DYNAMIC SIMULATION OF HUMAN VENTILATORY REGULATION
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In order to investigate the regulation of respiration under various
conditions, a dynamic model of the human ventilatory system has been developed.
This model desc;ibes the flows of oxygen and carbon dioxide between the atmos-

phere and the tissues, as well as the chemical regulation of breathing.
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Fig.'1 Simplified causal loop diagram for the human respiratory
system. While several of the relationships can be reduced to
fundarental physical and chemical laws, others are still not fully
understood. By means of our model one can test alternative formu—
lations of these relationships and establish the conditions under
which the model responds correctly to exogenous stimuli. .Besides
responses to changes in the level of physical activity, the model
has also been used to examine the respiratory response to changes
in the composition and pressure of the inspired air.
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The blood is the major store of oxygen and carbon dioxide in the body.
Since it is also the transport medium, the blood plays a central role for the
dynamic performance of the system. For each of the two gasses, the blood
stores are divided into three arterial; three venous, and three capillary com-
partments.

Oxygen and carbon diokide are also present in the tissues and in the
lungs and airways. These spaces are represented by four compartments: muscle
tissue, nonmuscie tissue, dead space, and alveolar space. The dead space is
in series with the lung alveoles, which are ventilated with half-wave sinu-
soidal in- and expiratory flows. Thé amplitudes hereof and the duration of
expiration are computed from the expired minute volume which again is detex-
mined from the arterial gas tensions. Both the central (i.e. located in the
brain) and the peripheﬁal (located in the arteries of the neck) ventilatory
drive are represented in the model. The first of these is taken to respond
to the carbon dioxide pressure in the third arterial compartment, while the
second responds to the oxygen and carbon dioxide pressures in the first
arterial compartment. The model also includes a "neural factor" which is
taken to be linearly dependent on the intensity of muscular metabolism.

The transport of gas between the capillary blood and the alveolar/
tissue spaces is described by means of a simplified diffusion model. It is
not assumed that the bloc:xi reaches equilibrium with the alveolar air or with
the tissues it perfuses, and variations in the blood circulation rate, the cap-
fllary volume, and the effective capillary diffusion constants with the level
oé metabolic activity can thus be taken into account. Interactions between
the saturation degree of hemoglobin with oxygen and the chemical binding of
carbon dioxide (Haldane effect) as well as between the carbon dioxide pressure

and the physical solubility of oxygen (Bohr effect) are included in the model.
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Fig. 2 System dynamics representation of the (material) flow of
carbon dioxide in the human body. COz is produced in the tissues by
oxidative burning of nutrients (metabolic generation), diffuses
through the capillary membrane into the blood, and is transported to
the lung capillaries. Here, COy diffuses into the alveoles from
which is is removed through expiration. A similar diagram applies

for oxygen.

When testing the model with a step increase in muscular metabolism

(simulating a transition from rest to physical activity), the model
reproduces clinical observations for the variation in ventilation as well as

in arterial oxygen and carbon dioxide pressures, The model also reproduces

the respiratory response to changes in the composition of the inspired air.
Combined with a model of the Hafnia A anaesthetic system, the respiration
model has hereafter been used to examine the dynamic interactions between a

patient and the anesthetic system under conditions not amenable to clinical
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investigation, i.e. when the fresh gas flow falls below a certain threshold

value, and the patient starts to rebreath his own expiration.
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Fig. 3 Detail of system dynamics flow djagram showing the flow of
€O, from muscle tissue into muscle capillary blood. The inter-
dependent processes of €0, diffusion through the capillary membrane,
chemical binding of CO, as carbonate, liberation of O, from hemo~
globin, and diffusion of Op into the tissues were treated in detail
in a separate model (with a much shorter time scale), and the results
hereof were used to construct the relationships of the ventilatory

system model.
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nous blood (in a scale from 0 to 80 mmHg), and the partial pres-
sures of oxygen in arterial blood and lung alveoles (in a scale
from 70 to 110 mmHg).

