DYNAMICS OF CHANGES IN CARBON DIOXIDE STORES

Leox E. Farni, M.D.,
THe variations in carbon dioxide content of the
body have been repeatedly investigated. There
are good reasons for this continued interest
since this information has become necessary to
the physiologist who must decide the CO,
tolerance of man exposed to confined spaces
in submarines or space vehicles, To what ex-
tent does man act as a CO, absorber® At what
rate can he store his chief waste product. CO,?
At what rate can he lose the stores which he
normally  carries with him?  What are the
physiological limits of CO, store loss and CO,
store gain?  These are but a few of the ques-
tions vet to be answered.

While there are many approachies and prob-
lIems which can be reviewed, our main objee-
tive is to discuss the factors which determine
the speed of CO, store accumulation or deple-
tion. A vast amount of data on this topic has
accumulated, but the number of articles is
less impressive than the divergent results.

In one of the first reports Adolph and asso-
ciates ' commented on their own findings by
sayving that they “did not feel confident that in
33 minutes saturation was completed.”  Many
of the articles published since deal with pro-
cedures lasting only a few minutes, while
others required several weeks.  The results in-
dicate that the CO, storage capacity of the
whole body mass may vary from 0.3 to 11.6
ml. of CO, which can be stored per kilogram
of body tissue for 1 mm. change in P, (ml.’
kg, body weight mm. CO,).

One attempt to deseribe the behavior of
CO, store changes was presented ecarlier.?
This model treated all the tissues as a single
compartment, described the experimental data
obtained in anesthetized dogs, and yielded re-
sults essentially similar to those obtained by
others in cat More recently one of us ¥ sug-
gested that the discrepancies of CO, storage
noted above must be associated with the equi-
libration period and that the dynamics of CO,
store changes must consider the body as com-
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posed of various compartments each with its
own CO, storage capacity and perfusion rate.
Recent careful experiments * also indicate that
CO, store changes in man do not fit the single
compartment concept.

This review will deseribe a model, crude as
it is, which may provide a reasomable descrip-
tion of the CO, storage process
pare its behavior with experimental results in
the literature.  Any model system has its limita-
tions; to recognize its weaknesses is paramount.
Yet we believe that our model provides an ex-
planation for the variance in experimental
results.  Above all, it has pointed out that
equilibration following a change in CO, en-
vironment requires hours for completion, a pe-
riod far hevond most of the previous studics.

Our medel is an electronic analogue superior
to our previous mechanical models because its
behavior cin be presented for solution to
computer,©

After comparing results of the analogue with
existing physiological data, we have concluded
that the analogue is @ good representation of
the problem, and we are justified in explaining
the existing physiological data on the basis of
our computer results.  In view of the simplify-
ing assumptions made, the quantitative results
may be challenged, but we hope to point out
the most critical physiological parameters in
CO, retention or CO, loss.

and will com-

A Moben For Ciances ix
Carnox Dioxine Stores

Let us first consider the simplest model
which will demonstrate changes in CO,, stores.
Here the whole body is considered as a com-
mon pool, where CO, is in physical solution
and in chemical combination.  The total
amount is a function of CO, tension of the
alveolar gas or of the arterial blood.  Under
steady state conditions the amount of CO, pro-
duced by the body is equal to that expired, in-
dicating that CO, stores remain unaltered.
When alveolar ventilation is changed, a new
alveolar tension is reached and the body stores
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readjust at o different Tevel, the new steady
state. This re-equilibration of body stores will
require an elevation in CO, content il the
alveolar CO, tension has increased (hypoven-
tilation).  Since the additional CO, stored is
part of the metabolic production, the expired
€O, must be reduced by an cqual amount.
Hyperventilation will cause opposite changes.

