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ABSTRACT The respiratory control system is treated as linear with a transmis-
sion delay between ventilation and sensing points (chemoreceptors). To the
accepted variables involving body gas stores, ventilatory effects, transmission
effects, and steady state pH, Poo,, Po, chemoreceptor response, certain detailed
analysis of the central receptors have been added. By construction of a model
for medullary CO, receptor utilizing expected values of CNS (central nervous
system) circulation, CO, production, and tissue-buffering effects, results of ex-
perimental observation of the effects of alteration of CSF were simulated. The
inclusion of CSF effects also allowed simulation of the response to alteration in
inspired CO,, hyperventilation, and the periodic breathing with prolongation of
circulation time.

The importance of CSF (cerebrospinal fluid) in the regulation of respiration was
suggested by Leusen in 1950 (15) and further investigated by Loeschcke in 1958 (16).
More recently the observation by Lambertsen (12) of the time course of the increase
in ventilation induced by stepwise increase in inspired CO, and the rate of change
of arterial and CSF pH, allowed an estimate of the relative contribution of CSF
and arterial blood to ventilation as well as an indication of the time constants of the
two controlling systems; a rapidly responding fraction of chemoreceptors reflecting
blood gases and a more slowly changing fraction reflecting CSF. The net effect
would be to reduce or damp the ventilatory response to transient changes in
P,co. (12). Mitchell, Loeschcke, Massion, and Severinghaus (17) improved upon
earlier CSF perfusion studies and concluded that a sudden change in CSF Pgo,
is followed by a brief delay and that a change in ventilation occurs with a time
constant of 20 seconds. These factors must be incorporated into any respiratory
control system analysis especially when low frequency phenomena are simulated.
Simulation of the human respiratory system began with the work of Grodins (6),
and was followed by that of Defares (3). Both models were reasonably successful in
simulating ventilatory response to CO, inhalation, but could not simulate short-time
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effects, such as those associated with periodic breathing. In their published work
(7, 8) Horgan and Lange have presented the details of a model which does successfully
simulate Cheyne-Stokes respiration. However, as this model was investigated further,
two difficulties were encountered. In order to attain reasonable success in the simula-
tion of CO, inhalation experiments, it was necessary to increase one of the time
constants associated with the mixing of blood gases in the left heart from 10 to 20
seconds. On the other hand, recent experimental investigations indicate that this
time constant should be much less than 10 seconds. These include the work of Lange
(13, 14) in determining the effects of pulmonary artery to arterial passage from
multiple indicator dilution curves, and the investigation of Charlton, Read, and
Read (2) relating to the response of arterial blood gases to changes in alveolar gas.

Although the buffering effects of CSF have been recognized (11, 12, 15, and 16)
these were not included in our earlier model. There, it was assumed that the activity
of all of the chemoreceptors closely followed the changes in arterial blood. The work of
Mitchell et al. (17) yielded information on the time course of ventilation following
sudden changes in Pgo, of cerebrospinal fluid. This allowed the inclusion of two
additional storage compartments for CO,—one representing the brain tissue, the
other representing the cerebrospinal fluid. It is this improved model which is discussed
in this paper.

METHODS

The basic ideas incorporated in the model are represented in the block diagram of Fig. 1.
Except for the treatment of brain tissue and cerebrospinal fluid, the concepts are those
described in detail in reference (8). Following the multiple factor theory of Gray (5), ventila-
tion is taken to be proportional to the sum of factors dependent upon the P¢o,, Po,, and
pH of arterial blood. The pH does not appear explicitly in the diagram since it is assumed
to depend on Pgo, in the manner described by Gray. In the lung system block, equations
based on conservation of CO, and O, describe a dynamic relationship between the input,
ventilation, and the outputs, venous-arterial differences of both CO, and O; contents of
blood. Equations describing the delay and mixing of the blood gases in the lung and left
heart are based on knowledge obtained from indicator dilution measurements. To account
for metabolism and the CO, and O, stores in the body, the equations used reflect the con-
servation of CO; and O; in two “‘storage” compartments.

In the previous model, both O, and CO, chemoreceptors were assumed to be affected
only by the tensions in arterial blood. In the newer model, no change is made in the represen-
tation of the O, chemoreceptor, but the action of the CO. chemoreceptor is assumed to
be modified by the buffering capacity of brain tissue and cerebrospinal fluid.

Fig. 2 illustrates the manner in which this model represents the relations between ventila-
tion and the CO. tensions of arterial blood, brain tissue, and cerebrospinal fluid. The CO,
chemoreceptors are considered to be distributed throughout a certain volume of brain
tissue, including the areas on the ventrolateral surface of the medulla suggested by Mitchell
et al. (17). This volume of tissue is perfused with blood, and its surface is considered in
contact with cerebrospinal fluid. Accordingly, CO. can diffuse between blood and tissue,
blood and CSF, and tissue and fluid.

