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Abstract—We developed a mathematical model of human
respiration in the awake state that can be used to predict
changes in ventilation, blood gases, and other critical
variables during conditions of hypocapnia, hypercapnia
and these conditions combined with hypoxia. Hence, the
model is capable of describing ventilation changes due to the
hypocapnic-hypoxia of high altitude. The basic model is that
of Grodins et al. [Grodins, F. S., J. Buell, and A. J. Bart.
J. Appl. Physiol. 22:260-276, 1967]. We updated the descrip-
tions of (1) the effects of blood gases on cardiac output and
cerebral blood flow, (2) acid-base balance in blood and
tissues, (3) O, and CO, binding to hemoglobin and most
importantly, (4) the respiratory-chemostat controller. The
controller consists of central and peripheral sections. The
central chemoceptor-induced ventilation response is simply a
linear function of brain Pco, above a threshold value. The
peripheral response has both a linear term similar to that for
the central chemoceptors, but dependent upon carotid body
Pco, and with a different threshold and a complex, nonlinear
term that includes multiplication of separate terms involving
carotid body Po, and Pco,. Together, these terms produce
‘dogleg’-shaped curves of ventilation plotted against Pco,
which form a fan-like family for different values of Pco,.
With this chemical controller, our model closely describes a
wide range of experimental data under conditions of solely
changes in Pco, and for short-term hypoxia coupled with
Pco, changes. This model can be used to accurately describe
changes in ventilation and respiratory gases during ascent
and during short-term residence at altitude. Hence, it has
great applicability to studying O,-delivery systems in aircraft.
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ABBREVIATIONS, SYMBOLS
AND TERMINOLOGY

HCO; Bicarbonate
C Content or concentration, L gas 100 L
blood™
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CSF Cerebrospinal fluid

H Hematocrit, fractional

HbCO Carbamino hemoglobin

mM Concentration, millimoles L™
MR Metabolic rate, mL min™

P Gas partial pressure, torr

(0] Blood flow, L min™"

RQ Respiratory Quotient

S Hemoglobin O, saturation, fractional
SF Shunt fraction

T Respiratory threshold, torr

V Volume, L

V Ventilation, L min™"

f Fraction

o Gas solubility, mM L blood™
t time, s

Subscripts and superscripts

A Alveolar

a Arterial

b Brain

bl Blood

cb Carotid body

D Deadspace

et End tidal

I Inspiratory (ventilation)

pl Plasma

rc Red blood cell

ti Tissue

T Tidal (volume)

\% Venous
INTRODUCTION

The introduction of transport aircraft that could
routinely attain high altitudes in the 1950s produced
the possibility that humans might be exposed to
dangerous environmental conditions if there was a
failure of the cabin pressurization system. Even now,
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decompression of passengers to operational limits may
happen on commercial aircraft. The resulting low
temperatures and low O, pressures can only be toler-
ated briefly.

The primary protection against altitude-induced
hypoxia is the cabin pressurization system. In case of
failure of this system, commercial passenger airliners are
equipped with onboard systems that deliver oxygen
through masks. These masks are designed for rapid
donning in an emergency to attenuate the effects of
hypoxia. These systems are designed to cope with this
situation, but evaluation and optimization of new con-
cepts and designs is relatively limited due to the number
of possible variations and the number of human altitude
exposures that may be required. An alternative is to use
mathematical models of the human respiratory system
to evaluate these systems in a manner that provides
additional support to machine and human-subject test
requirements. However, these models must be suffi-
ciently complex to describe transient human respiratory
responses at altitude and they must be fully validated to
provide confidence in their predictions.

Complex respiratory-chemostat models were de-
vised in the 1950s and 1960s by Grodins and others."”
Early model complexity, limited by the inadequacy of
analog computers, was circumvented by the strides in
digital computing in the 1960s. Grodins’s digital
computer model of 1967'® stands to this day as a basis
for any model of the respiratory-chemostat plant, be-
cause it includes the recognized important chemical
and physical processes necessary to describe human
respiratory behavior. Mainly lacking in Grodins’s
model was an accurate description of the respiratory
controller, which transduces chemical signals into
ventilation. In fact, such a description was the ultimate
object of Grodins’s work.

Grodins used his model'® with some hypothesized
controller formulations to examine its qualitative re-
sponses to hypercapnia, hypoxia, and altitude and
concluded that it had the capability of adequately
describing these conditions. However, he did not seek
quantitative comparison with experimental data,
which is proof of the validity of any model. Such evi-
dence was sought in his previous model'” of CO,
control. Over the intervening 40 years, there have been
a number of models of respiratory control. Notable
advances have been made in the last few years.?*448
However, the fundamental characteristics of the
Grodins model are still recognized as being the foun-
dation upon which refinements must be built.

Unfortunately, out of the numerous models of
respiratory behavior, we have found none that can
adequately describe the respiratory response to the
high altitude-induced stress of hypocapnic-hypoxia
because of either inadequate validation or the use of

respiratory controller equations that do not yield
realistic ventilatory predictions during severe hypo-
capnia. Hence, we devised a new model, based on
Grodins’ respiratory plant model, but updated with
improvements from recent models and with a respira-
tory controller function that could handle the high
altitude-induced hypocapnic-hypoxia condition under
awake conditions.

Even though hypercapnia usually is not an issue at
altitude, we decided to initially validate the model
predictions under this condition because of the large
amount of human experimental data available and
because it tested the validity of most of the model
structure. Then, the model predictions were tested un-
der hypoxic conditions with many variations, such as
coupled with hypercapnia, hypocapnia, etc. depending
upon available human data. Finally, we looked at the
limited amount of data for unacclimatized man during
transient altitude exposure and then used the model to
make some predictions under various scenarios. Our
aim is the simulation of short-term ( < 10 min) altitude
exposure to hypoxia in aircraft because oxygen masks
are normally donned well within this time to prevent
the effects of hypoxia. Hence, the data from numerous
studies where hypoxia was imposed for much longer
times are not considered, including the effects of accli-
matization. Consequently, the phenomenon of hypoxic
ventilatory depression (HVD)*"** was not specifically
simulated in the present model, even though this cen-
trally-mediated response may begin within the 10-min
time frame of interest.

In this initial study, only effects of hydrogen-ion
concentration on O, and CO, binding to hemoglobin
are included because effects of acid—base changes on
respiratory control are not important in the short-term
control focus of this study. However, we did include a
preliminary description of tissue acid—base behavior
for use in future applications of the model.

METHODS

The most important new contribution of this study
is the formulation of a respiratory controller that can
accurately predict the changes in ventilation due to
variations in CO, and O, gas tensions at sea level and
at high altitudes. Hence, it is informative to present a
short review of historical development of such for-
mulations and to point out some shortcomings that
guided our present approach.

The first quantitative approach to describing
chemical control of breathing was by Gray'’ in 1946.
His multiple factor hypothesis described ventilation as
the sum of individual effects of arterial O,, CO,, and
H™. However, his approach did not explain data on
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the interaction of O, and CO, on ventilation as noted
by Lloyd and Cunningham®® in 1963. They specifically
pointed to two sets of data not well explained by
Gray’s hypothesis, (1) the hyperbolic relationship
between steady-state ventilation and Po, at constant,
but elevated, Pco,, as measured by Cormack et al* and
(2) the ‘dog leg’- or ‘hockey stick’-shaped curves of
steady-state ventilation vs. Pco, at constant Pp, mea-
sured by Nielsen and Smith.*! However, it should be
noted that the data of Cormack et al. was highly vari-
able and Lloyd and Cunningham only chose the data of
one subject to display. Similarly, the data of Nielsen
and Smith shown was for only one of their two subjects.
Nevertheless, this latter data set has been cited since
then in many publications, including the chapter by
Cunningham et al.” in the Handbook of Respiration, as
quantitative representation of human respiratory re-
sponses to changes in alveolar (blood) gas tensions.

