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ABSTRACT. Objective. In a previous study in anesthetized
animals, the slope of percent decreases in exhaled CO, versus
percent decreases in cardiac output (Qr, inflation of vena cava
balloons) was 0.73. To examine the mechanisms underlying
this exhaled CO,-Qt relationship, an iterative numerical
analysis computer model of non-steady state CO, kinetics was
developed. Methods. The of a large
peripheral tissue compartment connected by venous return
and QT to a small central pulmonary compartment. Equations
were developed to describe the movement of CO, in this
system. Decreases in QT were accompanied by experimentally
measured increases in alveolar dead space fraction (VD,,/VTyy),
generated by decreased pulmonary vascular pressure during the
Qr decrease. Results. When the model was perturbed by a
40% decrease in QT and an increase in VD,,/VT,, from 5 to
20.6%, average alveolar expired Pco, (PAEco,) decreased from
37.5 to 29.4 mm Hg, similar to the animal experiments. Due to
the high peripheral tissue compliance for CO,, the computer
model demonstrated that, after a decrease in QT, at least 1 h was
required for compartment CO, stores to approach a new
equilibrium  state. Conclusions. The numerical analysis
computer model helps to delineate the mechanisms underlying
how decreased Qt resulted in decreased exhaled CO,. The
model permitted deconvolution of the effects of simultaneous
variables and the interrogation of parameters that would be
difficult to measure in actual experiments.
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INTRODUCTION

In the classical, steady state alveolar gas equation,
Faco, = Vc02 )/ VA where FAco, is the alveolar fraction
of CO,, Vc@ i 1s the tissue productlon of CO,, and Va is
alveolar ventilation. Cardiac output (QT) does not appear
in the equation, although it transports CO, from the
tissues to the lung [1]. During steady state, blood CO,
transport equals Vcoz,ﬁ. In recent years, there has been
increased understanding of the clinical relationships
between QT and exhaled CO, during non-steady state [1].
Disastrous cardiovascular events during anesthesia (e.g.
severe hypovolemia) result in the exponential decrease of
end-tidal Pco, (PETCQZ) within about ten breaths [2].
Reports during cardiopulmonary resuscitation [3, 4]
demonstrate that changes in Pgr,, can reflect changes in
Qr. Indeed, the best signal of the return of spontaneous
circulation (with marked increase in Qrt and venous
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return) during cardiopulmonary resuscitation may be the
significant increase in Pgr., [5].

In a previous study of anesthetized dogs [6], QT was
decreased by variable inflation of superior and inferior
vena cava balloons. Over a range of acute decreases in QT,
the plot of percent decrease in PETcoo versus percent
decrease in QT yielded a slope of 0.73. Two mechanisms
were proposed to explain how an abrupt decrease in QT
decreases PETco,. First, the reduction in venous return
decreases the transport of CO, from tissues to lung. In the
face of constant minute ventilation (VE), alveolar Pco,
(PAco,) will decrease. Second, the alveolar dead space
fraction of alveolar tidal volume (VD,,,/VT,,) will increase
due to the reduced pulmonary vascular pressure that
occurs during a decrease in QT [7, 8]. This increase in
Vb, will dilute and decrease PETco, below Paco, [9].
During a sustained reduction in QT, recovery of exhaled
CO, will result from the accumulation of CO, in the
peripheral tissue compartment and resultant increase in
mixed venous Pco, (Pvco,). The increase in Pvco,
restores CO, transport to the lung, increases PAco,, and,
hence, pulmonary CO, elimination. In fact, PAco, must
rise above the baseline value to restore pulmonary CO,
elimination (Vcoz) to equal the tissue VC02 because Vi
was decreased by the increase in VD,,/VTy,.

To help examine and validate these hypotheses, I have
developed a numerical analysis model of non-steady state
CO; kinetics. I perturb this computer model with an abrupt
decrease in QT, examine the resultant time course and
changes in CO, kinetics variables, and compare the model
predictions with the experimentally measured changes.