Ideally, the concept set forth in Fig. 2 should be modeled as a distributed parameter
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FiGURE 1 Block diagram of respiratory control system.
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FIGURE 2 Schematic representation of the dependence of the action of CO; chem-
oreceptors on the CO, tensions of arterial blood, cerebrospinal fluid, and cerebral
tissue.

system, because of the volume distribution of the perfusion, the metabolically produced
CO,, and the chemoreceptors. Such a detailed representation is not consistent with the
rest of the simulation depicted in Fig. 1. In its place, the simplified, lumped parameter
concept of Fig. 3 is used. In each of the three compartments which replace the distributed
system, perfect mixing is postulated so that the tensions Pggp, Pyr, and P, are representative
values for the three regions: CSF, ventrolateral surface, and brain tissue. Diffusion is assumed
to take place at each barrier as indicated.
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FIGURE 3 Three compartment representation of the distributed parameter system
of Fig. 2.

The volume representing the ventrolateral surface (V) is considered in close contact
with the cerebrospinal fluid and, therefore, primarily under the influence of CSF. Thus, for
the present purpose, it is reasonable to neglect the CO, exchange between arterial blood
and this volume in comparison with the CO, exchange between arterial blood and the
remaining tissue. Further, the influence of the CO; tension of the CSF is considered much
greater than that of the CO; produced metabolically in ¥y, because of the rapid diffusion
into the CSF so that metabolically produced CO. is introduced only in the brain tissue
compartment.

The distribution of the chemoreceptors is accounted for by assuming that the ventilatory
drive is made up of 100 (K) per cent of the CO. tension at the ventrolateral surface, Py,
and 100 (1 — K) per cent of the CO. tension in the arterial blood, P, ,,. Since Py, is inti-
mately related to Pggr, because of diffusion across the CSF-tissue barrier, K and (1 — K)
represent the relative effects of the CO, tensions of the CSF and arterial blood on ventilation.
Following Mitchell ez al. (17), we have taken K to be typically 0.4 in the cat.

In order that the number of variables involved in the CSF-tissue model be reduced to
correspond to the number of those which can be evaluated experimentally, the concept
has been further simplified, as shown in Fig. 4. The assumption that the volume representing
the ventrolateral surface is primarily under the influence of the cerebrospinal fluid, allows
elimination of the effect of this small volume in considering CO. diffusion between blood
and CSF. Thus the direct diffusion path, K, is indicated. The path, K,, indicates that we
have considered that all of the CO. diffusing into brain tissue from CSF is confined to the
ventrolateral surface (because of the short diffusion length) and that a negligible amount
continues on to the remaining tissue. For both paths, diffusion rate is assumed proportional
to the differences of tensions across the barriers.

The relations diagrammed in Fig. 4 can be described with the set of equations developed
in the Appendix. Using equations 9 through 12 as a guide, it is possible to construct the
block diagram of Fig. 5. The three blocks in Fig. 5 involving the time constants 7’7, Tgg,
Ty, represent exponential type time lags. For example, if P,;,, suddenly increases in a
step fashion, P, will rise exponentially with a time constant of, Tr seconds. If Pq suddenly
increases, Py, will rise exponentially with a time constant of Ty, seconds. Typical values
are, Tr = 80 seconds, Toqr = 220 seconds, and Ty = 40 seconds.

As shown in the Appendix, the brain tissue time constant, Ty, is equal to K/(Q3.E).
Ky, the slope of the CO. dissociation curve for brain tissue, is taken as 0.36 volume per
cent/mm Hg, the value given in reference (9) for dog brain: E, the corresponding slope

938 BIOPHYSICAL JOURNAL VOLUME 5 1965



Ree
Ka
Sl A R L T
x | oray's | e
EQUATION A
/’
MR.—D P — Q.(:Acoz
2 .
> QGyeo,
Ficure 4 Simplified schematic representation of the three compartment model of
Fig. 3.
=K
% CONSTANTS BRAIN TISSUE TENSION
Ko MRy /
+
e | G|+ [100 oy |
w\ 100 L+ Ty
ARTERIAL TENSION
R L5 GRAY'S o
:" &-’ EQUATION [PV
CSF TENSION ALVEOLAR /

VENTILATION

R
i L
iF sy | %1 %

TIME LAGVS\VENTROLATERAL TENSION

FiGUre 5 Block diagram of the equations used to represent the dependence of
ventilation on the CO; tensions of arterial blood, cerebrospinal fluid, and cerebral
tissue.

for blood, is taken as 0.45 volume per cent/mm Hg. Q 3, cerebral blood flow, is taken
0.6 ml/minute per ml of brain tissue (10, 11). Thus, 7r = 1.33 minutes = 80 seconds.