Lloyd and Cunningham?®® proposed a nonlinear
equation with four parameters that qualitatively de-
scribed the behavior of those data sets at Pco, values
above ‘resting.” ‘Resting’ is presumably defined as the
Pco, value at the knee of the dog leg. The resulting
family of curves was a series of fan-shaped lines of
steady-state ventilation (so called ‘Oxford’ fan) vs.
Pco, whose slopes increased with decreasing values of
Po, and meeting at a single point. The low Pco, part
(nearly flat ventilation changes) of the Nielsen and
Smith®' data was not addressed. Lloyd and Cunning-
ham tried to identify the values of these parameters
under a range of conditions with a limited degree of
success. In 1974, Severinghaus®' proposed a rapid
experimental protocol for measuring these four
parameters and a fifth parameter, the point of inter-
section of the lines. However, there is yet no agreement
on normal parameter values, suggesting that a simple
equation with arterial (alveolar) concentrations as the
independent variables may not be sufficient to describe
steady-state ventilation.

Cunningham® in 1974 proposed that the shape of
the ventilation vs. Pco, data of Nielsen and Smith?!
might be explained by a CO,, H" central stimulation
of ventilation added to a CO,, H" peripheral stimu-
lation modulated by hypoxia. Such a description was
incorporated by Duffin'” in 1972 in his model of the
chemical control of ventilation. Indeed, his model
yielded steady-state controller curves with distinct
similarities to those of Cormack er al.* and Nielsen
and Smith.*' However, computer limitations restricted
the required complexity of his lung model. Subsequent
numerous models?>3*4¢ ¥ have generally adopted the
idea that the ventilatory controller has inputs from
both central and peripheral receptors that are additive
and that the nonlinear interaction between CO, and O,
occurs peripherally.

In the present study, the aviation focus required
prediction of transient ventilatory responses for ascent
to high altitudes. Hence, the model had to predict
ventilation changes to the combined stress of hypoxia
and the resulting hypocapnia induced by the hyper-
ventilation. It was clear to us that the steady-state
controller equation proposed by Severinghaus*' was
inadequate because it predicted ventilations of zero
and below at Pco, values less than about 35-37 torr.
In contrast, we expected to study scenarios in which
this value fell below 20 torr. The formulation by
Duffin'® was capable of realistic predictions at such
low values in contrast to formulations in most other
models. Hence, we adopted his strategy, but with some
significant modifications. (1) For simplicity, Duffin
used arterial concentrations for his variables, whereas
we used concentrations specific to receptor sites, i.e.,
carotid body and brain, (2) Duffin assumed that both
the peripheral and central chemoceptor output signals
were rectangular-hyperbolic functions of O, and CO,,
whereas we used linear functions of CO, and a
hyperbolic function of O, (see Egs. 9 and 10), and (3)
Duffin did not validate his formulation by comparing
his model predictions to experimental data, whereas
our intent is to present extensive evidence of the
validity of our formulation.

Model Formulation

The basic model of the respiratory chemostat plant
is that of Grodins ez al.'® and will not be repeated in
detail for this paper. Briefly, O, and CO, concentra-
tions are computed from differential equations derived
from mass balance in three compartments, lung, brain,
and remaining tissues. Arterial and venous blood gases
are assumed to be in equilibrium with those deter-
mined in these compartments. Variable transportation
delays are computed using the approach and segment
volumes given by Grodins et al.'®

However, there are a number of arcas where new
data or better approaches are available, allowing us to
update the plant and controller formulations. These
are explained below.

O,-Hemoglobin Saturation Curves

There are a number of invertible analytic expres-
sions which can accurately describe this curve in arte-
rial and venous blood, but they fail at both very high
and low Po,. Since the new model has to deal with
both low O, tensions and breathing 100% O,, we used
a piecewise linear fit to tabulated data** over the range
of 0-760 torr. Shifts of the curves with temperature,
pH, and Pco, were obtained as by Lobdell.?’ Hence,
computations of arterial and venous blood pH are
required in the model.
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CO»-Hemoglobin Dissociation Curve

We derived an empirical fit to the data of Comroe®
Cco, = 12.6%(Pco,)" " x (1 —0.117xS) (1)

where Cco, is total CO, concentration in arterial (a) or
venous (v) blood in L CO, 100 L™! blood and S refers
to fractional O, hemoglobin saturation in that fluid.

Acid-Base Changes

Blood

Arterial-plasma pH (pH,,) values and tissue and brain
venous-plasma pH values were determined using the
Henderson—Hasselbach equation. In this equation,
plasma bicarbonate (HCOj3) concentration was ob-
tained by subtracting from total blood CO, (Eq. 1) the
CO;, contribution by red cells using the approach of
Davenport.® The resulting equation is

Effects of O, and CO; on Cardiac Output

We fit analytical functions to cardiac output data from
humans subjected to hypoxia and CO, changes by
Richardson er al*®**° and Cullen and Eger.’ The
experimental data and the fit to the hypoxia-induced
data are shown in the Appendix (Fig. Al). The com-
posite equation derived is

0.817
Poo\ 34T
1+ (33)
where Q" is the steady-state value in L min~'. The set
of terms in the brackets were scaled from the fit
such that 9 = Q° at rest. Q is always > 0°. Q(CO,) =
1 4+ 0.03 x (Pyco, — 40) during hypercapnia and the
0.03 multiplying constant becomes —0.025 during
hypocapnia. The response during hypocapnia is altered
by a first-order, 250-s time constant.®

0=0"x10937+ x Q(COz) (6)

ple =6.1+ LOG10<

where plasma and red cell CO, solubilites (2CO,) are
0.0301 and 0.025 mM torr™', respectively, and frac-
tional hematocrit (H) is 0.4. The contribution of red
cell carbamino hemoglobin (HbCO) was also deter-
mined from data in Davenport as

Ci¥co = 0.02 4 0.002 x PPy +0.228 x (1 —S) (3)

Tissues

Brain and tissue (ti) Pco, values were determined from
CO, dissociation data of dog brain.** We fit the data
with the function

Poco, = 33.92 x 00309xCoco, _ 44,88 (4)

where Cypco, i1s in mL CO, (100 g brain)~'. Although
we did not need brain and tissue pH values for the
present application, they were computed from the
Henderson—Hasselbach equation® as

Covco, — O(bCOz)
abco, X Puco,

pr =6.1 + 10g10< (5)

where a0, is 0.0309 mM torr .

Blood Flow

Blood flow was described as a resting value multiplied
by analytical functions of changes in arterial O, and CO..

T T T l 1
Cl():loz — Clico, — Clibco — [H x oAco, T (1—H) x O‘Eoz] X P202>

(1—H)x oc’éloz x PP

CO,

Effects of O, and CO; on Brain Blood Flow

We fit analytical functions as above to data on humans
subjected to hypoxia from Shapiro ez al,* Kolb
et al.,’® and Cohen er al.? and we used the Reivich®
fitting equation derived from data in rhesus monkeys
subjected to hypo- and hypercapnia. The resulting
equation is

0.734
Op=0p x | 10144+ ———
1+ (Foa) ™
(414
1.91
X <043 + 1+ 10’ 600 x 875‘25xlog10 PaC02> (7)

where QY is the steady-state brain blood flow. The set
of terms in the brackets were scaled from the fit such
that Q, = O at rest. Oy is always >00. The experi-
mental data and the fit during hypoxia are shown in
the Appendix (Fig. Al). Dynamic changes in Q and Oy,
flows were further slowed by first order, 15 and 6-s
time constants,'®*¢ respectively (see Discussion).

Lung Blood Flow

A fraction (SF) of the venous blood is shunted past the
lungs whereas the remaining fraction (1-SF) passes
through the lungs and is oxygenated. The O, content
of the resulting arterialized blood is
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Ca()2 = (1 — SF) X CA()2 + SF x CV()2 (8)

where Cao, is the O, content of blood passing through
the lung in equilibrium with alveolar (A) gas.

Ventilatory Control

The Grodins model'® used alveolar ventilation
explicitly in its formulation. In the present model, this
ventilation is derived from inspiratory ventilation less
the ventilation of the dead space derived from Eq. (13)
(see below). The controller consists of central and
peripheral components whose effects on total ventila-
tion (often called minute ventilation) are additive. Both
components are affected by CO,, but only the
peripheral one is affected by O,. In contrast to Grodins
and some others who added a constant resting-venti-
lation value to the chemostat-induced ventilation
function, we decided to let the sensitivities and
thresholds of the central and peripheral chemostats
(four parameters) determine the resting ventilation (see
Model Validation and Discussion).

