric fraction
 

of each gas in dry alveolar gas. Evident from these two terms
 

is the fact that vater vapor is not considered in this gaseous
 

exchange relationship. The dLffereuce between the venous and
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arterial concentrations of each gas is multiplied by the
 

total cardiac output.- One should note that the concentration
 

terms have units of.liters per liter blood, Arrother coefficient
 

relating barometric pressure and water vapor pressure of'the
 

blood multiplies the concentratioi'differenees. All of the
 

terms are divided by the volume of the lung Qonartmxpt
 

yielding the proper volumetric fraction of gas per minute.
 

Expressions of the time rate of change of each gas in
 

the brain and tissue compartments are defined by Equations
 

1.4 - 1.9. The metabolic rates of CO 2 and 02 have opposite 

effects in both the brain and tissue compartments. Both are 

considered constants in each compartment. The metabolic 

rate of CO2 increases the rate of change in concentration of 

CO 2 while the metabolic rate of 02 decreases the rate of change 

in concentration of 0 There is no metabolic rate term 

associated with the nitrogen gas. This concept corresponds 

to the basic assumptions in the previous sections. The differ­

ence between the arterial and venous concentrations of each 

gas in the brain compartment, Equations 1.4 - 1.6, is multi­

plied by the blood flow in the brain, thus altering the rate 

of change in the concentrations of each gas. Also, within 

the brain compartment there is a membrane separating the.CSF 

subcompartment from the brain. The membrane is permeable 

to all three gases, being about 20 times more premeable to 

COn than O as depleted by therelative magnitudes of the 

diffusion coefficient-. The product of the difference 
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between the partial pressures of each gas in the brain and 

CSF and the diffusion coefficient correspondingly alters 

the rate of change in concentration of that gas in the brain 

compartment. The brain - CSF interface is described in the 

manner that contributes to a positive alteration in the rate 

of change in the concentration of a gas if the partial pressure
 

of that gas is greater in the CSF compartment than in the
 

brain compartment.
 

In addition to the metabolic term described above, the
 

rate of change in concentration of each gas in the tissue
 

compartment, Equations 1.7 - 1.9, is a function of the tissue
 

blood flow.' Tissue blood flow is defined as the difference
 

between cardiac output and brain blood flow. This difference
 

is then multiplied by the gas concentration difference between
 

the arterial snd venous sides of the tissue compartment. Once
 

again, the volumes of each compartment are entered into Equa­

tions 1.4 - 1.9 to provide the proper dimensions of liter
 

per liters of blood per minute.
 

The partial pressure of each gas in the CSF compartment
 

can be described by a first order differential equation as
 

in Equations 1.10 - 1.12. The time rate of change in the 

partial pressure'of each gas is a function of the diffusion,
 

coefficient across the blood-brain barrier, the volume of
 

the CSF compartment, a conversion factor relating atmospheres
 

and mmilg, Lhe solubility coecficint of the gas in the CSF, 

and the difference bctw~en the prtial pressure of the gas 

across the -lood-brain barrier. As expected, the dimensions
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of Equations 1.10 - 1.12 are mmHg per miAute,. It should be
 

noted that the solubility coefficient of each gas is given
 

in units of liter per liters per atmosphere and evaluated
 

at 37 C. These coefficients are not altered between compart­

ments and satisfy Henry's Law for the environmental conditions
 

being considered. The constant k is a conversion factor.
 

From the -initial assumptions associated with the lung
 

'Compartment it is obvious that a change in the volumetric
 

fraction of one gas is related to the sum of the changes in
 

,the'volumetric fractions of the other two gases. Therefore, 

t'healgebraic sum of F + F + F is zero, which 

thesA(00 2 A(02 ACN) 

leads to Equation-2.1(8).. Both VE and V are needed for the
 
E I 

solution of the system. Thus, Equation 2.1 gives a relation­

sh, from,which VTE can be written in terms of VI or vice versa.
 

V1 id an output of the controlling system. The expired
 

ve'n:ilation, VE, is a function of the concentration differences
 

of each gas multiplied by the total cardiac output and a
 

noztimensional coefficient related to the barometric pressure.
 

,This is a reasonable relationship if one considers that
 

the output flow rate is equal to the input flow rate plus
 

alterations that might occur in the metabolic processes re­

lating C02, 02, and N The latter is tempered by the cardiac
 

output and the difference between the input-output concentra .
 

tions of each gas.,
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B. Alveolar - Arterial Concentration Equilibria 

There are probably several methods for building up the
 

necessary interrelationships between variables so as to solve
 

the final system of differential-difference equations. Grodins'
 

next step in the development is to formulate expressions for
 

the alveolar-arterial concentration equilibria for the gases
 

in the blood at the lung exit (Equation 3.1 - 3.7). The
 

Haldane effect which illustrates the dependence of the con­

centration of CO2 upon variations in 02 concentration is
 

included. Also included is the description of the dual role
 

that variations in CO2 concentration play upon the concen­

tration of 02' This latter dependency is termed the Bohr
 

effect.
 

The concentration of C02' Equation 3.1, is comprised of
 

a constant bicarbonate term, the last term being a weighting
 

of the effect of the partial pressure of C02. and the two
 

middle terms being chemically combined relationships. Although
 

not readily explainable because of the coefficients involved,
 

the second term is a weighting of the difference between the
 

blood oxygen capacity and the concentration of oxyhemoglobin
 

(liters of 02 per liter blood). The third term attempts to
 

describe the product effect of the presenc of 02 and C with
 

the 02 associated with the H{b term and CO. described by the
 

logarithm of CO2 arterial concentration and dry alveolar
 

gas concenTration difference divided by a weighted arterial
 

partial preseuro otf CO.,
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The expression for Ca(O ), Equation 3.2, contains an empirical
 

relationship describing the 02 dissociation curve and the Bohr
 

effect. The concentration of oxyhemoglobin is described by
 

an empirical form containing an exponential term which is
 

dependent upon the pressure of CO 2 whose involvement becomes
 

evident through the pH term. An explanation of the derivation
 

for pH a is in order. The normal form for the Henderson-


Hasselbalch equation is
 

pH = p + log "CO-3
 

Grodins has defined pH as
 

PHa = - log Ca(H+)
 

with the units of' Ca(H + ) being nanomoles per liter. Thus
 

-
pHa = - log [Ca(H+) (10) 9]
 

=
PHa 
 log [caa(+)] - log [i0- 9 ]
 

Pia = 9 - log [Ca(H+)].
 

To relate this development to the Henderson-Hasselbaleh equa­

tion requires the terms of Equation 3.6 to be regarded as physi­

ological equivalent to the terms in the Ifenderson-Hasselbalch 

equation, i.e., 

pK <=> log K
 

and HC03 <=> k0C02 (B-47) FA(COp)
 
co2 C 2)
ca(0 -k-CO (B-47)FA(CO2
 

These analogies havn been developed by several researchers for
 

various body compartments; one example being given by Bradley
 

et al. (19).
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Since only.physically dissolved nitrogen is 
considered,
 
the arterial con6entration of N2 , Ca(N2), 
can be defined by the
 
simple expression in Equation 3.7. 
 The devilopment describing
 
the.alveolar-arterial concentration equilibria and the develop­
ment in the following section concerning the blood-brain equil­
ibria are probably the 
most complex, both mathematically and
 

physiologically speaking, of any segment of the respiratory
 

control model.
 