METHODS AND MATERIALS

Overview of the numerical analysis model of non-steady
state CO, kinetics

The computer model consists of a large peripheral tissue
compartment of CO, stores and a small central pulmonary
compartment of CO, stores [10, 11] (Figure 1). The
peripheral tissue compartment is connected by venous
return and QT to the central pulmonary compartment.
COs; is transported in arterial and venous blood, as gov-
erned by its solubility relationships (see below). Vo,
adds to the peripheral CO, compartment. Va, which
equals VE minus the effects of anatomical dead space
(VD,na) and Vb, eliminates CO, from the central pul-
monary compartment. The alveolar-capillary membrane,
across which gas exchange occurs, is depicted by the
dotted line. Vp,,, which does not participate in gas
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Fig. 1. Scheme of CO, kinetics. The large, peripheral tissue compartment
of COy, stores is connected by venous return and cardiac output (Qr) to the
small, central pulmonary compartment of COy stores. Tissue CO, pro-
duction (I./COL,,') adds to the peripheral CO, compartment. Alveolar
ventilation (V.4), which equals minute ventilation ( V&) minus the effects of
anatomical dead space (VDg,,) and alveolar dead space (VDy,), eliminates
CO; from the central pulmonary compartment. The alveolar-capillary
membrane, across which gas exchange occurs, is depicted by the dotted line.
VDgy,, which does not participate in gas exchange, is separated from pul-
monary capillary blood by the solid line. Average alveolar expired
Pco,(PAEco,) is measured at the airnway opening. (During clinical
anesthesia, the less accurate end-tidal Pco, (PETCOZ) is usually measured
instead of PAEco,). PAco,, alveolar Pco,; Paco,, arterial blood
Pco,; PVco,, mixed venous blood Pco, .

exchange, is separated from pulmonary capillary blood by
the solid line. The numerical algorithms assume that the
addition of high ventilation-to-alveolar perfusion (Va/Q)
regions, where alveolar corner vessels may remain open
[12], are represented by alveolar dead space (VDalv) (VA/ Q
equal to infinity) for modeling convenience.

Tidal Pco, is measured at the airway opening and
PAEc0, is determined. PAEc(, is the average alveolar Peo,
normalized for exhaled volume [13]. In other words,
PAEco, 1s the mean P, value of the alveolar plateau of
the CO, expirogram (plot of exhaled Pco, versus exhaled
volume). During clinical anesthesia, the less accurate
PETCo, is usually measured instead of PAEco,. PETco, is
the Pco, of the last exhaled alveolar gas sampled at the
airway opening. In other words, PETco, is the final Pco,
value of the alveolar plateau of the capnogram (plot of
exhaled Pco, versus time).

Iterative computer model
The numerical analysis is an iterative process in which the

following consecutive events are evaluated during each
iterative period (usually 1 s):



1. Change in CO; volume of the central pulmonary compart-
ment equals COy transport in blood minus CO, elimina-
tion from lung.

2. Change in PAco, equals Change in COj, volume of the
central pulmonary compartment divided by pulmonary CO,
compliance.

3. PEC()2 equals PACOZ : (1 — VDﬂh,/VTah,) [6, 13]
(re-arrangement of the equation for alveolar dead space
fraction).

4. Change in CO;, volume of the peripheral tissue compartment
equals Vcoz,n‘ minus CO; transport in blood.

5. Change in Pvco, equals Change in CO, volume of
the peripheral tissue compartment divided by tissue CO,
compliance.

Specific parameters of the CO, kinetics model

Table 1 displays the independent and dependent variables
of the CO, kinetics model, scaled for the body weight of
the dog. Blood CO;, content (Cco,) is calculated from
Pco, assuming a linear CO, blood solubility relationship
(ml CO, - 100 ml blood™ - mm Hg PCO_;) [14-16] and
the Haldane effect [17-19]. The Haldane effect, which
describes the increase in CO, blood content when
hemoglobin desaturates, accounts for 46% of total CO,
transfer. The CO, compliance of the peripheral tissues
(ml CO»/mm Hg Pco,) was determined from tissue
weight [20] and the slope of the tissue dissociation curve
tor CO, [10, 15]. The CO, compliance of the venous
blood compartment was determined from the volume of
venous blood [20] and the CO; blood solubility. The
CO, compliance of the pulmonary gas compartment
depends on the functional residual capacity (FRC). The
CO, compliance of the lung tissue [14] accounts for
storage of CO; in actual lung parenchyma. The CO,
compliance of the arterial blood compartment was
determined from the volume of arterial blood [20]
and the CO, blood solubility. Other canine baseline
variables were taken from measurements in our labora-
tory [7, 21].