A mechanical model of this simplified de-
scription similar to the one previously  de-
scribed # is given in figure 1. A large reservoir
represents the CO, content of body tissues. the
flow of liquid intp this reservoir is the CO,
production and the outflow through a re
ance, the CO, output through alveolur ven-
tilation.  The height of the liquid in the reser-
voir is the CO, pressure and the reservoir
content represents the CO, body stores. When
the system is left undisturbed for a sufficient
time the liquid Tevel will stabilize at a height
at which the hydrostatic pressure in the reser-
voir will foree an amount equal to the inflow
through the outlet tube.  Under these condi-
tions the level in the reservoir will not change
and a steady state will obtain.  Variations in
alveolar ventilation will be represented by a
we i resistance to the outflow. 1 this
resistance is decrcased by half its value (equiv-
alent to doubling the alveolar ventilation). the
level of liguid will deerease. This will finally
stabilize at half it original height, indicating
that only half the pressure is necessary to drive
the same liquid Bow through the decreased re-
sistance.  During the equilibration period (the
unsteady state) the outflow will be larger than

sist-
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Fic. 1. A single compartment model for CO.

stores of the body,  The upper half represents the
hydraulic model, and the lower half an clectronic
analogue. For details see text.
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dissociation curve of Dlood.  The dotted line is a
straight line having a slope of 45 vol. per cent/
mm. Peo;. The error introduced by assuming this
to be the constant slope of the blood curve hetween
30 and 80 mm. Pe. is small compared to the varia-
tions in other biological parameters used.

during either initial or terminal steady state.
the increment representing the decrease in
content of the reservoir.

The changes which oceur in the height of
the reservoir (Ah) correspond to changes in
CO., pressure (APg),). and changes in volume
of the liquid (V) are equivalent to changes
in the CO, content of the stores (AC.).
Therefore, both  AC, APe, and AV Ak
(which represents. the cross-sectional area of
the reservoir) deseribe the slope of the disso-
ciation curve of the CO, stores of the body.
Only as long as the slope is constant (lincar
dissociation curve) the cross-sectional area of
the reservoir is fixed.  While we know that the
dissociation curves of blood and tissues are
nat linear throughout. there is a tendency for
lincarity over a range of 30 to 80 mm. Py,
(fig. 2). In all our subsequent considerations
we have assumed linearity in order to simplify

aur procedures.

With such a model. following a sudden
change in outflow resistance (change in alveo-
lar ventilation) the changes in CO, stores will
be a simple exponential of time.  When these
changes are shown on a semilogarithmic plot
as a fraction of the final change, versus time,
a straight line is obtained. This type of be-
havior has been described in detail previously.*

An electrical analogue can also be designed
and appears in figure 1 under the hydraulic
model.  This analogue is identical in its opera-
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An electronic analogue of CO, stores:
model.  In this the drop of CO. tension
ssues (assumed to be at mixed venous blood
tension) to the alveoli is inversely related to the
cardize ontput.  The drop in pi e between
alveoli and’ atmosphere is inversely related  to
alveolar ventilation.  Alveolar gas “and  arterial
blood (right hand capacitance) are equilibrated at
alveolar CO; tension, the rest of the body at mixed
venous pressure tension,

tion to the hydraulic model.  Its advantage lies
in the fact that it can be more easily modified
in a subsequent step to represent more faith-
fully the biological system. The CO, produc-
tion of the body is now represented by the out-
put of an electrical source (current intensity),
the body compartments by a capacitor of
capacitance C, and the alveolar ventilation by
a resistance. R. The CO, tension is the poten-
tial. The total charge on the capacitor is the
CO, store, while the capacitance is now the slope
of the dissociation curve. Again, charge and
potential will be altered by changes in resist-
ance and the response to a stepwise change will
be exponential.  The time course of the change
is best expressed by the time constant, which
is the time necessary to produce (e—1) e
(approximately 63 per cent) of the total con-
tent change. As an example, if the total
change is 4 liters, the time constant is the time
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required to obtain a change of .63 X 4 or 2,52

liters. In a linear system this time constant,
T.C., is equal to R x C,

Although either the bydranlic or the elee-
tronic model allows a description of the prob-
lem, they are inadequate for aceurate estima-
tion of changes. The models have assumed
that the partial pressure of CO, with which
the whole body has equilibrated is the alveolar
tension.  This is manifestly incorrect since a
CO, gradient from tissues to alveolar gas is
neeessary in order to eliminate CO.. To re-
produce this in the model a double compart-
ment has been deseribed,? the assumption be-
ing made that the tension in mixed venous
blood is a good estimate of the mean CO, ten-
sion of tissues.  The bulk of the stores was as
sumed to be equilibrated at that particular
tension, with only a minor fraction, represent-
ing arterial blood, equilibrated at Pagy,,. The
electrical analogue appears in figure 3.