C. Ven6us Blood-Brain Equilibria
 

The expressions of the concentration of CO2 in the brain
 
arid 
venous blood reflect the original assumptions in that the
 
brain concentration is 
not dependent upon Hb and HbO 2 
effects,.
 

while the venous blood is described in exactly the 
same manner
 
,as the alveolar-arterial CO2 concentration. 
 One other variation
 
is that the standard bicarbonate content differs in 
the two
 
oexpressions (Equations 4
 .
41and 4.2). The bicarbonate content
 
of the brain, (BHCO 
 , must always be greater than or equal
 
to the bicarbonate conten, of the blood, (BHCO3)b. 
This partic­

ul-ar relatipnship between thede two parameters is 
one which
 
needs to be .altered so as to 
more precisely simulate physiolog­

ical conditions.
 

The 02 concentration in 
the brain, CB( 2), 
is given as
 

B(02 k B( 02 ) PB( 02 "
 
This agrees, vith,the form for 
C(
 ) which is given as
 

BD2
 
S
CB( 2 =kaB(N ) PB(N2)
 

These tro'r&h'rtzonshaps 
are utilized because in 
the brain compart­

ment only physically dissolved 02 and N2
 are considered.
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The concentration of 02 in the blood at the brain exit is
 

also a function of the oxyhemoglobin concentration. This parti­

cular involvement is described by Equations 4.3 - 4.7. As in
 

the previous section, the oxyhemoglobin concentration is an
 

empirical form containing an exponential term which is dependent
 

upon the venous blood pH, pHvB. As before, to relate this de­

velopment to the Henderson-Hasselbalab equation, from Equation
 

pK <=> log K'
 

and 
 HCO3 "a C>k02 PB(C02)
 

C02 OvB(C02 )- kaC0 2 PB(C02)
 

The first expression in Equation 4.8 states that the concentration
 

of N2 in the venous blood leaving the brain is proportional to
 

the concentration of N2 in the brain. However, in the present
 

simulations the coefficient is unity since the solubility coefficient
 

any gas is the same for all compartments. This is another rela­

tionship between parameters that needs to be altered to more
 

closely represent the physiology involved.
 

D. Venous Blood - Tissue Equilibria 

As is suggested by Grodins (8) the C02, 02' and N2 relation­

ships between the tissue compartment and the tissue venous blood
 

are derived under the same basic assumptions as those of the
 

venous blood-brain equilibria. Thus one can develop an analogous
 

set of relationships for the tissue compartment as for the
 

brain compartment. Since the physically dissolved concepts,
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the metabolic relationships, and the empiricisms are analogous,
 

then the overall system sensitivities to variations within
 

the two compartments must be closely tied to' the relative
 

magnitudes of the compartmental volumes. This conjecture appears
 

to be justified in some of the computer simulations.
 

E. Cardiac Output and Brain Blood Flow
 

Both cardiac output and brain blood flow are defined to
 

be dependent upon variations in the partial pressures of arterial
 

02 and C6 The first order differential equations that des­

cribe these two flow patterns are similar. Looking at the
 

differential equation for cardiac output, Equation 7.1, it
 

can be rewritten as
 
0 

r Q + Q=fQ. 

The function, f., can be considered the' forcing function for
 

the differential equation. Note that by Equation 7.2, f is a
 
Q 

collection of terms dependent upon the normal cardiac output,
 

a variation in the blood flow due to 02 and a corresponding
 

variation due to CO2 . Let's ignore any physiological signifi­

,cance of'the differential equation. The solution, Q(t), can
 

be considered as the sum of two components, Qc (t) and Qp(t).
 

Qc(t) is the solution of the differential equation if fQ=0.
 

IQ 
'Such a solution would take the form of
 

SQ() = K -t/r
 

where K would be determined from the Initialvalue Q(t).
 

The other coiponent of the solutton, Qp(t), is determined from
 

the' form of the' forcing function f. A simple example would be
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to ignore any effects of 02 and CO2 and consider fQ = 

By 'the classical solution of differential 4quations, it is 

re&dily shown that 

Qp(t) = Constant N 

The total solution would be 

Q(t)- Qc(t) + Qp(t) 

or Qz) K-t/rl + QN. 

Suppose that at time t 0 seconds, Q(t) = Q(O). Then 
t=0a
K Q(0) ­

and the total solution would be
 

Q(t) = (Q(O) 
- QN )c .t/r I + QN'
 

A graphical description showing two values of Q(O) relative to
 

QN would appear as in Figure 1.
 

S Qz(o)
Qt J 

Figure 1. Sample of first order response
 

Up to this point the mathematical description of cardiac
 

,output depends upon the value of the initial condition, the
 

normal resting value, and a time constant which attempts to
 

drive the solution to a physiologically meaningful representation.
 

Fortunately, by the addition of an empirical relationship
 

describing AQ( ) and a linear relationship describing AQ(co)
0 
C22 


both defined Over specified limits for a(02) and Pa(C02
 

respectively, Grodins has mathematically formulated a more
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precise description of Q(tY. There is a factor AQ(02 ) contri­

.buting to the forcing function only whed Pa(02 ) <104 mmHg. 

The computer program deviates from the paper in the math­

ematical description of the dependency of AQ(c0 2) Upon Pa(CO2)
 " 

Equation 7.C'has been altered to read 

AQ(g0 2) = 6 for Y > 60 
and AQ(c0 2) = 0 for Y < 4o. 

These factors are described by Equations 7.3 and 7.5.
 

The same form of differential equation describes the brain
 

blood flow except that the forcing function components related
 

to Pa(C02) and Pa(02 ) are different. The same range of Pa(o2 )
 

is considered, but the empirical relationship is different
 

than the one used for cardiac output. On the other hand,
 

Pa(C02 ) is a contributing factor for all of its possible v4ues
 

ex'cept for 38 mmHg < a(Co) 44 mmHg. In this range, brain
 

blood flow is not dependent upon Pa(C02. Variations in the
 

time constants r I and r2 are considered in some computer simu­

lations involving parameter sensitivities.
 

F. Blood Transport Time Delays
 

As with any physically dynamic system involving flow
 

dynamics or transfer of information, there are time delays in
 

signal transmission. The time delays of the respiratory model
 

are'associated with the blood flow between compartments. The
 

notation used for the time delays can be readily described by
 

Figure 2 which indicates the shape of the delayed waveform and
 

phe notation used.
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Figure 2. Function, f(t), delayed by T minutes 

In the simulation the timedelay, T, corresponds to delays 

between lung and brain compartments, between lung and tissue 

compartments, between tissue and lung compartments, and between 

the lung compartment and the carotid body receptor. These are 

very necessary terms and their incorporation in the system 

equation enhances the confidence placed upon the dynamics of 

thQ simulation. Concentrations of the three gases at the 

entrances of the brain, tissue, and lung compartments are defined 

in terms of the appropriate time delays by Equations 8.1 - 8.9. 