Initially at rest, the values of the various variables are:

p

oxygen consumption 250 ml oxygen/min
lung ventilation 5,2 1 air/min
cardiac output - 5,0 1 blood/min’
oxygen pressure in muscle tissue 35 mmHg

oxygen pressure in non-muscle tissue 43 mmHg
oxXxygen pressure in venous blood 41 mmHg

oxygen pressure in arterial blood 103 mmHg

The simulation is run over 10 min, of which Fig. 9 shows the
printout for the period from .82 min to 1.92 min. With a smoothing
period of .25 min, a muscular activity corresponding to an addi-
tional oxygen consumption of 1000 ml oxygen/min is introduced at
time 1.00 min. In the model, this causes the circulatory rate

to increase from its initial value of 5,0 1 blood/min towards
12.0 1 blood/min. The time delays involved in this regulation,

have not been modeled in detail,_however.

Due to the assumed direct stimulatory effect from the working
-muscles, the overall ventilation immediately rises from 5.2 to
8.1 1 air/min, and ventilation hereafter continues to rise in
accordance with the development in muscular activity. Manifesting
itself as an increase both in depth and rate of breathing, the
enhanced ventilation can also be observea as an increase both in
amplitude and frequency of the oscillatory component in the al-
veolar oxygen pressure. As a consequence of the increased ven-
tilation, also the average oxygen pressure in the lung alveoles
starts to increase, and this again causes the arterial oxygen
pressure to rise.

At the same time, the increased oxygen consumption causes the
oxygen pressure in the muscles to decrease. After a certain
(circulatory) delay, the oxygen pressure in the veins also starts
to fall, while the oxygen pressure in non-muscle tissue remains
virtually constant throughout the entire simulation. (This lat-
- ter result is partly a consequence of neglecting the time con-
stants involved in the regulation of the blood flow). After about



.2 min, the oxygen pressure in muscle tissue reaches a new steady
state at 20 mmHg, and from then on the supply of oxygen to the
muscles exactly balances their metabolic requirements. The rest

of the system, however, is still far from steady state.

After a delay of about .2 min, the falling ongen content in the
venous blood reaches the lungs, and the partial pressure of oxy-
gen in both the lung alveoles and the arterial blood starts to
decrease . Together with the accompanying build-up of carbon dio-
xide in the arterial blood this causes a renewed stimulation of
the ventilation, now through the two sets of chemoreceptors. The
overall lung ventilation increases, and the osciliatory compo-
nent in the alveolar oxygen pressure becomes faster and more pro-
nounced.

In the beginning, the average oxygen pressure in the lungs fol-
lows the decrease in arterial oxygen pressure. About .7 min af-
ter the unset of exercise, however, the cirulatory rate has be-
‘come so high, and the venous oxygen pressure SO low that the

"diffusion of oxygen no longer is rapid enough to secure equili-
brium between the alveolar air and the blood leaving the  lungs.
The arterial oxygen pressure then falls below the oxygen pres-

sure in the lungs.

A final steady state for the respiratory system is not reached
until 3-4 min after the unset of exercise. This steady state is
shown in the left hand side of Fig. 10 which is another part of
the same printout as Fig. 9, but now running from 5.84 to 6.94

min. The values attained by the various variables in steady sta-

te are:
‘oxygen consumption 1250 ml oxygen/min
lung ventilation 22 1 air/min
cardiac output 12 1 blood/min
oxygen pressure in muscle tissue 20 mmHg
oxygen pressure in non-muscle tissue 43 mmHg
oxygen pressure in venous blood 26 mmHg
oxygen pressure in arterial blood 90 mmHg

At time 6.00, the muscular exercise is suspended, and Fig. 10
shows how the respiratory and cardiovascular systems gradually

return to their initial equilibrium conditions.
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In our model we have assumed the following general forms for the

three components in the ventilatory regulation:
CEN = D x CLIP(PAR3C - B, 1, PAR3C, B + 1)

for the contribution from the central chemoreceptors,

A x D

PER = paRzo-c CLIP

(PAR2C - B, 1, PAR2C, B + 1)

-for the;contribution from the peripheral chemoreceptors, and
MAF = éLIp(G3 x LOAD + H3, 0, LOAD, 1)

for the contributibn from muscular neural afferents,

By comparing simulation results with clinical results we have

found the set of parameters

A = 17 mmHg
‘B = 38 mmﬁg
C = 32 mmHg
D = 4000 ml éir/min/mmHg
G3 = . 5 ml’air/ml oxygen
and H3 = 2500 ml air/min

to give a'satisfactOry agreemént.
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