Our model appears more complex than the
one previously deseribed only until the ap-
propriate figures are considered.  The pressure
decline from tissue to alveoli is of the order of
6 mm., while the alveolar-atmospheric pressure
difference is 40 mm., which is to say that the
resistance added by introducing the circulation
is small.  Similarly, the fraction of stores equi-
librated at alveolar pressure is only a minor
one.  The system should behave therefore very
similarly to the single compartment system and
under certain conditions has proved to dis-
charge accordingly.*

The Multiple Compartment Model. In the
single compartment system the change in vol-

TABLE 1

StoracE Caracity (Stork oF tHE Dissociation Crrve) or toe Bopy

Duration of Slope,

Author and Referenee f Epecies Experiment. i ml. ki mm.
. mintites ¢
AL Mithoefer 1) Man | A6
B. Klocke and Rahn (8) Man | 1 Bl
€. Brocklehurst and Henderson (4) Man | | .50
D. Schaefer and Alvis (10) Man ! [ 2,10
E. Lillehei and Balke (11) Man ! 3.8
. Vance and Fowler (5) Man ] . 1.30
. Vanee and Fowler (5) Man | 2,05
H. Farhi and Rahn (2) Dog | 1.50
I. Shaw (3) Cat 160
J. Shaw and Messner (12) Cat 1.80
K. Freeman and Fenn (13) Rat ‘ several weeks up ta 1.6
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ume at any time is equal to P X cross-sectional
area.  Therefore, regardless of the duration of
the experiment, the slope of the dissociation
curve of the body should be identical.  This
is also approximately correct for the simple
two-compartment system described.

able 1 reviews the data appearing in the
literature.  There seems to be a gross relation-
ship between duration of the experiment and
slope of the dissociation curve of the body.
The most significant data are probably those of
Vance and Fowler on man.*  These authors
concluded that their results “demonstrate the
different rates of exchange of alveolar gas,
blood, and and postulate that “there
are probably multiple sites or pools with vari-
ous rates of exchange.”
out that there must be a wide
organs in terms of time course of CO, equi-

“tissues,

Rahn has also pointed
variation between

Column N is derived by multiplying (M) X (A),
Column Ris (P) X 4.

-ties) e 16,6 liters.

1 Data® Columnx (B), (D), and (M) wete obtained
fibrated with a tisie or organ present in the venous circulation.

el as 4500 X (D). Column (F) is_caleulated as
sumed to be t Column (H) is

rial blood CO: content.

which is asstned to be the ~In|w of the Mmyl dissociation eurve), and adding the ficure

teulated as (1) X (AL Column Kisequal to (E) X (G) X

Column O ix 0035 X (E).

000
Column P

libration.'  We decided therefore to modify
the electronic model (fig. 3) by breaking down
the main capacitance. that of the tissues. into
separate components, each one being connected
to the alveoli independently of others. With
this in mind the various organs of the body
have been tabulated separately (table 2). In
this each major organ or tissue has been recog-
nized as an individual equilibrating  system,
provided all the physiological parameters nec-
essary were available.  These included weight.
CO, production, blood flow, CO, content, and
the dissociation curve of this organ. From
these data additional figures can be caleulated.
The clectrical analogues are as before:

CO, production—current intensity

Py, —potential

CO, content—charge

Slope of CO, dissociation curve—capacitance.
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Since our compntitions, results and conelu-
sions hinge on the values appearing in table 2.
a critical discussion of these parmeters ap-
pears in the appendix. We hope that in time
more correct values may be obtained and sub-
stituted.