To further refine these time delays, they are not considered to 

be predetermined constants, ibut are time dependent in that they 

ard functions of cardiac output, brain blood flow, and vascular 

segment volumes. This reasoning is very sound since the blood 

flow dynamics obviously affect relative site gas concentrations. 

These time delays which are continuously being recalculated 

in the computer program are defined by Equations 8.10 - 8.14. 

From the integral representations it is clear that when steady­

state conditions are reached, i.e., Q and QB become constants, 

the time delays will -ecome, constants also. This is also 

Justified by observing the computer print-out. 

G. Controller Equation
 

The controller equation is the system's feature that pro­

vides the feedback mechanism. Many .different forms for the
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controller equation can be postulated. To completely under­

stand the simulation's potentials, a concentrated effort
 

should be given to investigation of other controller equations.
 

This reasoning is amplified -by Grodins' comments and conse­

quently special emphasis is placed upon its evaluation in the
 

study. At this point one might ask the following question.
 

What is the purpose of the controller equation? This question
 

might be answered best by observing the block diagram of a respir­

atory feedback system in Figure 3.
 

Parameter and Input
 
Variations and/or
 
System Disturbances
 

Controlled System
 

I Compartmental Material Balance Equations System 
I Gas concentration equilibria equations Outputs 

Blood flow and transport delay equations -­
Inspired-expired ventilation relationship 

Controllin, , System
 

Controller e%uat3a def:ned as a function
 

of CCSF(H+), C (+), and MA(02) VCSF +) 

Ca(H+)
 

FA(O


VI 

0 )
 

Figure 3. Respiratory Feedback Control System
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The controller equation as described by Equation 9.2 uses
 

only three of many outputs of the controlled system. At this
 

point the thesis is that, CSF(H+)' Ca(H+), and FA(02 ) are the,
 

three factors which determine the inspired ventilation, VI .
 

The inspired ventilation is then used to determine VE and
 

is also used in the controlled system's equations. Thus, the
 

feedback path is completed. Also, it is very instructive to
 

note that the arterial H+ concentration and alveolar oxygen
 

volumetric fraction are not detected until t minutes after
 
ao
 

,the arterial blood leaves the lungs. This feature simulates
 

the time elapsed while the blood is flowing to the carotid
 

receptors from the lung compartment. The H concentration in
 

the CSF subcompartment is described by Equation 6.1. In the
 

same manner as the pH calculations are performed in the other
 

compartments a comparison of terms in the Henderson-Hasselbal'ch
 

equation with those of Equation 6.1 yields
 

pK <=> log K1
 

and EGO ka F
3 CSF(,C0 2 ) CS(CO2)
 
CO2 (HC0 3)CS F
 

Once the decision has been made as to the variables which
 

ate used as inputs to the controlling equation, a proper weighting
 

of these variables is made so as to drive the total system's
 

responses to correlate with experimental data. This necessarily
 

requires emnirical formulations. Although not explained in the
 

paper the computer program nas the capability of weighting the
 

influence of the H+ concentration in the CSF compartment to the
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H-+ concentration of the venous blood of the brain compartment.
 

This weighting ig evaluated in some of the computer simulations.
 

Great care should be expended so as not to critically violate
 

known physiological features.
 

H. Differential-Difference Equations
 

It is now apparent that many mathematical relationships 

have been developed relating alveolar-arterial concentration 

equilibria, venous blood-brain and venous blood-tissue equil­

ibria, blood flow rates to all the compartments, and the trans­

port time delays. The next task is to assemble these relation­

ships in a meaningful set of equations from which solutions 

for the system's variables can be obtained. Grodins (8) 

has accomplished this by utilizing the framework of the compart­

mental mass balance equations. Although it is not necessary to 

completely describe the culminated effort in Equations 10.1 ­

10.9 and Equation 11.1, perhaps it would be instructive to
 

comihent upon the substitutions for one of these equations, i.e.,
 

Equation 10.5. Equation 10.5 has the basic structure of Equa­

tion 1.5. For convenience these two equations are repeated here.
 

Equation 1.5:
 

o B MR )Q+ 2 2 B09SP 0 
B(o2) - - B(O2) B(CaB(o2) C vB(O2-) _D I'S 

Equation 10.5: CA] 

FB0R += c (B-47)F (t-Ta) 
KS2)L B( 2 9(v0)2A(o (Hbo2 

fa020:K ­

>o i, B C0VB(Hbo;) o PBO2F S( 
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Remember we are looking at the brain compartment site. 

Here, from Equation 8.2, 

caB(0 2 ) (t) = Ca(02) (t - TaB). 

Noting from Equation 	3.2 that
 

Coa(2) = ka02 (B-47) FA(02) + Ca(Hb02 )
 

and delaying this expression by TaB minutes corresponding to
 

,realizing the alveolar-arterial concentration at the brain
 

site we have the bracketed term [A].
 

Since we do not need to delay the venous blood-brain
 

02 concentration Equation 4.3,
 

cvB0 a2 
 0 + CvB(IibO2v(02 (02 ))CoBJ 2 ) 	 2 

is substituted,. This substitution corresponds to bracketed
 

term [B]. All other terms remain the same in forming-the
 

differential-difference equation.
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I. INTRODUCTION
 

A group of respiratory system models which is of interest
 

from the viewpoint of evaluation for their application within
 

the goals of the NASA project is that of Milhorn and models
 

related to Milhorn's research. In a previous Study Report
 

a modified version of Grodins' model was investigated illus­

trating its response to particular parameter variations and
 

various work load conditions. Most of Milhorn's models,
 

although developed under different experimental conditions
 

and for varying motivations, contain features that are similar
 

to Grodins' work. For this reason it seems appropriate to
 

discuss the major features of Milhorn's models and perhaps
 

suggest special modifications for Grodins' model which might
 

utilize these features. Therefore, the major thrust of the
 

following material will be to summarize the theory and
 

assumptions of Milhorn's models keeping in mind the conditions
 

for which they are applicable and to describe potential
 

applications of Milhorn's work to improve the existing Grodins'
 

program.
 



II. MODEL VARIATIONS AND SIGNIFICANT FEATURES
 

Within the listed references (1-6) Milhorn et al. have
 

published several model variations each of which was developed
 

for a particular experimental arrangement or environmental
 

condition. Instead of correlating the results of the referenced
 

research and confusing the various system terminologies it
 

will be more instructive to independently deal with each
 

research effort. This approach will be more justifiable as
 

the constraints and experimental developments are enumerated.
 

In addition, the models will be discussed in a chronological
 

manner.
 

A. Milhorn's Basic Compartmental Respiratory Model
 

Many of the assumptions and mathematical formulations
 

of the compartmental model of the respiratory system that
 

appears in Milhorn's text (1) are also used in his more recent
 

work. Here it was assumed that the chemical factors that
 

control alveolar ventilation are CO 2 and 02 with the effects
 

of the H+ stimulus related to PC02 by a linear relationship.
 