Central Controller

The central (c) part of the controller senses brain Pco,
(Pvco, ). Centrally induced ventilation (VC) is assumed
to be always positive and increases linearly with Pyco,
above a threshold level (Tyco,). Its equation is

Ve = Koco,*(Poco, — Toco,)s Ve >0 9)

Peripheral Controller
The peripheral controller senses arterial blood—gas
concentrations at the carotid body (Pepo, and Pepco, )-
The positive peripheral (p) contribution to ventilation
(V,) is formulated as

Vp = Kebco, X (Pebco, — Tebco,)

570
4 |—=" —8.05| x F(CO,),

Vy >0
PcbOZ —26.2 P=

(10)

The first set of terms in Eq. (10), similar to Eq. (9),
is the positive peripheral contribution to the linear
CO, response curve. The next set of terms is the po-
sitive hyperbolic increase in ventilation due to hy-
poxia. The function (F) of CO, is the inhibition or
augmentation of the peripheral hypoxic drive due to
changes in CO,.

The form of the hyperbolic term in square brackets
in Eq. (10), including the 26.2 torr constant shown,
was taken from Severinghaus.*' The 570 constant was
determined to match the model’s steady-state, hypoxic
ventilatory response to that of extensive data by

Reynolds et al. (see Model Validation). The 8.05 value
was determined to yield a zero-ventilation effect at
normal carotid-body O, tension.

The functions of CO, used in Eq. (10) are

Pevco, a9 Pevco,
5—4x<m> for(TCO)gl
(11)
Pcvco, ’ Pevco,
F(CO,) = <,ﬂgbco;) for <P3bco;> >1
where PY, . is the resting value. This set of functions
produces a family of curves of total ventilation as a
function of both O, and CO, commonly characterized
as dog-leg shaped and fan like.?® The rationale for the
functions chosen is described in Model Validation and
Discussion.

The ventilatory response induced by the peripheral
chemoceptors was slowed by a 35-s time constant. This
value was determined to match the ventilatory
response (Fig. 6) to a brief hypoxia followed by
hyperoxia.'> The mechanism of these dynamics is

called short-term potentiation or neural afterdischarge
(see Discussion).

F(COy) =

Determination of Tidal Volume

Tidal volume (V1) was derived from inspiratory (I)
ventilation (77) using data from the literature fit by the
following equation

Vr =0.152 x (V)% (12)

where Vy is in L and ¥; is in L min~'. The experi-
mental data and the fit are shown in the Appendix
(Fig. A2). Since the experimental data were only for
V't greater than about 0.5 L, this approximation may
be increasingly inaccurate at lower values.

Dead Space (Implicitly Constant in Grodins et al.’®
original formulation)

Dead-space volume (Vp) is described using a
cylindrical airspace model with laminar flow wash
out® as

0.18 + 0.023 x V-
VD:(O.18+O.023><VT)><(1— + x T)

4 x VT
(13)

Validation Experimental Protocol

The model was validated over a wide range of
conditions against human data in the awake state,
including hypercapnia or hypoxia alone or hypoxia
coupled with either hypocapnia or hypercapnia to
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show that its ability of accurate prediction was not
limited to a narrow focus as in many previous studies.
Although our primary intent was to predict experi-
mental changes in ventilation, comparison was also
made to blood-gas tensions and other respiratory
variables when these data were available.

For the normal (resting) steady state and hyper-
capnic conditions, there were four parameters whose
values had to be selected, the gains and threshold
values of the central and peripheral chemoceptors
(Egs. 9 and 10). These were selected to (1) yield a
resting alveolar ventilation in the range suggested by
Grodins, (2) yield a resting Paco, of 40 torr, (3) match
the maximum ventilation achieved after 25 min of 7%
CO» inhalation in the study of Reynolds et al. below,
and (4) have a CO, response gain of peripheral
chemoceptors of ~50% of that of the central ones as
suggested by Bellville ez al.!

Resting Steady state

The steady-state values of the variables were deter-
mined by running the model for 60 min. The results
were examined to see if the solution was stable and to
compare the values with the simulation results of
Grodins et al.'® for a normal, resting, awake individual
(Table 1).

Hypercapnic Steady state

We compared the simulation predictions with data
of ventilation and Paco, from numerous studies where
the subjects inhaled hypercapnic gas mixtures for
various lengths of time, usually less than 30 min. Since
steady-state ventilation increases typically take

TABLE 1. Resting steady-state values.

Normal control

Variable Units Present study Grodins et al.'®
Vi L min~’ 7.36

Ve L min™" 6.04

7A L min™ 1.32

Va L min~" 5.15 5.05-5.35
Vo L 0.593

Pao, torr 105 105.5-108
Pso, torr 97.0

Pro, torr 33.8 36.5-37.3
Po, torr 421 46.7-47.2
S.02 % 97.4

Paco, torr 40.0 37.5-39.7
Poco, torr 51.3 47.8-50.2
Pico, torr 45.6 42.3-44.7
pHa 7.40 7.41-7.43
pHyt 7.36 7.38-7.4
Q L min™ 6.00 6.00

Q L min~"' 0.75 0.75

>30 min to be achieved," comparisons were made
with model-predicted transient data at the times the
experimental data were measured (Fig. 1).

CO>-Inhalation (Hypercapnia)

Reynolds ef al.®” measured transient data for ven-
tilation, gas tensions, tidal volume and respiratory rate
for 25 min of 3, 5, 6, and 7%-CQO, inhalation. Their
ventilation and tidal volume experimental data were
standardized to a body surface area of 1.73 m>. This
standardization reduced resting ventilation values to
57-6.3 L min~' and tidal volume values to 0.58—
0.61 L for the four sets of data. Hence, their transient
ventilation data were rescaled to our higher resting
value (7.36 L min™') given in Table 1. We compared
our model predictions to all these data, except respi-
ratory rate, since it can be derived directly from ven-
tilation and tidal volume (Fig. 2).

End Tidal (et) CO, Step Increase

Bellville er al.' measured transient ventilation data
with Peco, clamped first at eucapnia, then during a
step increase and finally back to eucapnia. This
maneuver was in normal subjects and with subjects
whose carotid bodies (CB) had been resected. The
magnitude of the hypercapnic step was not given; only
the end pressure was given. Hence, we computed the

L Vent. - Dripps et al., 1947 ,/.

A Vent. - Rahn et al., 1953 Va

v Vent. - Schaefer, 1958 /~‘ r 80

120 4 . Vent. - Lambertsen, 1964 -
Vent. - Model 7 /

a PACO, - Rahn et al., 1953 Va /
R v PACO, - Schaefer, 1958 v /
£ 100 - [ PACO, - Lambertsen, 1964 y; 3 / r 70
% — — — —  PACO, - Model Va / =
= ——— PpCO, - Model . / B
c =
S =
i 80 - * { 60 4
= O
c o
= o
T 604 50 o
= L
2 o'
r o
% <
7 401 o
=) F 40
3
2
» 20 A

30
0 : . : : — 0

0 2 4 6 8 10
CO, inhaled (%)

FIGURE 1. Shown are steady-state total ventilation and
alveolar (A) Pco, for various values of inhaled %CO,. Experi-
mental means for ventilation from four studies (see legend)
are shown by solid symbols with SE bars and Paco, means
from three of these studies are shown by open symbols.
Model predictions of ventilation and Paco, are shown by solid
and dashed lines, respectively. Predicted brain (b) Pco, is
shown by the dash-dotted line. The * indicates that the data
point was measured prior to attaining steady state.
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FIGURE 2. Measured total-ventilation transient responses (upper panel) due to inhalation of 3-7% CO, for 25 min from experi-
ments by Reynolds et al.>” are shown by the various open symbols with typical SE bars. Corresponding model predictions are
shown by the various lines. The upper two sets of data in the lower pane are measured alveolar gas tensions produced by the CO,
inhalation as indicated by the same open symbols as for ventilation. The corresponding lines show the model predictions. The
lower set of data and curves are for measured and predicted tidal volumes.

magnitude of the average step from their steady-state
ventilation values and a mathematical description of
peripheral and central controller function devised by
Bellville et al. For example, the predicted initial steady
state Peco, value for normal subjects was equal to
their estimated Peico, threshold of 36.5 torr plus the
ratio of their steady-state ventilation of 7.5 L min~' to
their total controller gain of 2.13, the latter yielding a
value of 3.5 torr, for a total of 40 torr. At the venti-
lation peak of 24.2 L min~", using the same procedure,
the predicted value was 47.9 torr, giving a step of
7.9 torr, the value used in our model simulation
(Fig. 3).