Two lines in the table are incomplete. The
Although bone is the major
CO, reservoir there is no agreement on whether
or not the CO, content is related to P,
It is accepted, however, that these changes
limited, if they exist at all, in experiments last-
ing only a few hours,  Body fat CO, changes
have also been excluded from our final ealeula-
tions.  The amount of CO, dissolved in fat is
far from negligible since o for animal fat is
about 0.9 (nearly twice as large as for CO, in
water).™  However, fat is poorly perfused and
cannot contribute much to changes in stores
unless considerable time is available. 1 per-
fusion to body fat could be assessed, the
adipose tissue could have been included in
the computations.  Thus, whereas the “total”
CO, content (bottom of column) indicates the
total CO, content for the whole body, “total”
changes (sum of figures in column) are cal-
culated to the exelusion of hone and fat, which
are assumed to be so slow as to be negligible.

Resistance to CO, transport, the accepted
ratio of pressure differential to flow, is cal-
culated by using the difference between venous
and arterial Pr,, as AP, and the amount of
CO, transported per unit time (which is the
CO, production of the organ) as flow. This
is also cqual to the inverse of the product of
organ flow times the slope of the CO, dis-
sociation curve.

The product of the resistance and capac-
itance determines the time constant. Tt is this
parameter which determines in the Jast analy-

first one is bone,

sis how effectively a compartment can nse its
storage capacity.  This is obvious when we
consider that regardiess of the  dissociation
curve of an organ, the CO, discharged from
the stores (as would oceur in hyperventilation)
must be discharged through the circulation.
A low perfusion (indicated by a high resist-
ance) may become the limiting factor in stores
displacement.  Conversely, when perfusion is
high, the total capacitance of an organ can be
brought into play rapidly. Muscle is the larg-
est of all the capacitances involved (table 2).
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Because of this its time constant is extremely
high, compared to other organs, Thus, clee-
tronically it became apparent that the proper-
ties of the system mmst be affected to a great
extent by variations in the muscle system.
Whenever resistance of the muscle compart-

ment is decreased, a similar deerease in time
constant will occur and the presence of muscle
capacitance will he more effective.

The physiological reasoning is as follows:
the muscle mass, representing 40 per cent of
the body weight, is the Targest buffering pool
of all organs considered, It is therefore ob-
vious that whenever the alveolar CO, tension
will change, most of the changes in total body
CO, (charge) content will be due to changes
in muscle CO.. However, it is also evident
that unless blood flow to muscle is proportion.
ate to its storage capacity, perfusion becomes
the limiting factor.  When this perfusion is
in muscle CO, will be slow. 1t
perfusion is increased, CO, can be moved more
casily from or into the muscle. Blood flow to
muscle was therefore one of the parameters we
chose to alter, thus changing the time constant.
An analogue designed according to values in
table 2 was assembled with some modifications,
The clectronic characteristies of the computer
used have been deseribed by Spangler and
Snells On this amlogue we conducted three
series of determinations, one with a muscle
blood flow of 830 ml minute, which is the
basal flow ;o second one in which this was
reduced ta 23 per cent of this value, which
might indicate what would be expected if
blood flow to muscle deereased (shock, anes-
thesia): and a third one with a blood flow of
muscle of 2500 ml. minute, which would be
comparable to the result of moderate muscle
activity.

low, chang

In cach series the following  experiments
were preseuted to the computer and compared
with data from the literature: (a) hyperven-
tilation, doubling the alveolar ventilution; (I»
hypoventilation, decreasing alveolar ventilation
to 30 per cent of initial value; (¢) breath hold-
ing; (d) rebreathing in a 10:liter bag; (¢) re-
breathing in a 20-liter bag; (f) rebreathing in
a 40-liter bag: (g) rebreathing in an 80-liter
bag.

In ex

h case the time changes in potentiai
in the separate compartments were recorded
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Flectronic model of CO. stores—multiple compartment analogue.

148

This differs from the pre-

ceding model by the fact that the bulk of the body has been divided into separate compartments, all

discharging in

arallel into the alveolar space. The figures appearing in cach compartment refer to the

parameter appearing at the same height on the left (physiological terms) or at the right (electronice

cquivalent).