Experimental perturbations of the CO, kinetics
mathematical model

Figure 2 displays the Data|BreakPoints page of the com-
puter model. From the baseline model data displayed in
Table 1, Qt is decreased by 1 1/min (40% decrease) over
5 s beginning at 10 s of the 130 s model simulation run
(Figure 3). The simultaneous increase in VD,,/VTy, of
15.6% (=40% - 0.39) is calculated from the slope of the
change in VD,,/VT,, versus percent decrease in QT
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Table 1. Initial independent and dependent variables in the CO,
kinetics mathematical model in the dog (baseline data for Fig. 3)

Independent variables

Qr (I/min) 25
VE (I/min) 3.2
FICOg 0.0
VD,,./ VT (%) 30
VD:\IV/ VT:\]V (%) 5
Vo, (ml/min) 120
P (mm Hg) 747
Py,0 (mm Hg) 47
CO, blood solubility (ml %/mm Hg Pco,) 0.45
Haldane effect (ml %) 2.21
CO, Compliancepeipheral Tissue 53.0
(ml CO»/mm Hg Pco,)

CO, Compliancevenous Blood 4.50
(ml CO,/mm Hg Pco,)

CO, Compliancegr ¢ 1.43
(ml CO2/mm Hg Pco,)

CO, Complianceaerial Blood 2.10
(ml CO»/mm Hg Pco,)

CO, Compliancey yng Tissue 0.55
(ml CO,/mm Hg Pco,)

Dependent variables

Total Vb/VT (%) 33.5
Va (I/min) 2.13
Paco, (mm Hg) 39.5
PAEco, (mm Hg) 37.5
Paco, (mm Hg) 39.5
Pvco, (mm Hg) 45.2

Qr, cardiac output (equal to venous return); Vg, minute ventila-
tion; Fy., , fraction of inspired COy; Vpu,,/Vr, anatomical dead
space fraction of total tidal volume; VD,,/ VT, alveolar dead space
fraction of total alveolar volume; Vcoz.m tissue CO, production;
PB, barometric pressure; Pp,o, water vapor partial pressure in
alveolar gas; FRC, functional residual capacity; Va, alveolar ven-
tilation; PAco,, alveolar Pco,; PAEco,, average alveolar expired
Pco,;Paco,, arterial blood Pco,;Pvco,, mixed venous blood
Pco,; “ml % is ml CO, per 100 ml blood.For explanations and
formulas, see the text section, Specific Parameters of the CO, Kinetics
Model, in the Methods and Materials.

(0.39), measured in the canine study [6]. The maximum
acute changes in variables were measured in the model
at 65 s, to correspond with the temporal measurement
sequence conducted in the canine study. This sequence
was repeated over a range of percent decreases in QT from
10 to 80% to generate Figure 4. Finally, the simulation
run depicted in Figures 2 and 3 was extended to 3,615 s
to seek the time required to restore equilibrium to the
CO;, kinetics system (Figure 5).
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Fig. 2. Data input screen of the CO, kinetics computer model. The
BreakPoints page allows up to 8 independent perturbations of model vari-
ables. The displayed perturbations of cardiac output (Qt, 1/min) and
alveolar dead space-to-tidal volume ratio (AlvVdVt, %) generate the data
shown in Figure 3. For example, at 10 s of the model run, Qt will decrease
by 1 1/min over 5 s. The Skip parameter of 1 indicates that the change in
Qt will be applied to consecutive time increments. t incr at each iter is the
time increment during each iteration of the model. The Variables page (not
shown) provides user inspection and access to all of the variables shown in
Table 1 (baseline data for Figure 3). Program State save feature allows the
complete disk file storage of the state of the program, including model
variables, perturbations, and graph settings.