CO; Step Change in Euoxia with CB Resected

Simulation of CB resection was achieved by elimi-
nating the ventilation induced by the peripheral
chemoceptors and reducing the gain of the central
chemoceptors; Bellville er al.' found that the gain of

the central receptors was reduced to 52.5% of its
normal value. However, these changes altered the
steady-state ventilation and Paco, values. We found
that a change in the central threshold to 46.4 torr
produced the ventilation of 7.03 L min™' that matched
the Bellville ef al. data and yielded a Paco, of
41.8 torr. These values were the initial, steady-state
starting point upon which the step was imposed for the
CB-resection simulation (Fig. 3).

Hypoxia during Eucapnia

Reynolds and Milhorn*® measured transient chan-
ges in ventilation, alveolar-gas tensions, tidal volume,
and respiratory rate for 10 min of 7, 8, and 9% O,
inhalation with Peco, clamped at normal values. Since
these data were standardized as above, they were re-
scaled before comparison with model predictions. We
simulated these experiments by having the model
subject breathe each of these O, concentrations for
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FIGURE 3. Measured total-ventilation transients with typical
SE bars before, during and after a step change in end-tidal (et)
Pco, are shown for two groups of subjects, those with carotid
bodies (CB) intact (solid circles) and those with CB resected
(open circles). Model predictions were determined for the in-
tact case (solid lines) using a 7.9-torr step increase and for the
resected case (dotted line) using an 8.4-torr increase. These
step values were computed from the model given by Bellville
et al.' and the average of the parameters estimated by them
from their model. The model predictions shown by the upper
solid line are using controller gains of Table 2. The predic-
tions of the lower solid line are with controller gains of Bell-
ville et al.

10 min. Comparison of model predictions and experi-
mental data were as in section “CO,-Inhalation
(Hypercapnia)” (Fig. 4).

Step Increase in Pyco, during Hypoxia

Bellville ef al.! clamped P, at 53 torr and im-
posed a hypercapnic step for 5 min. They measured
ventilation and end tidal gases as before. In order to
match their initial ventilation of 7.63 L min~' under
the hypoxic conditions in the model, it was necessary
to reduce our initial model Paco, to 37.4 torr. The
magnitude of the hypercapnic step was computed to be
11 torr using the data of Bellville ef a/. and the pro-
cedure described in section “End Tidal (et) CO, Step
Increase” (Fig. 5).

Hypoxia followed by Hyperoxia during Poikilocapnia

Georgopoulos et al.'” measured ventilation and gas
tensions during a 35 to 51-s period of 8.5%-0O,
breathing followed by 100%-0O, breathing for 2 min in
nine subjects. CO, was allowed to freely vary (poi-
kilocapnia). Their objective was to investigate the
neural afterdischarge phenomenon (see Discussion).
Experimental data were given at 5-s increments for a
total of 45 s. We simulated this procedure by having
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FIGURE 4. Total ventilation and alveolar-O, tensions before
and after 10-min inhalations of 7, 8, or 9% O, at constant CO,
(eucapnia) in experiments by Reynolds and Milhorn.*® Solid
and open symbols show measured ventilation and alveolar-O,
values, respectively, for the three values of inhaled O,. Cor-
responding model predictions are shown by solid and dashed
lines, respectively.

the model subject breathe 8.5% O, for the first 45 s
and 100% O, for the following 120 s (Fig. 6).

Poikilocapnic Hypoxia

Reynolds and Milhorn®® used the same protocol
and measurements as in Section “Hypoxia during

50

40 1

® Bellville et al., 1979
—— Model

30

20 -

Total ventilation (L/min)

10

Hypoxia

0 T T T T T T

0 2 4 6 8 10 12
Time (min)

FIGURE 5. Measured total-ventilation transients (solid cir-
cles) from Bellville et al." due to a step change in end-tidal
Peico, against a background of hypoxia (Pao, = 53torr) are
shown. Model predictions (solid line) were determined using
an 11-torr step increase.
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FIGURE 6. Measured transient ventilation data (solid circles)
and alveolar Py, (open circles) from Georgopoulos et al.'® are
shown during a short phase of hypoxia (Pao, = 55torr) fol-
lowed by 100% O, breathing (hyperoxia). Corresponding
model predictions are shown by the solid and dashed lines,
respectively.

)

Eucapnia,” except that CO, was uncontrolled. Their
data were scaled as above and compared to model
predictions (Fig. 7).

‘Steady-state,” Inhalation of Gas Mixtures with Reduced
O, with Varying CO» content

Nielsen and Smith*! exposed two subjects to various
concentrations of O,—CO,-containing gas mixtures,

20 -

Total ventilation (L/min)

Time (min)

FIGURE 7. Total-ventilation and alveolar-O, data before and
after a 10-min inhalation of 7, 8, or 9% O, with freely variable
CO, spoikilocapnia) in experiments by Reynolds and Mil-
horn.>® Symbols and lines are as in Fig. 4. Note that the re-
sponse is much more oscillatory than when CO, was held
constant (see Fig. 4).

each for up to 30 min. The aim was to generate ven-
tilation vs. Paco, response curves at approximately
fixed hypoxic Pao, levels. For just the lowest Pao,
values to be attained by each subject, they gave the gas
mixtures actually used to obtain data over the desired
range of Paco, values. We simulated their experiments
by running the model for the same time periods they
used with each gas mixture inhaled. (Fig. 8)

Hall?! tried to achieve the same objective as Nielsen
and Smith,>' but with a different protocol. Subjects
were brought to a simulated altitude of 22-K ft while
breathing 100% O,. They then breathed a succession
of gas mixtures of 21% O, and increasing CO, con-
centrations up to 12%. Each gas mixture was breathed
for 6 min and then the subject breathed 100% O, for
the seventh min. Measurements were made of venti-
lation and Paco, during the sixth min for each gas
mixture. We simulated this protocol in our model
experiments (Fig. 9).
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FIGURE 8. Measured ‘steady-state’ total ventilation plotted
against Pyco, (solid circles) from Nielsen and Smith®' experi-
ments on two subjects. Starting with a hypoxic gas with no
CO,, subjects were exposed in 25-30 min sequences to gas
mixtures of decreasing O, and increasing CO, to generate the
experimental data at approximately constant P,o, of 36.9 torr
(Subj. PG) and 39.2 torr (Subj. KS). The dashed lines, drawn by
Nielsen and Smith suggest respiratory thresholds at a Pxco, of
~31-32 torr. The open circles connected by dotted lines show
the model predictions using the same gas mixtures as Nielsen
and Smith for the same lengths of time as their experiments.
The numbers next to some points are the model P,o, values
achieved using their conditions. The jaggedness in the latter
curves is due the range of variation in predicted Py, values. If
Pno, were held absolutely constant, the curves would be
continuous as described by Eqgs. (10) and (11) and shown in
Fig. 14. Because of the flatness of the predicted curves at
lower Paco, values and the steepness at higher values, it is
possible to imagine a discontinuity at ~35 torr that could be
interpreted as a respiratory controller threshold.
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FIGURE 9. Shown in the upper pane are predicted transient
changes in total ventilation (solid line) and Pxco, (dashed line)
using the experimental protocol of Hall.2" At a simulated alti-
tude of 22-K ft, each section of the traces is a response to first
100% O, for 1 min (shown by the steep drop in ventilation)
and then 5 min under ambient O, with increasing %CO, in-
haled (% shown at bottom). The result is a sharp increase in
ventilation and drop in Pco, followed by ‘plateaus’ (‘apparent’
steady state) in each variable. Shown in the lower pane are the
experimental data (solid circles) of Hall>' using the protocol
above. The intersection of the two dashed lines drawn
through the data suggests a ventilatory threshold at about
33 torr. The open circles represent the ‘plateau’ values of
ventilation plotted against ‘plateau’ values of Paco, from the
simulation data above for each %CO, inhaled (number next to
point). The solid line is a curve fit to the latter data. The
intersection of tangents (~37 torr) that could be drawn to the
groups of predicted data at low and high Paco, values could
be viewed as suggestive of a controller threshold just as in
Fig. 8.