By multiplying the change in potential (partial
pressure) by the slope of the “total CO, dis-
sociation curve™ of the compartment {capac-
itance), the changes in CO, content of the
compartment  (charge) could be ealeulated.
Adding the changes in all the compartments at
any given time gives the change in body CO,
content at that instant.

ResvLTs

Effects of Changes in Muscle Perfusion.
Figure 5 shows the results of a fixed degree
of hypoventilation under two of the conditions
studied (a¢=basal perfusion to muscle; h—mus-
cle perfusion deerease).  In cither ease the
alveolar ventilation has suddenly been reduced
to one-half its normal value, the CO, produc-
ton remaining constant.  This will eventually
double Pa,,. In cach half of the figure there
are two curves,  The continuous line represents
the changes in Pagg,. going from 40 to 80,
while the dashed line represents the changes
in stores.

The initial and final points are the same in
the two halves of the figure. However, the
time course of the events varies greatly.  Un-

der basal conditions there s a rise in P,
with slower changes in content. The right half
of the figure shows gross deviations.  The
change in alveolar CO, is abrupt at first, and
tails off with a slowly nding platean. This
shape is typical of any record obtained when
discharging a system in which two components
with dissimilar time constants are set in paral-
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Fic. 5. Hypoventilation experiment.  The left
figure ¢ describes the time course with basal blood
flow to muscle. The rght figure b, drawn at the
same seale, shows the effects of reduced perfusion
to muscle.  In each figure the continuouns line
represents the Paca, changes, and the dashed line,
the stores CO, increase.  For details see text.
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Fic. 6. Changes in slope of the body CO, dis-
sociation curve with time.  The middle line is the
expected change with basal muscle perfusion, the
one above it the expected change with increased
muscle perfusion, and the lower one the changes
with decreased musele perfusion,  Letters desig-
nate the experimental data from table 1.

lel.  The first part represents essentially the
fast component, while the second reflects the
slow  compartment.  Relatively  few  readers
may be familiar with “CO, hout curves”™ or
“CO, wash-in curves™ (as the ones presented).
However, nitrogen washout curves are more
customarily scen.  They represent essentially
the same situation. When all alveoli are sim-
ilar in their properties a uniform washout curve
is to be expected.  When there are gross dif-
ferences between various elements, the multi-
compartment curve with its initial rapid drop
and subsequent plateau is encountered.  This
is what occurs to Pagg, when the time con-
stant of the muscle mass is grossly dispropor-
tionate to that of the other elements. In this
case the CO, content of the body (CO, re-
tained by stores) rises at a slower rate than
before.  The discrepancy in time changes be-
tween the two parameters becomes evident.
The data reported in the literature are usu-
ally expressed in its final form as changes in
CO, stores/kg. body weight/mm. Pa,,. This
information can be calculated from the curves
appearing in figure 5. At any given time the
change in stores CO, can be measured, divided
by 70, to give the change per kilogram, and
then divided again by the concomitant change
in Peg.. A curve showing the change in cal-
culated values versus time can be constructed
from cach of figures 3a, and 5D, as well as

Anesthesiolozy
Nov.-Dec, 196

from hypoventilation with increased muscl:
perfusion.  These curves are shown in figur.

6, in which the “storage capacity” is plotted
This figure shows that if ou-
model is an adequate reflection of the experi-

versus time.

mental conditions, the storage capacity of the
body should indeed vary with time.  Thes.
variations are due to the lag in store chunge-
versus alveolur CO, tension changes. A large.
resistance to blood flow in the muscle (de
creased flow and large time constant) will in
crease this Tag and therefore the time needed
to obtain true cquilibrium.

The letters appearing in figure 6 represen:
some of the data from table 1 and show that the
discrepancies between experimental results can
be explined by differences in equilibrating
period and in muscle blood flow. It is interest-
ing to note that points H, I and J pertain to
animals anesthetized with barbiturates and are
in agreement with a decreased blood flow to
the muscle.  On the other hand. the data on
unanesthetized humans are compatible with
a muscle blood flow equal to or higher than
basal value.