When arterial Pgo, is suddenly raised, the Pgo, in the cerebrospinal fluid lags behind
with a time constant of about 5 minutes (17). In the block diagram of Fig. 5, this time lag
of 300 seconds between arterial blood and CSF is represented by the cascade combination of
Ty and Tge. Since Ty is taken as 80 seconds, Togp is taken to be 200 seconds.
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The time constant, Ty, is that associated with the response of ventilation to sudden
changes in the CO. tension of cerebrospinal fluid. Mitchell et al. (17) indicate that ventilation
stabilizes at an increased level in about 60 seconds in résponse to sudden change in Pggp.
If we assume stabilization in three time constants, this implies a time constant of 20 seconds.
1t should be remembered, however, that when P.g, suddenly increases, ventilation “heads
for” a high value because compensation through arterial chemoreceptors has not yet come
into play. In order to stabilize at the compensated level with a 20 second time constant, it
is necessary to “head for” the higher, uncompensated value with a longer time constant.
For the cat, this longer time constant is about 40 seconds.

RESULTS

The equations represented by Figs. 1 and 5 have been programmed on the IBM
1620. A flow diagram is available upon request.
Important parameters, descriptive of the cat, were taken as follows:

T ,, brain tissue time constant 80 seconds
Tgr» CSF time constant (17) 220 seconds
Ty 1, ventrolateral surface time constant (17) 40 seconds

T, appearance time, pulmonary artery to femoral artery (17) 3 seconds
T,, T;, time constants associated with mixing in lung

and left heart (13, 14) 1 second
2 seconds
Terr, CO; body stores time constant (7, 8) 150 seconds
K, fractional effect of CSF on ventilation (17) 0.4
¥, resting alveolar ventilation (1) 265 ml/minute
AV co,, normal arterial-venous CO, content difference 4 volume per
cent
P, co,, normal arterial CO, tension 30 mm Hg
Pyco,, normal venous CO, tension 34 mm Hg
C.co,, normal arterial CO, content 40 volume per
cent
R. Q., respiratory quotient 0.8
O, cerebral blood flow (10, 11) 70 ml/minute
FRC, function residual capacity 150 ml

With these values, the experiment of Mitchell e al. (17) was simulated. In this
experiment, the CO, tension of cerebrospinal fluid, P, was increased in steps.
The experimental results, (Fig. 6a) show the effect on tidal volume and expired
Pco, of sudden changes in P .. Beginning with its normal value, P, was suddenly
increased by 20 mm Hg and held at this value for about 5 minutes. This was followed
by another increase of 20 mm Hg for 5 minutes, and then a decrease of 20 mm Hg.
Fig. 6b shows the computer results of running the same experiment on the model
of Figs. 1 and 5.
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FIGURE 6 (a) Experimental results of Mitchell ez al. showing the effect of suddenly
changing Pcsr, the CO: tension of mock cerebrospinal fluid of a cat. [Fig. 6a is from
J. Appl. Physiol., 1963, 18, 528, Fig. 5, (courtesy of authors, reference (17) and
Journal of Applied Physiology)]. (b) Simulated results, showing the effect in the
model, of suddenly changing the CO: tension of cerebrospinal fluid in the same manner
as in the experiment of Fig. 6a.

DISCUSSION

The agreement between results from the simulated respiratory system of the cat
and the actual experimental results are good. When the CO, tension of CSF was
suddenly changed from 30 to 50 mm Hg, the experimental results show end tidal
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P .o, decreasing to approximately 24 mm Hg; the simulated results also show P.co,
dropping to 24 mm Hg. The measured tidal volume increases to about 140 per cent
and then gradually drops to about 130 per cent. The simulated ventilation increases
to about 150 per cent and gradually drops to about 120 per cent. When the CO,
tension of CSF was suddenly changed from 50 to 70 mm Hg, the experimental results
show end tidal P¢,, decreasing to about 15 mm Hg; the simulated P,c,, drops to
15 mm Hg. The recorded tidal volume increases to about 200 per cent and gradually
drops to about 140 per cent, the simulated ventilation increases to about 225 per cent
and gradually drops to about 200 per cent.

The measured time constant for changes in end tidal P, is about 40 seconds; the
comparable simulated time constant is about 60 seconds. The time to reach peak
ventilation after each change is about 60 seconds, in both experimental and simulated
results. This simulation follows earlier, less precise models in which the steady state
chemoreceptor response was used and an alveolar to arterial transfer function which
did not survive careful scrutiny. That a mathematical model successfully simulates
a given response does not allow the conclusions that the model accurately portrays
the prototype.