Experiments at Altitude

Rahn and Otis* measured steady-state alveolar gas
tensions in men exposed to various simulated altitudes
in a low-pressure chamber, but for just 1-h periods to
avoid acclimatization effects. We simulated this con-
dition by running the model for 60 min at their simu-
lated altitudes (Fig. 10).

Respiratory Model Predictions at Altitude

We explored the effects on ventilation of a simulated
altitude-chamber experiment where the subject was
exposed to a sequence of altitudes while changing gas
mixtures between ambient air and 100% O, (Fig. 11).

The effect on ventilation of a rapid decompression in
a commercial aircraft was explored by decompressing
from the 8-K ft pressurized cabin altitude to 40-K ft in
60 s, a 10-s stay at that altitude and then a slowed
descent back to 10-K ft. This maneuver was accom-
plished without and with supplemental O, (Fig. 12).

The effect of the time required to don the O, mask
was determined by extending this time out from 0 to
60 s. Supplemental O, was available through the mask
above 14.4-K ft as in present commercial aircraft
(Fig. 13).

Generation of Steady-state Controller Curves

We generated model predictions of steady-state
ventilation at various fixed values of Pao, as Paco,
was varied over a wide range. These controller curves
were compared to the predictions of an equation pro-
posed by Severinghaus.*' We also generated such
curves when Psco, was held at fixed values and Pao,
was varied over a wide range (Fig. 14).

Curve-fitting and Simulation Procedures

Experimental data were fit with linear and nonlinear
curves using either SigmaPlot or Tablecurve 2D (SY-
STAT Software, Richmond, CA). The model equa-
tions were simulated using VisSim (Visual Solutions,
Inc., Westford, MA) version 6.0. The integration
algorithm was Runge Kutta 4 with a time step of 0.01—
0.02 s. The running speed was 10 to 20-times real time
using a Pentium (R) 2.8 GHz processor.

RESULTS

Model Validation
Steady-state

We ran the model for 60 min under sea-level con-
ditions to assure solution stability. After an initial
transient of <5 min due to time delays in the system,
values of all the variables remained constant for the
remainder of the run. Table 1 gives the variables of
interest, their units, and their steady-state values for
our normal, awake, resting human. Also shown are
model predictions from Grodins er al.'® They formu-
lated two versions of their model so we reported the
results of both of these. For the most part, we used
their parameter values (see Table 2), hence, it is not
surprising that most of the steady-state values of the
variables are quite similar between the two studies.
However, since there were some major differences be-
tween plant and controller formulations as described
above, it is also not surprising that there are differences
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FIGURE 11. Simulation of an altitude-chamber, hypoxia-

training exercise. Shown in the bottom pane are predicted
changes in ventilation and Ppo, (solid and dotted lines,
respectively) as altitude (upper panel, solid line) is increased
from sea level to 25-K ft and then returned in steps to sea
level. The subject is breathing either ambient air or 100% O,
as indicated (upper panel, dotted line) by the changes in the
fraction () of inspired gas that is O,.

in the variable values between the studies, notably in
brain and tissue. As seen in Table 2, O, gas tensions in
brain and tissue in the present model are a few torr
lower and CO, tensions are a few torr higher than in
the Grodins et al. model.

All fundamental parameter values from Table 2
were unchanged during the following phases of this
study, except where noted.

Hypercapnic Steady state

There are a number of studies that have subjected
humans to the inhalation of gas mixtures with various
concentrations of CO, and measured steady-state
changes in total ventilation and Paco,. Figure 1 illus-
trates four sets of ventilation data attained (solid
symbols with SE bars) and corresponding Paco, values
(three studies, open symbols) for various percentages
of inspired CO, compared to corresponding model
predictions (solid and dashed lines, respectively). As
seen, other than at the highest %CO, inhalation, the
model predicts these steady-state data quite closely. In
the experiments at very high %CO, inhalation, it was
likely that steady state was not attained. This conclu-
sion was affirmed by Grodins ez al.'® and is evident in
our model transient predictions (see Fig. 2). These
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FIGURE 12. Prediction of ventilation and P,o, responses
(solid and dashed lines, respectively, in the lower two panes)
to rapid decompression to 40- K ft from 8-K ft (altitude in
upper pane) and then gradual descent back to 10-K ft. The
subject is breathing ambient air in the middle pane and 100%
O, in the lower pane.

results show that the form and parameters chosen for
the CO, part of the controller (Egs. 9 and 10) are
adequate to closely describe the experimental
responses. Also shown is the predicted brain tissue
CO; (Ppco,) values (dash-dotted line). Steady-state
Pyco, is greater than Paco,, but the difference dimin-
ishes at higher CO, values. The two variables are
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FIGURE 14. Model-predicted respiratory-controller ventila-
tion curves at constant values of Paco, (upper pane) and Pjo,
(lower pane), respectively, are shown by solid, dashed and
dotted curves. The predicted curves in the lower pane show
the characteristic ‘dog-leg’ shape and form part of an Oxford-
fan-like family of curves. Also shown in each panel are the
predictions by the equation of Severinghaus*' using the cor-
responding gas tension values as above. In the upper panel,
the Severinghaus-predicted curves have the same shape as
our model predictions, but are displaced below the latter. In
the lower panel, the Severinghaus predictions are a family of
straight lines intersecting at a negative ventilation point.

related by the empirical equation Y = —15.34+
1.082*X, where Y and X stand for Paco, and Pyco,,
respectively. This relation is useful if one wants to cast
steady-state controller equations in terms of alveolar
(blood)-gas concentrations.

Transient Hypercapnia

The data measured by Reynolds er al.’’ during
hypercapnia allow for a more complete test of the
model because of the range of CO, inhalations used,
the number of variables measured and their measure-
ment of transient changes. The upper set of curves in
Fig. 2 shows the comparison between model predic-
tions of ventilation (solid, dashed, and dotted lines)
and experimentally measured changes (open symbols).
Selection of the values of the two gains and thresholds
of the controller set the maximum ventilation value for
the 7% O, inhalation curve (uppermost). As seen from
the typical SE bars on each curve, the predictions are
excellent for transient changes and steady-state values
for all curves. In the lower section, are shown the
changes in O, and CO, alveolar-gas tensions (two
uppermost curves) and tidal volume (lowest curve) due
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TABLE 2. Model parameters.

Value
Parameter Units Present study  Grodins et al.'®
MR.O> L min~' (STPD) 0.215 0.215
MR,O> L min~! (STPD) 0.05 0.05
MRCO, L min~' (STPD) 0.182 0.182
MR,CO, L min~' (STPD) 0.05 0.05
RQy 0.875 0.875
RQyp 1.00 1.00
fshunt 0.015
v, L 40 39
Vo L 1 1
T,CO, torr 48.4
TeuCO5 torr 38.7
K,CO» L min~" torr™ 2.08
K,COs L min~" torr™* 1.04

to the hypercapnia. As seen, the model predicts these
families of data with good accuracy. These results give
confidence into the validity of the respiratory plant and
controller structures relative to CO, dynamics.

CO, Step Increase

We sought further validation of the CO,-related
structure of the model by using the data of Bellville
et al.' These investigators devised a method of
clamping end-tidal (et) CO, tension to achieve a step
increase. Their measured ventilation response to such a
step maintained for 5 min is shown in Fig. 3 (solid
circles). The model predictions (upper solid line)
somewhat overestimate the mean experimental values
at the various time points, but the SE range is quite
broad as shown by the typical SE bars. Bellville et al.
estimated gains of the peripheral and central control-
lers from their experimental data. If we use their gains
in the model, the predictions are much closer (lower
solid line). This discrepancy highlights the difficulty of
accurate model prediction. If the model parameters are
optimized to closely fit one set of experimental data,
the predictions may be less close for another data set.

Hypercapnia with CB Resection

Also shown in Fig. 3 is the experimental ventilation
response (open circles) and corresponding model-pre-
dicted response (dotted line) for subjects with resected
carotid bodies.! This resection was simulated by
clamping Vp to zero and using the reduced central
chemoceptor gain estimated for these subjects. Hence,
changing only one parameter value allowed accurate
prediction of transient and steady-state responses.

Hypoxia during Eucapnia ( Normocapnia)

Experimental data in the literature for hypoxia
combine this forcing with various manipulations of

Pco,, fixed, either eucapnic or hypercapnic, or poi-
kilocapnic (freely variable CO,). Hypoxia is usually
attained by breathing gas mixtures with low concen-
trations of O,.