Figure 6 has an cven greater significance
when analyzed in conjunction with figure 3.
Alveolar ventilation is a caleulated value; in
physiological experiments there is no method
which will produce an exactly predetermined
change in alveolar ventilation: therefore the
final Pacy,, cannot be predicted. Thus the
decision to assume that a new steady state has
been achieved must be reached solely on the
basis of the fact that the alveolar CO, tension
remains steady.  Figure 5 will show that at
low blood flow to the muscle the CO., tension
will tend to plateau early.  This is obvious
when we bear in mind that this is the condi-
tion in which CO, coming from muscle is just
“trickling” to the alveoli and does not affect
measurably the Pagg,.  As an example, if in
an experiment the new steady state was de-
fined a priori as the condition at which Paca.
varies by 1 mm. or less over a 15-minute pe-
riod, experiment 5a would have been termi-
nated at 135 minutes, while experiment 5D
would have been stopped at 60 minutes, the
respective storage capacities being 2.2 and 1.6
ml./kg./1 mm. P,

Effect of Alveolar Ventilation. In the over-
all amalysis CO, has to be carried from muscle

zese//:dny woly papeojumoq
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Ato as well as out of the alveoli. Thus alveolar
entilation will be a factor in determining the
peed of equilibration of muscle CO, stores.
i1 the analogue this is equivalent to describing
he discharge of the muscle capacitance through
ances in series.  Thus the curves ap-
pearing in figure 5 pertain specifically to an
alveolar ventilation of \"“,: 40. The effects of
Jifferences in alveolar ventilation have been
computed but are too intricate for this review.
‘The basic information is that the importance of
Alveolar ventilation varies inversely to muscle
circulation, which is to say that when the
limiting factor to CO, movement is mainly in
muscle cireulation, the total outflow resistance
cannot be affected greatly by alveolar ventila-
tion, which plays a small role.

Correlation with Existing Data. Before try-
ing to apply to the living animal the conclu-
sions derived from the analogue, it is necessary
to show that when the latter is programmed
to duplicate experimental conditions, the com-
puter results are compatible with the physio-
Togical data.

The basic assumption made was that each
segment of the bady reacts to changes in CO,
tension by varving its CO, content in the way
an R-C system behaves.  Bemimolin and
others '* have introduced €O, in the rectum
of a dog between two ligatures and watched
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Fic. 7. Changes in slope of the CO, dissocia-
tion curve with hyperventilation.  The continuous
line is the espected change with basal muscle per-
fusion, the dashed lines the expected changes when
muscle perfusion is increased (top) or decreased
(bottom). The circles are the mean values ob-
tained by Vance and Fowler in man and the ver-
tical lines indicate the scatter in these values,
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Fic. 8. Effect of rebreathing on alveolar Peo.
The continuous lines represent computer caleula-
tions, the dashed lines are the results of Mithoefer's
experiments on man, rebreathing oxygen from a
bag. The bag volume is 10 liters for the first pair
of curves from the left, 20 for the second, 40 for
the third, and 80 for the last.

the elimination of labeled carbon dioxide
through the lungs. When their data are
plotted on a semilogarithmic scale, a rapid
linear decrease is evident for the first 80 min-
utes. The slower phase appearing at that time
is probably due to climination from other body
compartments which had retained CO, which
had passer through the lungs. A similar rec-
ord is obtained from the analogue when an
additional charge is added to one of the
capacitances. .

Nichols '* has studied equilibration of some
of the body CO, stores in rats. The data for
muscle CO, is essentially similar to that ob-
tained on the computer and indicate that in
the unanesthetized rat several hours are re-
quired for equilibration.

Vance and Fowler * studied serially changes
in stores and in P, following a stepwise
change in alveolar ventilation. Figure 7 shows
their data on CO, stores changes versus time,
with the appropriate curves from the computer

added.

Mithoefer 7 has conducted experiments on
rebreathing oxvgen from bags containing vari-
ous volumes of oxvgen. The alveolar ventila-
tion was increased about tenfold at the begin-
ning of the experiment and maintained through-
out the rebreathing period. Figure 8 shows
the time changes in Paco, in Mithoefer’s ex-
periments and those obtained from the com-
puter data under simulated decrease in muscle
perfusion.
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It wonld appear therefore that the analogue
is a fair reproduction of the physiological ex-
periments and that the conclusions from the
computer data ean be applied to animal ex-
periments, within the limiting frame of our
assumptions.