Our approach has incorporated increasingly refined simulation of parameters
derived from independent observation and experimentation. Further, the simulation
has progressed from a general identification of parameters which are critical to
the stability or instability of the system (7) to the integrated effects of blood gases
and hydrogen ion concentration (8) and finally includes precise portrayal of circulatory
transfer function and dynamic response of the medullary receptors.

It should be emphasized that this simulation does not account for the effects of
volume distribution in any part of the system, including the brain tissue, and, there-
fore, provides no information concerning the precise location of any functional
entity, such as the chemoreceptors. Pappenheimer (18) has recently provided evidence
relating to the location of the chemoreceptors.

At each stage of sophistication the adequacy of the model is checked by the suc-
cessful simulation of the Douglas-Haldane experiment; hyperventilation followed
by apnea and periodic breathing, the induction of periodic breathing by prolongation
of circulation time (as observed in heart disease), and the response to increased CO,
in the inspired air. Finally, the primary effects of isolated alteration of CSF have
been predicted utilizing the present over-all model.

APPENDIX
Symbols Used.
AVco,; arterial-venous CO, difference, volume per cent
Caco,; CO, content, arterial blood, volume per cent
CBco,; CO, content, cerebral blood, volume per cent
Cesrs CO. content, cerebrospinal fluid, volume per cent
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Cr; CO, content, cerebral tissue, volume per cent

Cyr; CO; content, ventrolateral surface, volume per cent
FRC; functional residual capacity, milliliters
K; fractional effect of CSF on ventilation

Kogps Kr, Ky, E; slopes of CO, dissociation curves, volume per cent/mm Hg -
Kosror Kros Kvios Kaco,, Kz oo, intercepts of CO, dissociation curves, volume

per cent
MRg; cerebral metabolic rate, ml CO,/minute
Paco,; CO, tension, arterial blood, mm Hg
Pogrs CO, tension, cerebrospinal fluid, mm Hg
Pr; CO; tension, cerebral tissue, mm Hg
Puco,; CO., tension, venous blood, mm Hg
Prr; CO, tension, ventrolateral surface, mm Hg
Px; CO, tension, effective for ventilation Hg
Qs; cerebral blood flow, ml/minute
Qs cerebral blood flow per unit volume, minutes—!
RQ; respiratory quotient
Te; appearance time, pulmonary to femoral artery, seconds
Togrs time constant, cerebrospinal fluid, seconds
Terer; time constant, CO; body stores, seconds
Tr; time constant, cerebral tissue, seconds
TvL: time constant, ventrolateral surface, seconds
T:; time constant, lung and left heart, seconds
T,; time constant, lung and left heart, seconds
Vz; resting ventilation, ml/minute
Vosrs effective volume, cerebrospinal fluid, ml
Vr; effective volume, cerebral tissue, ml
Vvr: effective volume, ventrolateral surface, ml.

Equations Used. Applying conservation of the mass of CO, in each of the compartments
of Fig. 4 results in the following three differential equations:

(Vv1/100)(d Cyr/df) = Ki(Posy — Pyy) (1)
(Vcsp/lOO)(d Ccslr/dt) = KB(PT —_ Pcsy) (2)
(Vr/100)(d Cr/df) = MRs — (Q5/100)(Cs00, — Cuco,) (3

These are to be solved, together with the equations describing CO, dissociation. These
curves are assumed to be linear so that:

Cvi = Kvi(Prs) + Kvro @
Cosr = Kose(Posr) + Kosro ®)
Cr = Kr(Pr) + Kro (6
Caco, = E(Paco,) + Kaco, ™
Czco, = E(Pr) + Koo, (8)

When equations (4 through 8) are substituted in (1 through 3) and expressed as Laplace
transforms then:
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Pyi(s) = Pesr(s)/(1 4 Ty.s) 0]
Pcse(s) = Pr(s)/(1 + Tosrs) (10)
Pr(s) = 100/QzE)[MR3/s — (O5/100)(Kp/s — EPaco,(s)]/(1 + Txs) (11)
Where Tr = KT'VT/QBE = KT/QéE-
P.(S) represents the driving CO. tension to be used in a form of Gray’s equation:

Vi/ Ve = 0.4P,(S) — 14.6 (12)
P.(S) reflects a portion of Py, and a portion of P,. Thus:
P.(S) = KPy.(S) + (1 — K)P(S) (13)

Equations (9 through 12) are those diagrammed in Fig. 5.
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