The most complete data set for eucapnic hypoxia is
by Reynolds and Milhorn.*® They subjected individu-
als to inspired O, concentrations of 7, 8, and 9% for
10 min and measured ventilation and alveolar-gas
concentrations. Figure 4 shows the changes in total
ventilation (solid symbols) and alveolar O, tension
(open symbols) and the comparisons to the corre-
sponding model predictions, solid and dashed lines,
respectively. The parameters of the hyperbolic part of
Eq. (10) were chosen to match the steady-state venti-
lation predicted by the model to the approximate
steady-state of the experimental data for the 7%-0O,
inhalation (solid squares). The resulting predictions for
the other two O,-inhalation curves are slightly over-
estimated. The minimum Pao, values achieved during
the hypoxic phase were quite closely predicted by the
model, but instead of the undershoot and slow return
to initial baseline shown by the experimental data, the
model predicted an overshoot and a much quicker
return to initial baseline values.

Step Increase in Pyco, during Hypoxia

In the same study as in section “CO, Step In-
crease,” Bellville e al.' measured changes in venti-
lation due to a step in Pgco, induced upon a
background of hypoxia. Figure 5 shows the resulting
changes in ventilation. As seen, the model predic-
tions slightly overestimate the increase in ventilation,
but the SE bars for the experimental data are quite
large. The ability of the model to predict these
ventilation data with acceptable accuracy stemmed
from the functional form of Eq. (11) under hyper-
capnic conditions.

Hypoxia Followed by Hyperoxia during Poikilocapnia
( Freely-variable CO>)

Data from a study by Georgopoulos er al.'> pro-
vided validation for model ventilatory-control
dynamics. Figure 6 shows the results. As seen, the
model transient ventilation predictions (solid line) in
the hypoxic phase closely follow the measured
increases (solid circles). Predicted ventilation shows
some oscillation upon cessation of hypoxia and intro-
duction of hyperoxia, but is basically similar to the
experimental changes. These oscillatory dynamics de-
pend upon the value of the time constant in the
peripheral chemoceptor loop. Ventilatory oscillations
resulting from hypoxia have been produced in simu-
lations by a number of other investigators.'8:23-30-46:48
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Poikilocapnic Hypoxia

The study by Reynolds and Milhorn®® in sec-
tion “Hypoxia during Eucapnia (Normocapnia),” also
included experiments where hypoxia was induced, but
CO, was allowed to vary. Figure 7 shows the changes
in ventilation and alveolar Pp, under these conditions.
The form of Eq. (11) was determined to have the model
ventilation predictions during hypocapnia approxi-
mately match experimental ventilation data over the
~6—12 min time period. As seen, predictions were
usually within the variability indicated by the SE bars.
Predicted ventilation data following the step showed
an undershoot not seen in the experimental data, but
the 2-min gap between experimental data points may
have masked this response. The oscillations shown on
the predicted-ventilation curves were much more evi-
dent than in Fig. 4 where Psco, was held constant.
The curves became more oscillatory as Paco, was re-
duced. Pao, predictions were a few torr lower than
those measured during this hypoxic phase. Removal of
the hypoxic stimulus produced an oscillatory pre-
dicted-Pao, response that was slow to return to pre-
hypoxic levels, particularly for the 7%-0O, inhalation
condition. These dynamics were not evident in the
measured responses. The minimum Paco, values at-
tained at the end of hypoxia were within about 1 torr
of the experimental minimums (not shown).

Steady-state Ventilation vs. Pco, Curves during
Hypoxia

The ventilation data (filled circles) for a range of
alveolar Pco, at constant Paco, for two subjects as
measured by Nielsen and Smith®' are shown in the
upper and lower panes of Fig. 8. Nielsen and Smith
drew asymptotes through these data (dashed lines).
The inflection points at the knee (~32-34 torr) of each
curve were suggested as threshold points for the central
respiratory controller. The model results (open circles
and connecting dotted lines) were determined from the
%0, and %CO, inhalations and the exposure times
given by them.’' The numbers next to some points
show the range of predicted Pao, values attained at the
end of the measurement period. As seen, the model
predicts a similar pattern of a transition from an al-
most flat slope to a much increased slope, but the
transition region is a few torr higher than drawn for
the experimental data. The predictions would show a
smooth transition, characteristic of the function of Eq.
(11), if Pao, was constant. However as seen, the con-
ditions used by Nielsen and Smith resulted in steady-
state Pao, values that varied over a range of 2—4 torr
for the subjects.

Hall?! wanted to further investigate the apparent
threshold found by Nielsen and Smith®' using a

somewhat different protocol. As seen in the upper pane
of Fig. 9, a series of periods of inhalation of increasing
concentrations of CO, imposed on a background of
hypoxia produced a series of transient changes in
ventilation and alveolar Pco,. Although Hall claimed
that both of these variables were at steady state at the
end of each inhalation period, it is clear they are still
decreasing at inhalations less than about 7%. The
bottom pane of Fig. 9 shows the comparison of
experimental results (solid circles and dashed line fit of
Hall) and model predictions (open circles) taken from
the upper pane. The %CO, inhaled is shown next to
each point. Because of the variability of individual
subject responses, the experimental Paco, values
achieved ranged down to 26 torr and appear continu-
ous to beyond 40 torr. There appears to be an inflec-
tion point at about 33 torr. In contrast, the minimum
model Paco, was 32 torr and there are a discrete
number of data points corresponding to the seven
different concentrations of CQO, inhaled. The curve
through the predicted data is smooth, with no inflec-
tion point. However, a tangent line drawn through the
lower Pco, set of points and another one through the
upper two would intersect at about 38 torr, thus sug-
gesting such a threshold point.

Experiments at Altitude ( Low-pressure Chamber )

Figure 10 (upper pane) shows the measured alveo-
lar-gas tensions (open circles) of Rahn and Otis** who
exposed subjects to 60 min of altitude-induced hypoxia
in an altitude chamber. The experimental data are for
simulated altitudes of 0.55 to 22-K ft (dashed lines).
The solid line shows model predictions extended to an
altitude of 33.5 K ft. As seen, the predictions are
within a few torr of the experimental data. As seen in
the lower pane, the predicted ventilation and other
variables broke into a spontaneous, unstable oscilla-
tion about 40 min after exposure to the 33.5-K ft
altitude. This oscillation is likely due to the high con-
troller gain at this extreme level of hypoxia. It was not
due to a numerical instability as reducing the integra-
tion time-step did not eliminate it.

Rahn and Otis™ used their gas tension data to
predict the changes in alveolar ventilation at each
simulated altitude. Table 3 (column 2) shows these
results. The alveolar ventilation data were calculated
from

MRy, x RQ

Va = 0.864 x
A Paco,

(14)
where MRy, is the rate of O, utilization in mL min™"
and RQ is the respiratory quotient. Rahn and Otis
assumed a constant rate of O, utilization at all alti-
tudes so this term cancelled out in the calculation of
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TABLE 3. Predictions of calculated alveolar ventilation
changes at altitude by Rahn and Otis.>*

Altitude (K ft) Rahn et al. calculated Model
0.55 1 1

16 1.31 1.26
18 1.43 1.43
20 1.62 1.65
22 1.81 1.95

ventilation ratios. They also assumed an average RQ
of 0.82 for all their calculations. Column 3 of the Table
shows the predictions of the model. As seen, they are
close to the experimental estimates.

Model Predictions at Altitude

Changes in ventilation (solid line) and arterial Po,
(dotted line) as a result of exposure to altitude, either
breathing ambient air or 100% O, through a mask
during a simulated altitude-training exercise, are
shown in the lower pane of Fig. 11. The upper pane
shows the altitude (solid line) sequence changes and the
periods of ambient or 100% O, breathing (dotted line).
As seen, between min 7 and 10, exposure to 25-K ft
altitude while breathing 100% O,, does not stimulate
an increase in ventilation because Pp, is not in the
hypoxic region. However, when the mask is removed
and Po, drops, there is a rapid increase in ventilation
to almost 20 L min™'. During this hypoxic phase,
arterial Po, falls to low levels, about 35 torr. At this
point, arterial-hemoglobin O, saturation (not shown)
is close to 70%. Sustained exposure to such low levels,
without the use of supplemental O,, can induce syn-
cope in unacclimatized individuals.>*** Hence, sup-
plemental O, is mandatory at this altitude for crew and
passengers in commercial aircraft. A similar scenario,
but less severe, occurs upon removing the mask at 18-
K ft (min 16-18).