RESULTS

The computer model simulation run in Figure 3 began
from the baseline condition displayed in Table 1. The
perturbation began at 10 s, consisting of a 40% decrease in
QT from 2.5 to 1.5 I/min and an increase in VD,,/ VT,
from 5 to 20.6% over 5 s. During the 5 s perturbation,
PAEco, decreased abruptly from 37.5 to 31.1 mm Hg and
pulmonary Vo, decreased from 120.0 to 103.9 ml/min;
at 65 s of simulation time, PAEco, and pulmonary Vcoz
had decreased to 29.4 mm Hg and 94.2 ml/min, respec-
tively. The perturbation resulted in a steady decrease in
arterial blood Pco, (Paco,) from 39.5 mm Hg at baseline
to 37.0 mm Hg at 65 s of simulation time. During the
same period, PVco, (tissue Pco,) steadily increased from
45.2 to 45.8 mm Hg.

For eight simulation runs (as depicted in Figure 3) over
a range of decreases in QT, Figure 4 plots the percent
decreases in PAEco, versus the percent decreases in Qr.
The points lie almost on a straight line, with only slight
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Fig. 3. CO; kinetics model: acute decrease in cardiac output. From

the baseline condition displayed in Table 1, at 10 s, cardiac output (Q)
decreased from 2.5 to 1.5 1/min and the alveolar dead space fraction
(VD! VTay,) increased from 5 to 20.6%. The numerical analysis calcu-
lated the displayed variables every sec up to a total simulation time of 130 s.
PREco, average alveolar expired Pco,; Paco,, arterial blood Pco,;
Pvco,, mixed venous blood Pco,; pulmonary VC(;Z, CO;, elimination
from the lung by alveolar ventilation (ml/min); blood Q(;()z, CO; trans-
port in blood from the peripheral tissue compartment to lung.

% Decrease in PAECO2

0 10 20 30 40 50 60 70 80 90
% Decrease in Cardiac Output

Fig. 4. CO; kinetics model predictions of percent decreases in average
alveolar expired Pco, (P AEco,) versus percent decreases in cardiac output
(QT) For each simulation run, the baseline condition variables values are
displayed in Table 1 and VDy,/V'Ty, was increased according to (%
decrease in Q)+ 0.39 (see Figure 2 and text for details). Analysis by
linear regression yielded a slope of 0.59, y-intercept of —1.4, and R” of
0.998.

upward convexity. Linear regression yields a slope of 0.59,
y-intercept of —1.4, and coefficient of determination (R)
of 0.998.

Figure 5 extends Figure 3 (40% decrease in QT from
2.5 to 1.5 I/min and increase in VD,,/VT,, from 5 to
20.6%) to a simulation time of 3,615 s. By 1 h (3,600 s),
pulmonary Vcoz had increased back to 115.7 ml/min,
compared with the baseline value of 120.0 ml/min. In an
analogous fashion, PAEco, and Paco, had increased back
to 36.2 and 45.5 mm Hg, respectively, compared with the
baseline values of 37.5 and 39.5 mm Hg, respectively.



By 1 h, PVco, had increased to 57.8 mm Hg, compared
with the baseline value of 45.2 mm Hg.

DISCUSSION

Acute decrease in cardiac output: effects on CO; kinetics

During a 40% decrease in QT from 2.5 to 1.5 1/min (with
concurrent increase in VD,,/VT,, from 5 to 20.6%),
the numerical analysis of CO, kinetics predicted a
21.6% decrease in PAEco, from 37.5 to 29.4 mm Hg and
a 21.5% decrease in pulmonary Vco, from 120 to
94.2 ml/min (Figure 3). These results were similar to the
representative animal sequence presented in the canine
study of non-steady state decreases in Qt [6], where
PETco, decreased from 38 to 28 mm Hg and pulmonary
VCO2 decreased from 155 to 108 ml/min, when QT was
decreased from 2.8 to 1.5 1/min. When 32 sequences
of decreased QT were analyzed in the canine study, the
slope of percent decreases in PETco, (or percent decreases
in pulmonary Vco,) versus percent decreases in QT was
near 0.74. The computer model predicted a slope of 0.59
(Figure 4).