A good exinple of the limiting value of our
assumptions may be found in the excellent
work of Lillchei and Balke ' which disagrees
with our caleulated curves. The diserepancy
is large (3.8 ml kg 'mm. Pe,,) and not un-
expected sinee in the experiment the final Py,
was about 153 mm. where the slope of the dis-
sociation curve is higher than 43 vol. per cent,’
mm. The difference between actual and cal-
culated results can be explained on this basis.

Effects of Direction of Change. When ven-
tilation is decreased, additional CO, must be
retained by the stores. This CO, must cither
be produced locally or brought in by blood.
If perfusion is low, metabolism will be the only
possible source of CO, and may become a limit-
ing factor in the speed of stores readjustment.
Obviously, the same problem does not arise
during an increase in ventilition when there is
loss of previously stored CO..

CONCLUSIONS

The analogue computer has allowed us to
single out a certain number of parameters
which must influence CO, stores equilibration.
The crucial point appears to be the effeet of
muscle perfusion on the “functional” storage
capacity of the body. It is this perfusion
which changes potential storage capacity into
an actual buffering system.  If this perfusion
differs between two experiments or changes
during an experiment. an entirely new set of
conditions will prevail and the results must be
viewed accordingly.

Even under the most favorable conditions
the body CO, stores must require several hours
to adjust.  With few exceptions all the data in
the literature must be aceepted as representing
incomplete experiments in which time limi
tions did not allow full equilibration of the
body stores.

There are large evelie variations in alveolar
CO, tension. In the light of our previous dis-
cussion we would postulate that since it takes
the CO., stores several hours to readjust, there

is a continnous change in stores, the steady

. FARIIL AND H. RAIIN
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state—il it ever oceurs=heing the exception
rather than the rule,

The question which must be answered nexs
is obvious: how long should re-equilibration
be carried on?  The dangers of relatively shor
However, prolongec
which are

experiments are clear,
experiments suffer from drawbae
not le Except in sacrifice experi
ments, where the whole animal ¥ or parts '
are actually analyzed for CO, coutents, the
stores changes are caleulated as the difference
between actual CO, output and metabolic CO_
output.  The assumption of a basal CO, out-
put over a period of several hours may he
dangerous.

An entirely  different  objection for long
equilibration is the fact that any change in
CO, will alter the acid-base balance of the
body and bring into play compensatory mech-
anisms,  Nichols” data ' show that after
hours of exposure to high CO, the muscle
has readjusted and remains practically
wed.  There is a questionable change
in brain CO, but a significant, steady increase
in blood CO,. This must represent cation
retention, as is usually foumd in respiratory
acidosis,  Extrapolation ol the blood CO,
content curve between 5 hours aud 30 hours
to time O reveals values measurably lower than
at 5 hours, indicating that even during this
time readjustiment is already taking place.

Thus the investigation of the body CO.
stores presents a real dilemma.  Whether it
is better to run the risk of terminating the
experiment too soon, before complete equilibra-
tion, or chance the altermate danger of modi-
fving the biological system will depend greatly
on the investigator and the specific problem
at hand.

serious,

Suanany

The wide scatter in reported CO, storage
capacity of the body must reside in a factor
or factors which lmve not sufficiently heen
taken into account. In order to determine
what these factors may be, data for the CO,
storage capacity of various organs and their
perfusion were collected.  Using these data
an clectronic analogue was constructed. By
simulating various procedures and varying the
parameters, several experimental  conditions
were reproduced.  Since most of the CO,
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«orage capacity resides in the muscle, per-
tasion of the musele mass will determine the
vite at which this storage capacity may be
Prought into play. At rest, re-equilibration is
Jhways o lengthy process, requiring several
lowr Under these conditions it should be
concluded that most of the data in the litera-
ture were obtained fom experiments where not
voongh time had been allowed for equilibration.