A rapid decompression to 40-K ft is a significantly
more dangerous situation than the exercise above.
Figure 12 shows the respiratory responses to a
decompression from 8-K ft (normal airline cabin
pressure) to 40-K ft in 1 min and then the gradual
descent back to 10-K ft. The upper pane shows the
timing of the altitude changes. The middle and lower
panes show the responses without and with supple-
mental O, respectively. As seen in the middle pane, the
decompression results in a rapid fall in arterial Po, that
stimulates maximal ventilation. Ventilation returns
towards normal after Po, rises during descent. It is
likely that syncope would have occurred at some point
during the fall in Po,, however, nothing in the present
simulation predicts this event or changes respiratory
behavior as a result. In the bottom pane, the exposure

to 100% O, for the entire time of decompression
avoids any significant ventilatory changes as Po, never
drops to a hypoxic level.

The model can be used to explore the effect of the
lag time in donning the O, mask. We assumed that at
14.4-K ft, these masks automatically descend from the
ceiling and O, is flowing. Figure 13 shows these results.
Shown are the decreases in arterial saturation (long-
dash line), P,0, (solid line), and brain PO, (short-dash
line) as the time to don the mask increases. Using any
of these measures, it is clear that extending this time
significantly increases the chance of syncope occurring.

DISCUSSION

The aim of this study was to use mathematical
simulation to explore the predictions of a model of
human respiration in the awake state that could be
used to understand the respiratory responses of indi-
viduals exposed to high altitudes for short periods of
time. The results of this exercise could give consider-
able insight into the respiratory responses induced by
the potentially dangerous hypoxia at altitude, a situa-
tion not easily studied experimentally. In this initial
investigation, we found that a typical training session,
where simulated altitudes as high as 25-K ft are
encountered, when sustained, is capable of producing
hypoxia (Fig. 11) that would likely result in syncope.?
In a rapid decompression to 40-K ft, supplemental O,
is absolutely required to avoid a similar scenario
(Fig. 12). If the O, mask is not donned in sufficient
time (Fig. 13), then O, levels in the body could again
reach critically low levels. Although these qualitative
conclusions have been reached before by the aviation
community, the model now yields quantitative pre-
dictions which can give more weight to their validity. A
very important outcome of this study is that this well-
validated model can be used to predict responses of
subjects using newly developed O, masks and O,-
delivery systems being proposed for use in various
aircraft.

Of course, confidence in the predictive ability of a
model is only as good as the breadth and depth of the
experimental data against which it is validated. In the
present study, we have tried to compare model pre-
dictions to almost all the appropriate data known to us
for pure hypercapnic conditions and for the wide range
of short-term (<10 min) hypoxic conditions, uncou-
pled and coupled with hypercapnia and hypocapnia.
Data intentionally excluded were those for longer-term
hypoxia where the HVD phenomenon was prominent
(sece below). As seen in our extensive validation
(Figs. 1-10), for the most part, the model predictions
of ventilation and O, and CO, gas tensions were quite
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close to the experimental data, both transient and in
the steady-state. The model predicts many more vari-
ables, but most of these have not been measured or
cannot be measured with present technology.

Important in the present model is its ability to de-
scribe the changes in ventilation produced by changes
in CO,, both greatly increased and decreased from
normal, at normal and hypoxic levels of PO,. Histor-
ically, in the awake state, such respiratory controller
descriptions have been characterized by a family of
curves, variously referred to as ‘dog-leg’ or ‘hockey-
stick” shaped,® or also described as the ‘Oxford fan’, %
particularly in the hypercapnic region. This family is
typically displayed as a series of straight lines con-
verging to a single point as shown in the lower panel of
Fig. 14. This description is from Severinghaus*' who
suggested these lines as typical experimental responses
to increases in CO, while alveolar Pg, is held constant
at hypoxic levels. As seen, the lines predict that ven-
tilation is driven to zero at Pco, values <36-38 torr
depending upon Po, levels. This type of formulation
may be appropriate under sleep conditions where ap-
nea can be produced, but it is not applicable to awake
humans under conditions of severe hypocapnia seen at
high altitude (see Fig. 10). In contrast, our model
predictions under hypocapnic conditions show that
ventilation changes become almost insensitive to vari-
ations in Pco, under these conditions. This behavior
resembles the measured data of Nielsen and Smith?!
shown in Fig. 8 and Hall®' in Fig. 9. As seen, our
model predictions only become linear at Pco, values a
few torr above the normal value of 40 torr and then
continue on to form the characteristic fan-like form for
the various constant PO, values. This behavior is due
to the different formulations we used (Eq. 11) for the
conditions of hypercapnia and hypocapnia. The pre-
dictions are continuous at the 40-torr point, but the
change between the two functional forms produces an
inflection point that may not be real. Therefore, our
model predictions do not indicate a respiratory con-
troller threshold as suggested by the measurements of
Neilsen and Smith and Hall, even though such
thresholds exist in our controller formulation. Whether
or not such a threshold can be determined from
respiratory data in awake humans is controversial.’
Duffin et al.'' has unmasked such thresholds using
rebreathing experiments. However, Patrick et al.>
confirmed our results in that they did not see a
threshold-like inflection point in hypocapnic-induced
respiratory responses in awake humans.

Another approach to characterizing these controller
curves is shown in the upper panel of Fig. 14. Cormack
et al.* measured changes in ventilation as Po, was var-
ied, but Pco, was kept constant at normal or hyper-
capnic levels. Hence, their results are not applicable to

hypocania, our major interest. Their experimental data
had a hyperbolic shape as shown qualitatively by both
our model’s prediction and the equation of Severing-
haus.*' As expected from the results in the lower pane,
the predictions of our model and that of Severinghaus*'
diverge as Po, is reduced. We did not try to compare
these predictions with the data of Cormack et al. be-
cause of the large variability of the latter.

It was necessary to make some fundamental
assumptions about the respiratory controller in the
present simulation. These assumptions have many
similarities to those of an early study by Duffin ez al.'’
and to more recent studies,*****® but also some major
differences. The assumptions are: (1) the controller is
composed of two separate sets of chemoceptors, cen-
tral and peripheral, whose ventilation signals add to
achieve the total ventilation signal. (2) The central
controller produces a ventilation signal which is a
linear function of brain CO, and has a threshold below
which the signal is zero. This threshold value is below
the model’s resting Ppco, so that the central signal
contributes to resting ventilation (see Eq. (9) and Ta-
bles 1 and 2). (3) The peripheral chemoceptor response
includes a linear function of CO, that contributes to
resting ventilation and a nonlinear term expressing the
interaction of CO, and O, on ventilation (Eq. 10).
Equation (9) and the linear part of Eq. (10) set resting
ventilation. (4) The O, contribution to ventilation is
given by the hyperbolic relationship of Eq. (10) with
parameter values selected to have model predictions
approximate the experimental steady-state ventilation
increases due to eucapnic hypoxia (see Fig. 4). (5) We
assumed a multiplicative effect of CO, on the hypoxic
ventilation drive (Eq. 10). The form of the CO, effect
during hypocapnic-hypoxia is a function of the inverse
of the ratio of P,co, to its resting value raised to the
fourth power. This form allowed predictions to
approximately match the steady-state hypoxic experi-
mental data of Fig. 7. The form during hypercapnic-
hypoxia was this ratio raised to the third power. The
ability to approximately match the hypercapnic-hyp-
oxic experimental data (Fig. 3) of Bellville ez al.' was
dependent upon this latter functional form. At this
time, we know of no mechanism producing the shapes
of these curves (see Fig. 14), however, it is clear that
the existence of controller thresholds do not produce
noticeable discontinuities in these curves.