The basic assumptions can be summarized as follows (1):
 

1. The circulatory system containing no mixing phenomena
 

but with regionally associated time constants inter­

connects the lung, brain, and body compartments.
 

2. Dissociation curves for 0 2 and CO 2 are equal for
 

arterial and venous blood.
 

3. Brain blood flow is dependent upon cerebral-arterial
 

PCO 2 andP02 relationships.
 



4. Arterial P is linearly related to alveolar P 

5. Venous P02 is equal to tissue P02.
 

6. Arterial PCO 2 is equal to alveolar PC 2 '
 

7. Venous PCO 2 is equal to tissue PCO 2 .
 

8. Linear relationship between PC0 2 andP02 which
 

controls minute alveolar ventilation.
 

9. Respiratory quotient equals unity.
 

10. Metabolism and cardiac output are constant.
 

1U. System simulates acid-base balance disturbances.
 

12. H+ concentration is a function of PC '
 2
 

13. Carotid and aortic bodies are sensitive to 02.
 

The model comprizes a controlled system and a controlling
 

system. External disturbances in either the form of C02
 

excess, 02 deficiency, or both are considered inputs into the
 

controlled system. The regulation aspects of the system
 

are accomplished via ventilatory and circulatory parameters.
 

PC02 Pa 0 , and H+ are monitored outputs of the controlled 

segments of the system. These variables are weighted giving 

0 0
 

a value for alveolar ventilation (VA). VA is then considered
 

a second input to the controlled system along with the
 

environmental disturbances, thus completing the negative
 

feedback formulation.
 

Input-output block diagrams are utilized in the development
 

of the equations which quantitatively describe the system.
 

There is one such dia.gram for each of the following component-.
 

1. Ventilatory controler
 

2. Lung compartment
 



3. 	Brain compartment
 

4. 	Body compartment
 

5. 	 Venous mixing
 

6. 	Cerebral circulation
 

7. 	 Comparator for cardiac output, cerebral blood flow,
 

and body tissue blood flow
 

8. 	 Transportation lags in circulatory system
 

9. 	 Overall compartmental model.
 

The expressions for the time rate of change of CO 2
 

and 02 volumes in the brain, body, and lung compartments are
 

developed. These six equations contain twenty-eight variables.
 

Using the previously listed assumptions, mathematical relation­

ships are derived such that eight variables are used in eight
 

differential equations describing the normal human respiratory
 

control system. The eight variables are
 

0 

-B
1. cerebral blood flow (liters/min)

0 

2. 	 VA - minute alveolar ventilation (liters/min)
 

3. 	 CB - brain tissue CO2 concentration (vol fraction)
 

2
4. 	c - body tissue CO 2 concentration (vol fraction)

CO2
 

5. CA2 - alveolar CO2 concentration (vol fraction) 

6. cCO 2 brain tissue 02 conentration (vol fraction)
 

7. CT - body tissue 02 concentration (vol fraction) 

8. cA - alveolar 02 concentration (vol fraction). 

Six of these eight equations describe the time rate of 

change in the variables B CO2 CT 02 CA , C 02 , CT0 and 02 
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Another equation is called the cerebral circulatory controller
 

equation and describes the time rate of change in brain blood
 

flow. The final equation, the ventilatory controller equation,
 

describes the alveolar ventilation in terms of various
 

weightings on the controlling functions of the medullary
 

respiratory center, carotid and aortic bodies, and the
 

mechanical portion of the lungs. In effect, this latter
 

equation, described as 1
 

VA = a(0 -b +d (m - 5 PBCA)B, 0 (1)
O2 T0 2 

provides the simulation with the necessary feedback methanism.
 

As was observed with Grodins' simulation the ventilation
 

controller equation is a very sensitive feature of the entire
 

system. Ventilation is controlled by a different set of
 

variables in Milhorn's model than in Grodins' model. However,
 

the major difference evolves from the fact that Milhorn's
 

model simulates the ventilation as a sum of the effects of
 

PC0 2, H+, and P0 2 with the final programmed equation having
 

the effects of the H+ concentration embedded in the empirical
 

constants of the equation. To evaluate and compare the
 

physiological responses of Grodins' simulation for a ven­

tilatory equation like Milhorn's equation and Grodins'
 

equation one must be reztricted to the resting state and
 

normal sea level conditions. Increase in ventilation due
 

to exercise would be determired only by the alteration in
 

and( would LnVOVO lly controlmetabolic rates rOtL, lv neurological 

as does the exercise controller equation of the present Grodins'
 

model.
 



Sufficient experimental data was not available at the
 

time; therefore, a description of the cerebral blood flow
 

in Milhorn's model was based upon several assumptions.
 

The first assumption is that a three-fold increase in oxygen
 

concentration in air doesn't alter the cerebral blood flow.
 

A decrease in oxygen concentration to 10% increases the
 

cerebral blood flow by 35%. For a further decrease to 5%
 

02 was assumed to double the normal cerebral blood flow. An
 

empirical relationship describing the effects of PCO
2
 

upon cerebral blood flow (developed by Kety and Schmidt CT))
 

was utilized. Combining the effects of C02, 02' and normal
 

cerebral blood flow, the equation is written with the
 

empirical constants as
 

B 40 A 0 (2)
 

i (7- C ¢0 2 )
 

Considerable emphasis was placed upon the steady-state
 

analysis of Milhorn's model. The only transient analyses
 

performed with model were on- and off- transient responses
 

for alveolar ventilation as the system was subjected to
 

instantaneous changes in the levels of CO2 and 02 concentrations
 

at the inputs to the lung compartment. Probably the most
 

beneficial result of the forementioned research was the
 

realization that much more experimental and simulation research 

wats needed to fu Lly describ, the rerpiriatory ronLro) system 

and realize a simuiation'', potentials. This includes the 

investL6ation of corebrospirnl tluld influence, variations in 

cardiac output and circulation time delays, and the relationships 

between alveolar anaend- alveolar capillary P02 and PCO 2
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B. 	 A Model Illustrating Static, Dynamic,
 
Mechanical, and Cyclic Phenomena
 

In a progress report concerning a conceptual view of
 

a digital computer model of the human respiratory system (2)
 

Milhorn discusses both the static and dynamic features of the
 

model and builds upon the previous work. Within the static
 

component the controlled system equations describe the alveolar
 

tension of CO2 and 02. Both tensions are described as functions
 

of their respective inspired gas tensions, production and
 

consumption rates of CO 2 and 02 respectively, the respiratory
 

quotient, and the barometric and water vapor pressure. The
 

two controller equations considered were those of Gray,
 

VA aPA -b + c (d - PA0 0, (3) 

2 2 

and Lloyd and Cunningham, 

V = D (PA -B) [1 A ( 02 ; P A 40 mmHg. (4)
CO 	 2 0A02
 

As described by Milhorn,
 
o o 

VA = V - fV o 	 (5)
 

where fV D corresponds to minute dead space. All parameters
 

described in this paragraph can be altered and appropriate
 

responses observed.
 

