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ABSTRACT

The main objective of thia paper is to consider the ana-
lysis of the block diagram representation of the respiratory
system. It considers a review of the adaptive structure of
the lung and the pulmonary ventilation. The discussion reviews
the nature of tne adsptive mechanism of the system when the
environmentsl pressure increases or decreases around the normal
pressure. Several models of the adaptive structure have been
discussed to show the engineering sense of the adaptive respir~-
atory system.

Part (I):
INTRODUCTION

. m — —— i —— -

The most important function of the lumng and of pulmonary
ventilation is to supply tissue cells with enough 0, and to
Temove axCess COa. To gccomplish this, pulmonary ventilation
mupt increase the partiasl pressure of 0, in the alveoli well
above that in the venous blood flowing through the alveolar
capillaries., This loads tihe blood flowing to tissue cells
with 02. It must alsc lower the partisl pressure of GO2 in
the alveoli below thet in vencus blood. This unlosds excess
002 from the blood destined for tissue cells. Gases move bet-
ween alveoli and thelr capillary blood and between tissues and
their capillary blood because of a difference in thelr psrtisl
pressure. Ibv the lungs, the gasesn wure 02, 002, N
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(as water vepout); at 37°C. Their partial pressures are 104,
40, 96Y end 47 mm hHg. respectively [1]. These are average
values for healthy resting man st sea level; values of 502
FCO, and PN2 fluctuate from breath to breath and during a s8in-
gle breath. Total ventilation is the volume of alr entering
or leaving thenose and mouth during each breath (tidal volume)
[l]. Alveolar ventiletion is the volume of fresh alr entering
the alveoli each breath. Alveolar ventilation is always lesn
than total ventilstion. The discrepancy between alveolar :/i.l
total verntilation depends op the anatomic dead space, tidal
volume and fequency of breathing.

There 1s a high partial pressure of N2 in blood and in
tissues because man breathes 7Y% N2 and is surrounded by 7Y9%
Na. Since ﬁa is not used in metsbolic processes, it ucls us
an ipert ,us and simply dissclves in blood and body tissued.
Heunery's law states tLuat such gpases dissolve in liquids in
direct proportiom to their partial pressure.

If man ascends to a high altitude, the PN2 decreases 1in
inspired sir and alveolar gas, but 1s still high in tissues
and blood. Dissolved N2 must then diffuse from tissues to
blood and from blood to alveolar gas until tissue and blood
and air tensgion of Nz al'é¢ ayein egqual. If the asceut and
resulting decreage in ambient PN2 occur slowly, nitropen prad-
ually leaves the tissues and blood by diffusion and no symploas
occur, If however, the ascent is ebrupt, the dissolved hg in
tissues sud vlood comes out of solution too rapidly to te care
ried awsy by diffusion, and gas bubbles form (just ac wher
water that has been equilibrated with air is exposed to a
vecuun), IT 02 bubbles form, these csn be used locally in
tissue metavolism, CO& is not involved, since these is very
1ittle €O, in embient air. Thus the problem is largely one

of Na bubblea, which can be removed only by difiusion.
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when man bregthes ailr at 3 atmospheres, his alveolar PN2
ciges shout 3 fold. This causes 3 times as much Nzto dissolve
ir: palmonary capillary blood, and the blood distributes this
o budy tissues. DBut blood volume is only 3% of the body vol-~
me, and counsiderable time is mneeded for blood to carry enough
HE to tissues to gaturate them at new PNZ. Some tissueg that
r1ave 4 rapid blood flow and dissolve little N2 comes to the
lew PN, quickly other tissues, such as fat cells full of fat
iroplets,, have less blood flour per gram of tissue but disso-~
lve % tilmes as much “2 per gramj these come to the new PN2
iuckt more slowly. If man gees to 3 atmogphere pressure for
wief pariods, he adds little N2 to his tissues and will not
suffer f he asscends rapidly. 1If he stays long enough fur
e tissues to loed up more N,, he must come up (decoi:press)
iiowly., A diver can escape the bends and chokes by ovreathing
.y for meveral hours before diving; this ellminates dissolved
.; irom the tissues, If after N2 elimination, he dives, brea-
hing air at high pressure, he will accumulate N2 but the total

wody Na will be much less because his tissues started rear

ero level of NZ'

wmrt (ID)s
Hs ADAPTIVE STRUCTURE OF THE RESFIRATORY SISisd.

The respiratory center in the brain is responaible for
he zcaptation or regulation of breathing due to any changes
¥ respiratory parameters, The informations go to brain by
eul’sl pethways., Regulation depends on:

J lwcal gas pressures and FH in blood end in brain tissuse

(cerebroepinael fluid), allowing foi1 direct "chemical' con-
t, ".'01. I

) drurel informetion "feed-back" from chemosensitive nervous
ztructure in the carotid body and sortic arch, which sllowp

o

Fer "neurochemical control.
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3) Afferent neural informations from stretch receptors in the
tissues of the lung, airways, and chest wsll, allowing for
“"neuromechanical"™ control, (Fig. 1).