Our controller formulation differs from those of re-
cent studies in a number of ways. Ursino et al.*’ used a
constant resting ventilation value as did the original
Grodins'® model; the shape of their curve relating
peripherally induced ventilation to Po, is sigmoidal;
hypoxic ventilatory response is modified by a loga-
rithmic function of Pco,; ventilation is not allowed to
become negative during strong ventilatory inhibition of
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control functions, but it could go to zero. Longobardo
et al*® assumed that the chemical controller was de-
fined in two regions separated by a ‘transition’ Pco,
threshold; controller gains are higher above this
threshold and lower below it; total ventilation is the
sum of the chemical drive, alertness drive of the indi-
vidual and other neurally mediated drives (see below);
the hypoxia drive is a linear function of O, saturation.
The Longobardo controller has the potential of
describing ventilation changes during hypocapnic hy-
poxia, but their only validation was qualitative. Topor
et al.* used a quite different approach. They assumed
that total ventilation is described by the formulation of
Severinghaus;*! their central controller formulation is a
linear function of brain CO, and arterial CO, is derived
from brain Pyco,. They subtracted the resulting for-
mulation from that of total ventilation to derive the
peripherally induced ventilation function; the central
contribution can become negative and subtract from
this peripheral contribution; total ventilation can go to
zero to simulate conditions encountered during sleep.

The Ursino et al.*”*® model was able to predict
longer-term ventilation changes due to eucapnic and
poikilocapnic hypoxia, however, for validation of
poikilocapnic hypoxia, the major focus of the present
study, they used the data of Easton er al.,'"® which
actually was measured under eucapnic conditions. Our
evaluation of their controller equations suggested that
they could not yield the dog-leg shaped curves neces-
sary to describe ventilation changes due to decreases in
Pco, at constant Po, levels. The Longobardo et al*®
model was designed primarily to investigate periodic
breathing during sleep and other conditions. They
simulated the dogleg-shaped controller curves by using
different CO»-response slopes above and below their
CO»-transition threshold. There were only qualitative
comparisons of model predictions to experimental
data. Topor et al.*® validated their model by compar-
ing predicted ventilation responses to a hypercapnic
step under normoxic and hypoxic conditions using the
data of Bellville ez al.' as in the present study (Figs. 3
and 5). However, the experimental data shown for the
normoxic, hypercapnic step was that of a CB-resected
individual (open circles in Fig. 3) and the experimental
data shown during hypoxia was for a normoxic,
hypercapnic step (solid circles in Fig. 3). Because
ventilation could be driven to zero at reduced Pco,
values, the controller formulation is not appropriate
for our present application.

Another important feature of recent models is their
simulation of the effect of O, and CO, on cardiac
output and cerebral blood flow. Ursino er al.*’ as-
sumed that hypoxia increased both blood flows in an
exponential manner. The additive effect of CO, on
cerebral blood flow was taken from Reivich®’ as in the

present study and CO, had no effect on cardiac output.
No comparisons were made with experimental data.
Longobardo ez al.*® assumed that cerebral blood flow
changed linearly with CO, and had an additive effect
inversely proportional to arterial O, saturation.
However, the rationale for these assumptions was not
given. Our simulation of the effects of O, and CO, on
these blood flows generally followed the approach of
Topor et al.*® by fitting logistic-type functions to hu-
man data, but we found some data not used by them to
be more appropriate and we question their use of four
different time constants to describe on- and off-tran-
sients for hypercapnic- and hypoxic-effects on cerebral
blood flow derived from experimental data of Poulin
et al>® The estimated time constants by Poulin er al.
were extremely variable for both the on- and off-
transients of the hypoxic effects (0.2-165 s, for on-
transients, for example). Only the 6.1 s time constant
for the hypercapnic effect was statistically significant.
Hence, we used a 6-s time constant for all cerebral
blood flow changes. We also used the 15-s time con-
stant to slow changes in cardiac output as suggested by
Topor et al.*® We used a multiplicative approach of
simulating changes to these flows rather than their
additive approach. These differences between the
present model and these more recent ones likely yield
differing predictions, but the quantitative importance
of these differences is difficult to determine.

We simulated the phenomenon of short-term
potentiation or neural afterdischarge by inserting a 35-s
time constant in the peripheral chemoceptor loop. The
resulting model transient predictions to a short hypoxia
followed by hyperoxia (Fig. 6) were quite close to the
experimental measurements under these conditions by
Georgopoulis ef al."> Hence, the dynamics of both
hypoxia onset and cessation were accurately simulated.
The Ursino er al.*® model qualitatively predicted the
experimental results of Geogopoulis e al.'> Longo-
bardo er al*® simulated only the post-hypoxic phase
with a 15-s time constant. Topor e al.*® used a 35-s
time constant after ventilatory stimulus initiation and
18-s time constant for the response after removal of the
stimulus. Topor et al.*® referred to the Georgopoulis
data and to other data for their time constant selection.
Our survey of the available data did not compel the use
of two different time constants.

All three recent models addressed the phenomenon
that the ventilatory response to sustained hypoxia
rapidly reaches some maximum value, decreases slowly
to about half this value over the next ~30 min and then
returns to the initial maximum over the next 30-
60 min. This phenomenon has been variously referred
to as hypoxic ventilatory decline or depression (HVD).
The predictions of the Topor e al.*® model that sim-
ulated only the hypoxia-induced cerebral blood flow
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changes suggested that about half of this slow initial
decrease is caused by hypoxia-induced changes in
cerebral blood flow, whereas the other half could be
induced by a central inhibitory mechanism. Ursino
et al.*’* simulated HVD by slowly inhibiting the gain
of the peripheral chemoceptors in a nonlinear manner.
In the present model, we did not specifically simulate
this phenomenon for a number of reasons. (1) The
short-term hypoxic data we used for comparison to
model predictions did not show this decrease in ven-
tilation (see Figs. 4 and 6), (2) the centrally induced
component does not play a significant role in the short-
term hypoxia investigated in the present study, and (3)
the dynamics of the HVD effect varies significantly
across the various experimental studies. It should be
noted that even though we simulated the effect of hy-
poxia on cerebral blood flow, we did not see much of a
ventilatory overshoot on the ventilatory response (see
Figs. 4 and 6).

Missing from the present model is a simulation of
CO, exchange between the brain and cerebrospinal
fluid (CSF) as included by Grodins et al.'® Using their
constants, we found that the small amount of exchange
that occurred during our simulation runs had little ef-
fect on brain Pco,. However, CSF Pco, only very
slowly responded to changes in brain Pco,. Hence, if
CSF Pco, were used in the controller function it would
significantly slow centrally induced ventilation changes.

There have been numerous other models before
those described above that have notable features.
However, they will not be discussed here as Ursino
et al.*” and Topor et al.*® have thoroughly reviewed
them.

The model predictions have an inherent oscillation
during simulated hypoxic conditions, a characteristic
seen in virtually all previous models, including that of
Grodins et al.'® This behavior is first noticed in the
predictions of Fig. 4, where during eucapnia, there are
predicted overshoots and undershoots in both venti-
lation and alveolar Po, at the onset of breathing gases
with low O, and just after breathing normal air again.
The transient oscillations become much more extreme
when Pco, is allowed to vary (Fig. 7). Hence, it is the
peripheral interaction of CO, and O, in the controller
formulation (Eq. 10) that plays the important role in
producing this effect. At extreme conditions of high
altitude, the system actually becomes unstable (see
Fig. 10, lower panel). The dynamics of this predicted
response to hypoxia depends upon the dynamics of the
peripheral chemoceptor response which is most influ-
enced by the 35-s time constant in that loop. This time
constant was used to produce ventilatory transients
consistent with neural afterdischarge.'® The oscillation
may have some relevance to breathing irregularities
seen during sleep and at altitude, however the con-

troller function used in the present study does not al-
low apnea to occur at low Pco, values. Hence,
predictions of the present model probably don’t per-
tain to classical periodic breathing.

Although we feel that the present model is the most
completely validated of any published and quite ade-
quate for description of respiratory responses to a
number of important forcings, there are areas where it
could be improved. The effect of gravity has not been
included, hence, the effect of ventilation-perfusion
inequalities in various lung zones cannot be investigated.
The model does not include a simulation of respiratory
mechanics and the respiratory cycle. In its current for-
mulation, the model does not adequately describe alve-
olar-arterial O, dynamics during a rapid decompression
where rapid movement of gases delays equilibration
between blood and alveolar gas. The necessary
improvements would entail simulating the diffusion
dynamics of O,. We would also like to look at longer-
term effects of hypoxia where the HVD-phenomenon is
important. An important issue not covered in the pres-
ent model is the effect of metabolic acid—base distur-
bances** on longer-term respiratory control. Simulation
of this phenomenon would require improvements in
both the respiratory plant and the controller.
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