The dynamics of this model centered around a restructuring 

of the ventilatory controller equation. Initially, experi­

mental evidence indicated that ventilation response could 

be simulated by woightinq,tho influence of the H+ at 55% and 

the influence of C02 at 45o. This weighLing scheme was 

further refined by experiments from Lambertsen's laboratory 



which associated special weightings of the H+ contribution
 

from the peripheral sensors, a central receptor in the
 

brain, and a central receptor in the cerebrospinal fluid.
 

The equation illustrating this weighting is
 

V = 0.12 v(CPSR+ ) + o.44 V(CBH+) + o.44 ;(CsFH+ (6) 

The contribution from the 02 sensing mechanism evolved from
 

Equation 4.
 

Exercise alters the gaseous exchange mechanism in the
 

lungs. The effective area of the pulmonary membrane is
 

increased by the change in blood flow. Milhorn has investi­

gated this area change by utilizing the equation,
 

A = A,+ 1 _(kI VL + k 2 QC (7) 
k1 + k 2 VL r 

having the empirical constants, kI1 and k 2 , VL being the
 

0 

lung volume, c the pulmonary blood flow, and the subscript
 

0 referring to normal values. No evaluation statements
 

were made with regard to the simulation of Equation 7.
 

Milhorn suggests an analog flow diagram representing
 

the mechanical dynamics of the system. No simulation results
 

were available for evaluation of this model. Although the
 

simulation was not detailed for the exercise phenomena a
 

cyclic model was proposed in order to describe the possibility
 

of the peripheral chemoreceptors being unidirectional rate
 

sensitive. It was felt that the tie between the unidirectional
 

rate sensitive detectorc and the flucLuating arteriaL 

blood H+ CO 2' and 02 concentrations could be better defined.
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However, other sources do not emphasize these fluctuations;
 

therefore, this refinement might not be appropriate with
 

relationship to other system components. In any event, the
 

cyclic pulmonary system is described by'varying passageway
 

resistances, anatomical and effective deadspaces, a-v shunts
 

for the blood, and the feature of venous admixture.
 

In this reference Milhorn also emphasizes the importance
 

of the controller equation. The interrelationships between
 

the cardiovascular and respiratory systems were experimentally
 

investigated with the goal being to expand the range of
 

Lloyd and Cunningham's controller equation range for PA
 
CO 2
 

The experimental apparatus of Holloman, et al. (8) was 

utilized to establish an empirical model for PA < 40 mm Hg.AO
0
 

Further results for PAA < 40 mm Hg was to be presented

0 0
 

at a later date.
 

C. A Model Emphasizing Venous Admixture
 

Milhorn and Pulley (3) have published a theoretical
 

study which is believed to be of value in the evaluation of
 

diseased states of the respiratory system, i.e. emphysema,
 

pulmonary congestion, or any condition that would affect
 

'the pulmonary membrane's functions. One feature of this
 

model is its description of the capillary shunts and the 

corresponding description of the blood gas tensions (venous 

admixture case) at Lhe mixing poinL of the end alveoLar 

capillary blood and LhQ nrtoril blood (tlhrouh thu bypacs). 
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This study was not intended to be a complete simulation
 

of the respiratory system, but instead, a component was
 

developed which would be incorporated in a more complete
 

computer simulatioh. The development of the pulmonary gas
 

exchange equations evolved from a description of the rate of
 

flow of gas across the surface area of n parallel cylinders
 

each representing a capillary segment. Here, the total
 

number of capillaries is defined as
 
0 0 

n= (Q - Qs)/f (8)
 
0So 

where Q = cardiac output (lit/min)
 

0 

Q,= pulmonary shunt flow (lit/min)
 

and f = blood flow through a single capillary (lit/min).
 

Further development yielded an expression for capillary gas
 

exchange as a function of gas tensions. Capillary gradients
 

were then developed dependent upon surface area, membrane
 

thickness, cardiac output, or all possible combinations of
 

these variables.
 

As stated previously, one of the salient features of
 

this simulation was that of the venous admixture phenomenon.
 

Under normal venous and alveolar gas tensions it was shown
 

that approximately 1.3 per cent of the total cardiac output
 

was shunted past the capillary system. From this fact the
 

simulation of the admixture phenornenon can be detailed.
 

Although the samu]ation is adaptable to the study of 

inert gases, i.e. N2 and 11o,", thc immodiatu concern is 

related c0 extractVLo' -. ,nu"',- a oca atd with 02 arid CO2 . 

Interrelationships between CO. and 02' the Haldane and Bohr 
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effects, complicate the development. Considering the compart­

mentalization of Grodins' model and the mathematical development
 

associated with the capillary gas exchange mechanism of the
 

model discussed here it is doubtful that any of this model's
 

features can be directly applied to Grodins' system. The
 

features of this model would be of value if a refinement of
 

Grodins' model included a more detailed description of the
 

gas exchange mechanism associated with the lung compartment.
 

Another aspect of the model by Milhorn and Pulley (3) is
 

that it illustrates no simple adaptation to the study of
 

exercise and its control of ventilation. The most important
 

advantage in the use of this model would be the component
 

of the simulation associated with the admixture phenomenon
 

as the fractional gaseous concentrations of the environment
 

were altered.
 

D. A Model Maximizing Steady-State Information
 

In the steady-state simulation of the human respiratory
 

system by Milhorn and Brown (4) emphasis is directed toward
 

justifying that ventilation be described by a function of the
 

receptor sites' stimuli as CO 2 and 02 levels are altered.
 

This is extremely important if faithful reproduction of
 

transient res-ponses are to be obtained. Since receptor
 

site locations, numbers of sites, and the general nature of
 

the responses at these sites are ill-defined this research
 

emphasizes the steady-state respiratory system and attempts
 

to more fully uLq Lizc t.1 [ go juan U taj:. of inform'ilton 

from the steady-state. 
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The system is divided into a controlled system component
 

and a controlling system component. As described in some
 

of Milhorn's previous work (1) the controlled system has
 
0
 

alveolar ventilation, VA, as an input calculated from the,
 

controlled system with alveolar 02 tension and alveolar C02
 

tension as outputs. These two outputs are treated as inputs
 

to the controlling system, thus completing the feedback
 

system.
 

This particular model by Milhorn is more compatible
 

with Grodins' model than the one previously described (1)
 

in that there are system descriptions that might be readily
 

adaptable to alterations in Grodins' model. Alveolar 02 and C02
 

tensions are described by two equations which contain variables
 

which are closely associated with those of Grodins' program.
 

These equations are repeated here, described in terms of
 

inspired 02' 02 consumption, alveolar ventilation, respiratory
 

quotient, water vapor pressure, and barometric pressure.
 