Why did the computer model of CO, kinetics predict a
lower slope for the plot of percent decreases in exhaled
CO, versus percent decreases in Qt? I propose that the
experimental determination of VD,;,/VT,, was falsely low
during a decrease in QT [6]. The experimental study used
PETco, (from the capnogram) and not PAEco, (from the
CO; expirogram) as the estimate of PAco,. Because of the
normal positive slope of the alveolar plateau, PETco, will
be higher than PAEco, [11, 13]. Furthermore, during the
decrease in Qr, an increase in VA/Q heterogeneity may
have occurred and further increased the slope of the
alveolar plateau [22]. Thus, the over-estimation of Paco,
by Pereo, would have under-estimated the determination
of VD,,/VTy,, given by (Paco2 - PACO,)/PACOz" Then,
these experimentally determined falsely low values of
VD,,/ VT, were used to perturb the computer model and
resulted in smaller predicted decreases in exhaled CO,
during a given decrease in QT.

In the canine study of decreased Qr [6], data was
presented as percent changes in exhaled CO, versus
percent changes in QT, rather than comparing arithmetic
changes in these variables. The rationale for this data
analysis approach stated that, at a lower starting QT, a
given Qt decrease should cause a larger decrease in
exhaled CO; because a larger fractional reduction in CO,
delivery would occur. The numerical analysis of CO,
kinetics supports this contention. In the computer model,
baseline Qr was changed from 2.5 to 2.0 1/min and the
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system was iterated to a new equilibrium. After perturbing
this baseline state with the same range of percent decreases
in QT (and associated changes in Vb,,/VT,,), the slope of
the plot of percent changes in exhaled CO, versus percent
decreases in Qt (Figure 4) was still 0.59.

The numerical analysis approach allows the examina-
tion of parameters and physiology that would be difficult
to measure experimentally. In Figure 3, when the per-
turbation decreased QT and increased VD,,/VT,,, note
that blood CO, transport (Qcoz) from tissues to lung
decreased much more than the decrease in pulmonary
Vo, The decrease in blood Qcoz was caused almost
entirely by the decrease in Q1. However, the effect of the
Qr decrease to decrease pulmonary Vco, was initially
buffered by the “release” of CO, from the central pul-
monary compartment CO, stores [6, 10, 15].

The numerical analysis approach can help deconvolute
the effects of simultaneous changes in variables. For
example, removing the increase in VD,,/VT,, from the
perturbation in Figure 3 (i.e. perturbation only decreases
Q) eliminates the abrupt decreases in PAEco, and pul-
monary VC02~ These indices of exhaled CO, depend on
Va, which is immediately decreased by the increase in
VD, In contrast, the absence of the increase in Vb, does
not change the character of the steady decrease in Paco,.
Interestingly, at 65 s of the simulation run, Paco, was
1.7 mm Hg lower because VA is higher, compared to the
simulation condition which includes the increase in Vb,

Sustained decrease in cardiac output:
effects on CO; kinetics

Figure 5 continues the simulation from Figure 3 (Qr
decrease from 2.5 to 1.5 I/min and VD,/ V., increase
from 5 to 20.6%) to 1 h. By 1 h after the perturbation,
CO;, kinetics variables had significantly recovered towards
a new equilibrium. Pulmonary Vco, was 115.7 ml/min
(baseline value was 120 ml/min). The decrease in Va (due
to increased VD,y,) caused a general increase in CO, body
stores [6, 10]. However, the decrease in QT resulted in a
redistribution of CO, stores towards the peripheral tissue
compartment—note that Pveo, (tissue Pcp,) increased
more than Paco,.

This numerical analysis prediction of the time course of
CO, kinetics after a sustained decrease in QT is similar to
experimentally measured data in animals. In the canine
study of decreased Qt [6], in three dogs the pulmonary
Vcoz had recovered to 81% of the baseline value by
25 min of sustained inflation of the vena cava balloons,
compared to the computer model prediction of 90%
recovery (Figure 5). Similarly, in another animal study,
11 em H,O positive end-expiratory pressure (PEEP)
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Fig. 5. CO; kinetics model: sustained decrease in cardiac output (extension
of the simulation run of Figure 3 from 130 to 3,615 s). From the baseline
condition displayed in Table 1, at 10 s, cardiac output (QT) decreased from
2.5 to 1.5 l/min and the alveolar dead space fraction (Vipu/Viaw)
increased from 5 to 20.6%. PAEco,, average alveolar expired Pco,;
Paco,, arterial blood Pco,; Pvco,, mixed venous blood Pco,; pulmonary
V co,, COy elimination from the lung by alveolar ventilation (ml/min).

resulted in decreased Qt and increased physiological dead
space [11]. After 25 min of PEEP, pulmonary VCOZ had
recovered to 82% of the baseline (pre-PEEP) value. In
contrast, in a study of anesthetized patients where appli-
cation of 10 cm H,O PEEP caused an acute reduction in
Qr [23], by 20 min of PEEP, pulmonary Vco, had
recovered to 95% of the baseline value because QT also
recovered to its baseline value.