A schematic representation of the human respiratory system
is shown in (Fig. 2). [ll]. Respiration is dependent upon neu-
ral impulses which originate in the lower brain (medulla) and
are trensmitted to the chest cavity (thorax) and diaphragm to
govern both the rate and depth of breathing. OControl of both
rate and depth of breathing is governed primarily by neural
signals initiated at central and peripheral sites in the body
and transmitted to respiratory cemter, (Fig. 1). Because of
the importance of the chemoreceptors in the automatic feedback
control of respiration, it is customary to distinguish between
chemical control and nonchemical control and to refer to the
latter as neursl., As indicates in (Fig. 1), the neursl control
can be reflex in nature, as are the signals arising from stre-
tch receptors in the lungs, etc., or it cam be at the conscious

level, associanted with vocslization, emotion, or exercise anti-
cipation.

Chemoreceptors involved in respiraetion are located centr-
ally at or near the respiratory center and peripherglly in the
carotid body, the sortic body, and with less importande, in
other locations. The central chemoreceptors are responsive
primarily to carbon dioxide and hydrogen ion concentration,
Their location in the medulls, perfused with blood and bathed
in cerebrospinal fluid, suggests that these chemoreceptore are
responsive to chemical changes in both cerebrsl blood and cere-
brospinal fluid. The carotid chemoreceptor is located in the
neck negr the bifurcation of the common carotid artery. The
gortic chemoreceptors are situated in the arch of the aorta,
the main blood vessel leaving the heart., Information gbout
the oxygen concentration of the blood comes primarily from
these peripheral chemoreceptors, although they are slso sens-

ijtive, to a lesser extent, to carbon dioxide and hydrogen ion
concentration.
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Fi YIQUS TESTS ON RESPIRATORY CONTRQL SYSTEM.
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Fig. (1) Signal flow of respiratory center.

A nunber of tests, both chemical and experimental, have

be n devised to elict information asbout the human respiratory

8y tem.

re¢ ate to the control mspects of respiration.

The discussion here will emphasize only those which
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Pig., 2 3

Punctional Block Diagrem of Respiratory Control System .

involved in vausing exerclse hyperrnee.

e

Indicated kow the respiratory system is couprleld witk

local control loop is involved in control of respiratory chythm erd depth.

Represents afferent neura®l pathways frocm muscles thatprctatly are

2irculaticn,
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In a classical work on the regulation of respiration Dou-
glas and Haldane [12] conducated a series of tests designed to
investigate the cuuse of periodic breathing. This term refers
not to the regular inhalation and expirstion of air which nor-
mal man experiences, but 1o a periodicity in the total effect
- ventilation as megsured in liters per minute, Venlilation
is normally relatively constant at about six to eight liters
per minute, However, ther are subjects in which ventilation,
at rest, is periodic., Ventilation builds up from zero to pr.=-
haps 16 liters per minute and back to zero in cyclic fashion
whith & period of 30-90 secdnds. For 10~30 seconds of this
period apnea exists, i.e, there is no breathing. Douglas and
Haldane showed that transient periodic breathing could be
induced in a normmal individual by a period of two minutes of
hyperventilation (deep breathing). This resulted typically
in an apneic period of about two minutes, followed by several
sycles of periodic breathing. In this investigation, Douglas
and Haldane reported s number of variations on the bgasgic expe-
riment, including shortening the period of forced breathing,
sreatning pure oxygen durlog the last two or three breaths of
1yperventilation, and breathling an oxygen-poor mixture for the
last two or three brenths of hyperventilation. They alsc sho-
ved that periodic respiration could be induced by having the
subject breathe through a tin of soda-lime (which removes 002
‘rom the air passing through it), the distel snd of which is
onnected to s long tubse, Effectively, the subject rebreaths
\is own expired air after it has been deprived of 002.

‘aristions on this experiment include changing the length of
he tube and removing the G02 filter,

The effect of inhaling carbon dioxide on the respirstory
atterns of patlents exhibitiny periodic breathing has been
nvestigated by Lange [;i]. An interesting snimgl experiment
howing the effect of cerebrospiral fluid composition on res-
iration waes reported by Mitchell [l%], who were able to change
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suddenly the carbon dioxide concentration in the 4 cerebrospinal

fluid of the cat and observe the consequent effects on respira-
tion.

One of interesting investigations for studylng the dynamics
of exercise was reported by Marsour and El-Awady [iB] e It was
geperally accepted that the control of respiration during exer-
clse 18 dependent on chemical factors. A resplratory adaption
curve dus to change in value of exercises was deduced, this value
was measured by the amount of laotic acid in the body; (Flg. 3).