+
P -v P - PH20 (l- 1 (9) 
2 2 2 2
 

0
 

A
 

PAC02 = PICO 2 + ;1 02 {PB PH20 + PIC0 - 1] (10) 

V 

A
 

Plots of these equations are given for various values
 

0 

of PI02 and PIC02 with 2.5 VA < 100 liters/min and constant 

0, consumption. When P is varied PA is low for all 
0 02 

values of P 1 0 if V A is low. As VA is increased a 

steady-staLe valu,? of P 0L I, n sumed which Lpproximate3 PI02 
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0
 

for VA > 60 liters/min. The opposite relationships are
 

0
 
established between VA P IC0, and PA -

When Equations 9 and 10 are plotted for various levels 
o 0 

of 02 consumption (V02) with 2.5 1
< V A 100 liters/min,
 

P and PA vary in the following manner. As expected,

02 
 C 2 
 0
 

for all levels of 02 consumption, if VA is low PA is low and
 
o 02
 

P is high. As VA is increased beyond approximately
 

6o liters/min a steady-state value for P (14o mm Hg)
 
A02
 

is assumed irregardless of the level of 02 consumption.
 

Likewise, as VA is increased the value of PA decreases
 

rapidly and assumes steady-state values below 10 mm Hg
 

0 

for VA > 60 liters/min.
 

The graphical dependence of PA and PA upon the
 

barometric pressure, PB' is shown for steady- state values
 

0 0
 

of VA, 2,5 < VA 100 liters/ min. P and PA are described
 
02 0 2
 

,by a family of curves for variations in B
 

(300 < PB S 1500 mm Hg) which are similar to the family of
 
0
 

curves for V variations. For these plots P and PICO
 
02 
 102 2
 

were held constant at 149.3 and 0.3 mm Hg, respectively.
 
0
 

The relationships for PA and PA with VA for different
 

values of the respiratory quotient (B) are plotted. For
 
0
 

low values of VA, PA is low and P is high independent of
 
0 
 ACO
 2 0
 

" 
the specific value of R. However, as VA is increased,
 

PA is increased and approaches a steady-state value of

A
0 2
 

140 mm Hg for V A h 0 liters/in. In a similar.
 
A2
 

manner, for all values- ot' H, PA is decreased as VA increases.
 
A0
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Although perhaps difficult to justify quantitatively, the
 

0 

above results for PA and PA versus as the different
V A 

02 C02
 

variables in Equations 9 and 10 are independently
 

altered are physiologically justifiable in a qualitative sense.
 

The major thrust of Milhorn and Brown's work with the
 

controlling component of the model is in the comparison of
 

Gray's classical equation and Lloyd and Cunningham's equation
 

(4). Gray's controller equation is very similar to Equation 1.
 

With the empirical constants evaluated it is written as
 

06 4.9
- 9
VA = 1.8PA - 67.T5 + 4.24(10) (104 - PA ) >O (11)AC02 
 A0 2
 

Equation 11 is developed using assumptions that are not
 

justifiable. The fact that CO2 and 02 effects are not just
 

additive as illustrated in Equation 11 has been shown.
 

Also, experimental data was not available for the entire
 

range of ventilation even though the equation was developed
 
0 

to simulate the entire range of VA.
 

Describing C02 and 02 effects upon ventilation as
 

multiplicative as well as additive is one of the major
 

contributions of Lloyd and Cunningham's work. Experimental
 

data shows that the relationship between ventilation and
 

PA can,be described by a straight line with a slope dependent
 
SC2
 

upon PA "This slope was then described as a hyperbolic
 
O2
 

function of P Thus the interdependence of these
 

variables are more involved than in an additive arrangement.
 

The equation that evolved with values for the empirical constants
 

is given by
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V = 2(PA -37.24) (1 + 13.6/(P - 25)) > 0 (12) 
C02" A2 

for 	PA 37.24. 
CO2 

0 0 

The 	relationship between V and VA is developed as follows.
 
0 0 

V = V - f VD (13)' 

where VD = dead space 
0
 

and f = V/V = respiratory frequency. 
T 

Dead space is calculated from an empirical relationship. 

VD = 0.0785V T + 0.1107 (14) 

where VT = 0.134 0 = tidal volume. 

In addition to the equation that describes the relation­

ship between alveolar ventilation and minute volume other
 

important qualities which distinguish Lloyd and Cunningham's
 

equation from Gray's equation are listed here.
 

1. 	 As mentioned previously, CO2 and 02 effects are
 

both multiplicative and additive.
 

2. 	 It is not extended beyond known experimental data
 

(valid only for PA > 37.24 mm Hg).
 

0
 

3. 	Multiplicative effects produce a more significant
 

response under the 
conditions of 
low 02 - high CO2 

levels. 

Several three-dimensional plots are presented by Milhorn 

and Brown illustrating the comparison! of Gray's controller 

equation and Lloyd and Cunningham'- control equation. The 

following combinations of varab]es were considered. 



a 

Case A. 	 P1 02' PIC02' A
 

Case B. P10 Pico2I VT '
 
2 2
 

Case C. P102 Pico2' f
 

0 
Case D. 	 PA02 PA c02 VA
 

Case E. 	 PA02, PAc2, VT
 

Case F. 	 PA02 PA CO2 f
 

A very brief explanation of each case is instructive.
 
a 

Case At 	 Peak values for VA occurred for low PIO 2 and high
 

PIC02 with Lloyd and Cunningham's equation giving
 

the larger values. Lloyd and Cunningham's results
 

were undefined when PIC02 and- P02 were both low.
 

Case B: 	 Peak values for VT occurred for low PIO 2 and high
 

PIC02 with Lloyd and Cunn-ngham's equation giving
 

the larger values. Lloyd and Cunningham's results
 

were undefined when PIC02 and PIO 2 were both low.
 

Case C: 	 The highest frequency (breaths/min) occurred for
 

low,PI02 and high P ICO. Lloyd and Cunningbam's
 

results were undefined when P1 0 2 and PIC02 were both
 

low.
 

Case D: 	 Peak values for VA occurred for low PA and high

A2
 

PA with Lloyd and Cunningham's equation giving
A0
 

the larger values. Lloyd and Cunningham's
 

results illustrate an undefined region for PA
 

002
37.24 mm 	Hg. 
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Case E: 	 Very similar results were obtained for VT with both
 

equations for PA 2 37.24 mm Hg. Lloyd and
CO
0
 

Cunningham's equation did give larger values
 

for VT in the extreme cases corresponding to low
 

PA and high PA "
 

Case F: 	 Very similar results were obtained for f with both
 

equations for PA 2 37.24 mm Hg. Once again Lloyd
AO
0
 

and Cunningham's results were undefined for 

PA 37.24 mm Hg. 

A suggestion for implementation of Lloyd and Cunningham's
 

equation into Grodins' model will be presented in a later
 

section. Of course, this would have to be expanded to include
 

the exercise phenomenon since this equation doesn't involve
 

all of the physiological variables associated with exercise.
 