These changes in CO, kinetics variables after the per-
turbation highlight the large peripheral tissue stores of
CO, [10, 15, 20]. Although bone is by far the largest CO,
store in the body [10], it is excluded from the analysis
because it equilibrates slowly and should not affect
experiments whose duration is only an hour or so [15].
These modeling considerations assume constant tissue
Vo, and VE [6].

Innovations of the numerical analysis computer model
of CO, kinetics

Traditional mathematical models of CO, kinetics invoke
the simultaneous solution of differential equations [10] or
the use of electrical analogues [15, 20]. In contrast, the
numerical analysis model described in this paper incor-
porates an iterative approach, where objects (composed of
variables and equations) in the program define the dif-
ferent elements in the system of CO; kinetics. Then, at
each iterative interval, these objects interact with each
other and change their values accordingly, just like the
body. A perturbation to the system is applied over a set

duration (Figure 2), because an instantaneous change in a
variable could upset the system, as well as being non-
physiologic.

The advantages of an iterative mathematical model
include the following: (1) The difficult and tedious task of
solving simultaneous differential equations is avoided.
Numerous, independent, and asynchronous perturbations
of different variables can be applied to the iterative com-
puter model (Figure 2), resulting in complex changes to
the CO, kinetics system, which essentially precludes the
approach of solution of differential equations. (2) The
numerical analysis model allows the interrogation of
variables that are difficult or impossible to measure (e.g.
blood Qcoz from tissues to lung). (3) The computer model
allows the deconvolution of the effects of simultaneous
changes in variables (e.g. separating the effects of QT
decrease and Vb, increase in Figure 3). (4) The computer
model can generate simulation experiments to test
hypotheses that are too difficult to control in an animal
model and that are not appropriate for a patient study.

The program was written in Delphi Pascal (version 5.0,
Inprise Corporation). Full use was made of object-
oriented programming techniques (encapsulation, inheri-
tance, and polymorphism). The rich array of Delphi input
and output services facilitate a robust user interface that
maximizes the utility of the model. For example, the user
can click on graph plots to interrogate y-values and time-
values. Graphs can be exported to enhanced metafiles
(*.wmf files, Windows operating system, Microsoft,
Redmond, Washington) for presentation or manuscript
preparation.

Limitations of the numerical analysis computer model
of CO; kinetics

The computer model incorporates a number of physio-
logical simplifications. A linear CO, dissociation rela-
tionship in blood is assumed. Interactions of O, are
limited to a simple Haldane effect, which increases CO,
content in deoxygenated blood. The range of Va/ Q
relationships in the lung is reduced to a simple two-
compartment model (normal alveolar compartment and
VD,,), where the numerical algorithms assume that
the addition of high ventilation-to-alveolar perfusion
(VA/ Q) regions, where alveolar corner vessels may
remain open [12], are represented by alveolar dead space
(Vpaw) (VA/Q equal to infinity). The peripheral tissues are
considered to be one homogenous compartment.

Yet, even with these constraints, the above description
and use of the numerical analysis of CO, kinetics establishes
its ability to test hypotheses, discern underlying mecha-
nisms, and predict data to formulate new hypotheses. In



fact, the simple model, as long as it can adequately simulate
the physiologic system, is more elegant and inter-rela-
tionships of variables are easier to understand. In addition, a
simple model executes quickly and has the ability to be
programmed into a hand-held calculator or into a spread-
sheet program.

Finally, any constraint conferred by the above limita-
tions is simply an invitation to extend the numerical
analysis model. The Pascal structured, object-oriented
programming approach lends itself to extensibility of the
numerical analysis model.

This work was supported by NIH Grant HL-42637 from the
National Heart, Lung, and Blood Institute.
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