APPENDIX

Comstruction of table 2 and of the analogue
were limited by the lack of specific information
concerning certain organs or tissues of the body.
several assumptions were required and some
smplifications have  been made. Under these
conditions it hecomes  evident that the  table
represents more a method of thinking than a
compilation of fimdized data.

The first column in the table indicates the
parameter studied and  the unit in which  this
parameter is given.  In the legend either the
wuree or the method of obtaining the parameter
i given.  Basic information was taken from two
sourees 1 oand all other values were caleulated
trom  these according to the formula shown.
When any data were wed in the analogue the
cquivalents appear under the parmmeter. Al the
other rows represent compartments, Le., tissues
0roorgans,

Exchision of bone and fat from the table dis-
torts considerably ealeulations of tatal body CO_
content, However, it is probable that only a
minimal error is introdneed in the calenlation of
hanges in CO, content {see teat).

The simplification inherent to a classification of
the whole body (except bone and fat) in five
vompartments is probably more damaging.  Every
compartment is assumed to be uniform, which is
probably  crroncons.  In onder to be able to
solate clements the basie data for cach must be
wailable.  The error resulting from “idealizing™
compartments by assuming uniformity cannot be
aredicted.

The first four parimeters considered present no
aroblem. Since the body is dealt with as separate
ompartments, the blood returning from each is
onsidered separately.  This “cquilibruated blood
solume”™ appears in line V. Its calenlation s
ased on the assumption that cach compartment
ontributes to the venous blood volume in propor-
ion o its perfusion. The venous blood s
umed to be 75 per cent of the total volame, or
£.500 ml.

Using the Fick principle, the CO. output of
wvery organ and its perfusion and the CO; content
n the venous blood can be caleulated, assuming
w arterial content of 48 vol. per cent.

The partial pressure of CO. (line VHY is hased
- the assumption of an arterial Pe, of 40, a
Jdope of the blood €O, ¢ curve of
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A5 vol. per cent/mm. Proy, and on the venous
CO; content calculated above.  The partial pres-
sure of CO. in the tissue is not known.,  Recent
studies 11 show that lymph has a Peo. higher
than that of the venous blood draining the same
area.  If lymph gives a good indication of tissue
tension, a large error in organ CO, content is
probably introduced when one  assumes tissue
temsion to be that of venous blood.  However, if
the difference in CO, tension between a com-
partment and the blood draining it remains con-
stant (which is the assumption made), then
changes in tissue CO. content can be caleulated
using venous Pe, values.  The slope of the dis-
sociation curve of the various tissues does not
introduce any u]ditiun.ll assumption.  However,
as better methods  become  available,
some of the ﬁ"urc\ will have to be revised.

If CO, is stored in the tissues as bicarbonate,
this will necessitate hydration and the lack of
carbonic anhydrase in @ wiven tissue may prove

limiting factor in the stor capacity of an
organ.

The slope of the dissociation curve of any
tissue is asumed to be consant.  This is not
necessarily correet and may be affected by one of
the following: (a) overall change in buffering
capacity, as oceurs during compensation of respir-
atory acidosis, (b)) transfer of electrolytes from
one compartment to another, (¢) production of
metabolites  (such as lactic acid)  which can
displace CO, from bicarbonate, and (d) change
in compartment volume.

Caleulations for the alveolar compartment are
slightly different.  The equilibrated blood volume
is assumed to be the total arterialized  Dlood
volume. ’

The kidneys have been excluded from  the
“other” compartment since their perfusion is ex-
tremely  high  {(very low resistanee) and  their
capacitance is necessarily small. Thus their time
constant is practically nil.  The capacitance of
this system (which is mostly in the equilibrated
blood volume) has therefore been added to that
of the alveolar compartment.

Since the time constants of the heart, brain
and “other” compartments are essentially similar,
it is possible to replace these three compartments
by an “equivalent compartment™ without changes
in the results or conclusions.

This investigation was supported by the Wright
Air Development Command, Wright-Patterson Air
Force Base, Ohio.  We are indebted to Pr. Fred
Snell and Dr. Robert Spangler of the Depart-
ment of Biophysies for the use of their analogue
computer and help in programming.
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