-
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Figs (3)1 Respiratory Adaption Time due to
Dynemics of Exercise.
Part (IV)s

MATHEM ATICAL MODELING OF THE RESPIRATORY CONTROL SYSTIM,

Grodins and hls associates, in the classical work published
in 1954, [iﬁ] y were the first to apply the techniques of mathe-
matical modeling to the respiratory control system, A block
diasgram illustrating their concept is shown in(Flg. 4). In this
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podel, as in most that have followed, individusl events during
the respiratory cycle or cardiac cycle are not represeunted.

_Veins Body 00, Arteries
I Reservoir
I
)
’ 002
Sanaor
{
t
|
I
Lo e = .
Ventilation Lung €O,
R Reservolir

Fig. (4)t Block Diagram of Grodins Model of the
Respiratory Control System. 1954,

Tha lungs are viewed as a rigid box through which air
irculates gt the ventilation rate and exchanges gases with
lood flowing at a fixad rate. In Grodins' model, the ventila=-
fon rate is assumed to be linearly dependent on the partial
ressure of carbon dioxide in the venous blood. The linear,
teady=-state relationship between alveolar ventilation and the
32 partial pressure of arterial blood had been established
arlier by Gray [17] » He had elsc shown the linear relation-
1ip between the concentration of hydrogen ions and GO2 partial
. wssure of normsl blood. Therefore, the effects of FH and
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CO, changes are combined in the model. In Grodins' model, the
effect of 02 partisl pressure on the control of ventilation is
neglected. Gray had shown this to be gpproximately valid for
02 partial pressures of 75 percent normal and above. Two sin-
gle time constant reservoirs for carbon dioxide are included

in the model.: The lung reservoir and the body tissue reserv-
oir.

In sn effect to gain better understanding of periodic
breathing, Horgan and Lange [13] presented a model in 1962 in
which ventilation was assumed to be dependent on arterial blood,
as shown in(Fig. 5). Transport deley snd mixing were introduced
between lung and arterial chemoreceptors to simulate the flow
of blood through the lung and left heart. This delsy time was
c¢losely related to the period of Cheyne-Stokes respiration as
had been observed in patients by Lange and Hecht [19] e ID &
1963 publication of Horgsn and Lange, [20] » The chemoreceptor
characteristic was restored to Gray's form and a second oxygen
control loop was added (Fig. 6).

In 1964, Horgan and Lange [2;] presented a model of the
respiratory control system which included the effects of CO2
in the cerebrospinal fluid and brain tissue. A more detgiled

account was publisbed in 1965 [22] o This refinement developed
as a result of attempts to simulate 002 inhaelation with sn
earlier model [20] « Such simulation was successful only if
one of the model time constants assoclated witb mixing in the
left heart was arbitrarily increassed from 10 to 20 seconds.
Unfortunately, induced pesriodic breathing could not be simula-
ted with tbis change, Fortunately, the experimental work of
Mitchell [14] « Made 1t possible to induce the effect of cere-~
brospinal fluid, which was assoclated with a time constant of
20 seconds, and thus develop a simulstion which could mimic
both the high frequency phenomena associated with Cheyne-Stokes

resplration and the low-frequency phenomena assoclated with 002
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Fige. (9)1 Block Diagram of Horgan snd Lange
Reagpiratory System. 1962.

inhalation. (Fige 7) shows the block diagram of this model.

In 1965, Milhorn and Guyton published an analogue computer
analysis of Cheyne-Stoke breathing [é3] « The model, an exten-
sion of Grodins' esarlier model, includes the addition of circu=-
lstion times and ventilatory dead space., Like Grodins, they
assumed that the chemoreceptor was responsive to tissue CO2
concentration rather than to the 002 in the arterial blood.
Thus, while the model could successfully simulste the relative
ely slow phenomena observed in 002 inhalation, it could demon-
atrate Cheyne-3Stokes respiration only when one or more parameters
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were adjusted to unusuglly high or low velues. For exemple, if
controller gein is normel, circulation delay time in the model
had to be increased to three and one-half minutes, correspond-

ing to a period of seven minutes, to produce sustained period-
lcity.

A more detailed model was also published by Milborn in
1965 [?4] ¢« It ix esseptially a three-reservoir model which
includes & lung reservoir, a braib reservoir and a body reser-
voir, with circulation time delpys between each (Fig., 8). The
effects of both CO2 and 02 on cerebral blood flow, as well as
on ventilation, are included. The CO2 chemoreceptor was now
assumed to be responsive to cerebral vemnous bloods This intro-
duced an additional 80 seconds first order time lag, as compared
with a chemoreceptor responsive to srterial blood, making
Cheyne-Btokes simulation difficult,

In 1966, Longobards [;7] « Published the model of the
humsn respirstory system shown in (Fig. 9). It is similar to
the model published earlier by Milborn and Guyton [24] y with
two important differences: (1) The chemoreceptor 1is assumed to
be responsive to arterisl blood rather than cerebral venous
blood. (@) The response to CO, and O, is taken to be multipli-
cative rather than additive as in all previously published
models. Evidence for this multiplicative relationship has been
presented by Nielsen and Smith [26] and otiers.
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