E. A Model Evaluating Transient Ventilatory Responses
 

Reynolds, et al. (5) developed an experimental technique
 

for evaluating the transient ventilatory response to various
 

mixtures of CO2 in air. The recorded outputs for the system
 

included respiratory frequency (f), tidal volume (VT),
 

alveolar oxygen tension (P 
A 2 

), and alveolar carbon dioxide 

tension 
o 

(P ).A 0 0 2 Minute ventilation in liters/min 

0 
(V) was 

CO2 
computed as a function of tidal volume and 

frequency.
 

Because of insufficient technolo-.y to adequately measure
 

the cyclic phenemona associated with ventilatory transients
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at the time of these experiments, the time constants associated
 

with the respiratory variables were not well documented. Also
 

the correlation between the strength of the stimuli and the
 

magnitudesof the responses were uncharted. Therefore, the
 

basic purpose of these experiments was to accurately record
 

f. V T' PA ' P , and V for different step inputs of CO 202 nC022
 

air mixtures in order to better define the transient
 

response and justify the respiratory control system models in
 

existence.
 

The experimental arrangement will not be completely
 

discussed here. It should be mentioned that the experiments
 

consisted of a 20-minute prestimulus period, a 25-minute
 

stimulus period, and followed by an off-transient period of
 

20 minutes. The stimuli were 3, 5, 6, or 7% C02 - air mixtures.
 

A trigger circuit detected the flow signal. The gases
 

were continuously sampled and analyzed by a Beckman LB-I
 

infrared CO2 analyzer and a Thermox 0 analyzer. The

2 2
 

expiratory flow signals, 0 tension, CO tension, and the
 
2 02 

output of the trigger circuit were all recorded on magnetic 

tape. After the experiments the results were analyzed 

yielding the respiratory -frequency, minute ventilation, and 

alveolar concentrations. 

A summary of the results is directed tow22 the categbries 

of tidal volume, respiratory frequency, minute ientilation, 

alveolar C02, alveolir 0., transient half-tircr, and the 

subjective efieetz for the ;ubjeets. 
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1. 	 Tidal volume: Rapid initial transient with a more rapid
 

,off-transient with ll stimuli. No overshoot in either
 

on- or off-transient.
 

2. 	Respiratory frequency: Slower on- and off-transient
 

than with tidal volume. These data can be used in
 

defining a better frequency evaluation in Grodins' model.
 

3. 	Minute ventilation: Smooth response for both on- and off­

transient with no overshoots. Steady-state values are
 

reached in a shorter period of time than that for the
 

steady-state values of frequency. The opposite is true
 

in comparison to the steady-state Values of tidal volume.
 

]. 	 Alveolar C02:' Very rapid on-transients and off-transients
 

with an overshoot occurring in the off-transient for
 

all stimuli cases. This is in agreement with simulations
 

using Grodins' program. Lower CO2 levels also caused
 

overshoots in the on-transient indicating that the stimuli
 

were not of sufficient strength to ventilate the overload
 

of CO2.
 

5. 	Alveolar 0 : No overshoots were observed in relatively
 

rapid on-transients. The half-times for the off-transients
 

were longer than for the on-transients. There were over­

shoots in the off-transients for the higher concentrations
 

of CO2 input.
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6. 	 Transient half-times: On-transient half-times increased 
0
 

for f, V, and YT for increasing levels of C02' On­

transient half-times for PA decreased as the C02 level
 

was 	increased,. On-transient half-times for A
 

remained fairly constant for the various 002
 

stimuli levels. In the off-transient VT and V
 

half-times decreased for increasing CO. levels. 0ff-transient
 

P 0 	half-times increased for increasing C02 levels. Once 

again the PC02 half-times remained constant for increasing
 

stimuli CO2 levels.. Generally speaking, the off-transients'
 

half-times were shorter for each variable than the corre­

sponding on-transients except for PA " The respiratory

A0 

frequency seemed to have the mLost sluggish response 

of all the variables.
 

0 	 0
 

Average response plots of VT' f, and V were given. The V
 

versus time, t, plots for the various levels of CO2 stimuli
 

correspond to the results of similar simulations with
 

Grodins' model although the exact inspired fractional
 

concentrations of gases were not used.
 

7. 	 Subjective effects: Subjective effects included dyspnea, 

warmth, dizziness, headache, and visual disturbances all, 

with varying degrees of severity and at different levels 
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of stimuli. All subjects returned to a "normal" feeling
 

after removal of the stimuli.
 

The above summaries of the responses of the variables
 

to'the C02 stimuli illustrate that much information can be
 

gained from studying such transient responses. These types
 

of relationships are particularly important when subjects
 

are exposed to rapid changes in the gaseous mixtures of the
 

air. Certainly this type of experimental evidence is needed
 

to establish a more physiologically sound model.
 

F. A Model Evaluating CSF Subsystem Involvement in Ventilation
 

The H+ concentration is a variable that is well established
 

as a contributor to the control of ventilation. Grodins'
 

model uses special weightings of the H+ concent-rations in
 

the CSF compartment, the venous blood of the brain, and at
 

the carotid bodies' site to control ventilation, With
 

Grodins' model any combination of weightings for the
 

Cor C( rB) can be utilized. Thus the research
(+)Ct-


of Milhorn et al. (6) which attempts to establish an appropriate
 

detecting site within the brain structure can be used to
 

justify the weightings in Grodins' model. The primary purpose
 

of this model was to establish a satisfactory transient
 

response in ventilation which would apply if the CO 2 detection
 

site was assumed'to be on either side of the central receptors.
 

The controlled system aspect of the model was based upon 

the previous developmens of Milhorn eL al. (i) and Grodins 
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et al. (9) with the compartments being the brain,, lungs',
 

cerebrospinal fluid,, tissue, and peripheral sensor (playing
 

the role of the carotid bodies). The mathematical develop­

ment is essentially the same as for Grodins' model except
 

for the'peripheral sensor. Since this is the most charac­

teristic aspect of the model and the one which distinguishes
 

the model from all others the equation which defines the C02
 

tension at the proposed sensor site is repeated here.
 

0 PB F
F'CS + (P CS ) exp [- ,Si (15)
oo2-
 02 cL0 B j 

where
 

PB = Deep brain tissue C02 tension,

002
 

PCSFc2 = Cerebrospinal fluid Co 2 tension,
 

oQCS = Average blood flow at sensor site,
 

S = C02 dissociation curve's slope,
 

D = Brain tissue CO diffusion coefficient, and
2 


X = Depth of sensor below medulla's surface.
 

With this model ventilation is controlled by peripheral
 

sensor H+ concentration (Cp H+) and central sensor H+
 

concentration (CCSH+). In summary, CCSH+ is given by
 

CS = exp(-2.303 pH0 S) (16) 

where 

ics = 6.11 + Ioz-(CcsCO (C0O/760)PcC (17) 
lj% ( 02 00002 1)2
 

(oC 0 /76o) P SC 2 



23,.ORIGINAL PAGEIS9 
OF POOR.QUAMfY 

with CCO 2 = Solubility of C02 in brain compartment
 

and CCSCO2 = Concentration of CO at sensor site. (6)
2
O~o 2
 

Pulm'onary ventilation (V) is the sum of two signals. 

One signal involves the functional dependence upon CCSH+ 

and the other signal-is a function of CP . The weighting 

is distributed such that for a given weighting of the central
 

sensors the peripheral sensors' signal has a weighting of
 

100% minus the central sensors' weighting. Tidal volume
 

(VT) is then generated from a functional relationship of V.
 

In a like manner dead space volume (VD ) is generated from a 

linear relationship with V - Respiratory frequency (f) is 
C T
 

the ratio V/V T which is then multiplied by VD to yield minute
 

dead space, (fVD). The difference between minute dead space
 

an& pulmonary ventilation is the alveolar ventilation (VA).
 

Alveolar ventilation is then used as an input to the controlle'd
 

system.
 

The unique contribution of this research is associated
 

with the determination of the sensor depth, X, which appears
 

in Equation 15. A simulation was run for an inspired gaseous
 

concentration of 7% C02 with varying values for I. The range
 

of sensor depth tested was 0 Z X Z 1000i with the ventilation
 

transient responding more rapidly for the sensor sites'
 

greater depths, A value of 2801 was then used for further
 

evaluation of the model, Utilizing a CO,, tension gradient 

this depth corresr'ond to a Position which is 77% of the 

distance betwecu cerubioopinaL fluid PC 2 and deep brain 

tissue PCO 2
 .
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Responses for three different controller equations
 

were evaluated., They were the linear controller equation of
 

Milhorn (1),
 

0 

VA = aI PB -b I (18)

002
 

another controller equati-on developed by Grodins (9),
 
0 

VA =a 2 CCSFH + +b 2 CaH+ -C 1 19)
 

and the proposed controller equation of Milhorn et al. (6),
 

vf 1 (CcsH+) + (l-W) f2 (C sH+) (20)
 

Although no experimental data were shown the study indicates
 

that the results of Equation 19 varied more from the normal
 

expected response than the results of Equations 18 and 20.-


When these three controller equations were compared for
 

perfusion of the medulla surface with a mock cerebrospinal
 

fluid CO2 tension of 71 mm Hg Equation 20 was indicated as
 

giving the best representation of tidal volume (V T ) response.
 

Several other reported research efforts by Milhorn et al. (6)
 

supported the simulation results for the CSF perfusion
 

studies, the fact that CSF ventilatory control shouldn't
 

'be based entirely upon CO2 levels or H+ concentrations, and
 

the fact that there is in all probability an optimum sensor
 

depth.
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,III. CONCLUSIONS
 

A review of respiratory control system models developed
 

by Milhorn and his associates has been presented. Chronologically
 

speaking, the models that were discussed encompass those
 

developments associated with the steady-state models published
 

in the mid-19 6 0's to the more recent investigation concerning
 

a more detailed description of the CSF involvement with the
 

control of respiration. The later developments also attempt
 

to simulate transient responses as well as steady-state
 

responses.
 

The model utilized in the evaluation of the CSF sub­

system's function in the control of respiration most closely
 

parallels the modej developed by Grrdins. (6,9). As was
 

suggested in the Introduction one of the goals of this Study
 

report is to propose modifications for Grodins' model which
 

stem from Milhorn's work. Most of the suggested modifications
 

involve some aspect of the controller equation. Any of the
 

suggested modifications will not involve the exercise simu­

lation subroutines that presently exist in Grodins' modified
 

program. The control of respiration and the system's variable
 

responses that are related to exercise will need to be adjusted
 

so that any new modifications are made compatible with
 

existing exercise controller functions.
 

One form of a controller equation that would be relatively
 

easy to incornorate into Orodins' model is the one suggested
 

by Milhorn with the special weightings indicated by Lambertsen.
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(2) This equation is defined as
 
0 0 0 0 

V 0.12 V (CPS + o44 v (B ) + o.44.v CsF +) (21)(c 0
 

with all the variables defined in the same manner as with
 

Grodins' model.. The neurological exercise contribution could
 

be added to this equation.
 

If Grodins' model was refined to simulate the actual
 

gas exchange mechanism then the efforts of Milhorn and Pulley
 

which describe the venous admixture phenomenon could be
 

implemented. With the existing Grodins' model no quantitative
 

benefit can be obtained from the venous admixture description.
 

If the ventilatory controller equation is considered to
 

be a direct function of the 02 and CO arterial gas tensions
 

instead of the H+ concentration detecting systems then the
 

additive and multiplicative relationship
 

0 
V= 2 (P - 37.24) (1 + 13.G/(PA '- 25)) > 0 (22)CO 2 
 002
 

could be used. One must keep in mind that this equation is
 

developed for PAC 37.24 mm Hg. With the present
A
0 0
 

version of Grodins program the alveolar CO2 tension doesn't
 

remain above 37.24 mm Hg when simulating variations in exercise
 

under the environmental conditions of 5 Torr C02 at 260 mm Hg.
 

Consequently, the limitations of this equation will need to
 

be redefined' The variables involved here are e'asily'aecessible
 

in Grodins program. Comparison of-the system's responses
 

using a form of this equation to the responses obtained ­

using the weighttLngs of comparrventLa± H+ concentrations could 

.be beneficial in establishing appropriate detector sites.
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Also, the relationships which were developed in conjunction
 

with Equation 22 between dead space, respiratory frequency,
 

alveolar ventilation and minute-ventilation (some of which
 

are already used in Grtdins' program) could be implemented.
 

In particular, a more,physiologically satisfying description
 

of respiratory frequency could be obtained.
 

A more complex modification would involve the sensor
 

site location for the C02 tension as described by Equation 15
 

and repeated here.
 

P PB + (PCSFco - PB ) exp -x\ QCs' l (2)
C Oc2 C02 2 002 L/_7 

Since the sensor depth (x) has been experimentally justified
 

by Milhorn et al. (6) and all other terms are common to
 

Grodins'. program, the components of Grodins' controller
 

equation which rely upon the H+ concentration of the venous
 

blood of the brain and the CSF subsystem could be replaced by
 

a foim of Equation 23. This would be one component of the
 

minute ventilation and would effectively combine the sensing
 

mechanisms of the brain and CSF compartments. If it is
 

more satisfying to have the controller equation be a weighted
 

function of H+ concentrations the PCS can be converted into
C0% 

a term corresponding to the H+ concentration at the effective 

sensor site. This relationship is also developed by Milhorn 

et al. (6) 

As previously implLed, any modification to Grodins' 

program evolvinft from Milhorn's research will need to be 

adjusted so that the exercise phenomenon can be simulated. 
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The latter two modifications that are suggested would be the
 

most beneficial to pursue. They would add some detail and
 

additional flexibility for adjusting responses which are
 

missing in the present modified version- of Grodins' model.
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6.3 	 Program Listing for the Modified Grodins' Respiratory Control System 

Minor modifications are indicated in the right hand margins of subroutines RC13 and 

RC17. The addition to RC13 is to prevent the simulation from getting into a loop which 

was found to occur under certain conditions. The RC17 modification provides additional 

print routines as mentioned in the text. 
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