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Extract

Changes in the acid-base status of blood in vivo have been investigated in anesthetized,
nephrectomized, artificially ventilated dogs during acute hypercapnia before and af-
ter induced changes in body composition. The experiments were designed to study
factors influencing the redistribution of bicarbonate generated by buffers in the blood
compartments and the interstitial fluid volume.

The first series of experiments was designed to determine the best linear fit to data
collected in vivo in dogs with acute steady state hypercapnia (the so-called in vivo CO2

equilibration curve). Three groups were studied: a control group, a group with ex-
panded extracellular fluid (ECF), and a group with expanded blood volume. A linear
relation was found between pH-log Pco2 and [H+]-PCO2, the correlation coefficients
being 0.98 for both pairs of variables in all three groups. The pH-log PCo2 coordinate
system was adopted. The linear relation between pH and log PCo2 allows the slope
(Alog POo2MpH) of the in vivo CO2 equilibration curve to be determined by measuring
only two points on the line.

In the second series of experiments, the slope of the in vivo CO2 equilibration curve
was determined before and after body composition was altered so that each dog served
as his own control. Six groups of dogs were studied: group 1 (six dogs) was control and
had no change in body composition; groups 2 and 3 (six dogs each), ECF volume was
increased by infusing 100 and 200 ml/kg, respectively, of a mock ECF solution; group 4
(eight dogs), blood volume was increased by infusing 50 ml/kg fresh, heparinized
whole blood; group 5 (eight dogs), hemoglobin concentration was decreased by re-
placing blood with plasma; and group 6 (four dogs), hemoglobin concentration was
increased by infusing 25—30 ml/kg packed erythrocytes. Statistical analysis of the
changes in slopes caused by these changes in body composition (Table V) showed the
following results: slope increased significantly as plasma bicarbonate concentration
fell; slope decreased significantly as ECF volume increased; slope increased signifi-
cantly as blood volume increased; slope did not change significantly with acute changes
in hemoglobin concentration.

Speculation

This study indicates that the slope of the in vivo CO2 equilibration curve is dependent
upon certain variables of body composition, especially the volume of the extracellular
fluid (ECF) and blood. Thus, correct interpretation of blood acid-base data in acute
hypercapnia must take account of the redistribution of bicarbonate as a function of
the body composition. For example, an infant born prematurely presenting with the
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respiratory distress syndrome (RDS) and acute hypercapnia would be expected to
have a lower blood base excess and plasma bicarbonate concentration at any given
plasma PCo2 than would adults with a similar degree of hypercapnia, a result of the
premature infant's larger ECF volume and larger blood volume. This would not nec-
essarily represent the development of a concomitant metabolic acidosis but rather the
redistribution of bicarbonate in a larger ECF volume.
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Fig. 1. IVfodels of the in vitro and in vivo buffering of CO2 illu-
strating tlie redistribution of HCCV possible in vwo.

Introduction

A quantitative understanding of the buffer responses
to acute hypercapnia is important for the interpreta-
tion of blood acid-base data in patients with this disor-
der. An abrupt elevation of PaC02 is buffered by the
conjugate bases of the nonbicarbonate buffers (Buf-)
of blood and of cells to produce bicarbonate and the
weak acid of the nonbicarbonate buffers (HBuf) as
shown by the following general reaction:

CO2 + H2O -+ H2CO3 + Buf-

HCO3-

HBuf +

Since the interstitial fluid has a small nonbicarbonate
buffer capacity [5], little bicarbonate is produced in
this compartment. Thus bicarbonate produced by the
above reaction in blood and in cells enters the intersti-
tial fluid. This redistribution of bicarbonate occurs
rapidly, since it is produced multifocally throughout
the circulating blood volume, and a new equilibrium
is rapidly achieved. Consequently, blood in vivo at the
same elevated value for PC02 shows a smaller rise in
plasma bicarbonate concentration and a fall in whole
blood base excess compared with blood in vitro where
bicarbonate redistribution is not possible. Since bicar-

bonate does not rise as much in vivo as it does in vitro
at the same plasma PCo» blood pH will fall farther in
vivo [20].

There are a variety of graphic methods by which
these acid-base changes occurring in blood in vivo or
in vitro can be represented. These vary according to
which two of the several possible variables (blood pH,
blood [H+], plasma bicarbonate concentration, whole
blood bicarbonate concentration, plasma total CO2

content, whole blood total CO2 content, whole blood
base excess, plasma PCo2) are plotted against each
other. All such representations are variously referred
to as CO2 "titration" curves, CO2 absorption curves,
whole body titration curves, and the like. None of
these terms is entirely satisfactory from a semantic
point of view. In this paper such curves are called CO2

equilibration curves, since this seems to be the least
confusing terminology.

A qualitative understanding of the important influ-
ence of the volumes of the body fluid compartments
and the concentration of the nonbicarbonate buffers
on the degree of bicarbonate redistribution can be ob-
tained by considering Figure 1, which illustrates a
model of the system both in vivo and in vitro. Concep-
tually, the extracellular fluid (ECF) compartment is
the acute volume of distribution of bicarbonate and is
subdivided into blood volume and interstitial fluid,
while the intracellular fluid compartment is all of the
nonextracellular portion of the total body water. Four
variables which influence the slope of the CO2 equili-
bration curve can be deduced from this model: (./) the
volume of the interstitial fluid compartment, (2) the
volume of the blood compartment, (3) the concentra-
tion of the nonbicarbonate buffers of the blood, and
(4) the amount of bicarbonate donated to the ECF by
the intracellular fluid.

If the volume of the interstitial fluid compartment
were increased, a larger "sink" would be produced for
the bicarbonate generated by the buffer reactions oc-
curring in the blood compartment. Hence, at any
given elevated PCOo value more bicarbonate would
leave the blood and a smaller rise in plasma bicarbon-
ate concentration would result. Whole blood base ex-
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cess, the change in sum of the conjugate bases of whole
blood, would fall because the movement of bicarbon-
ate into the interstitial fluid would lead to a decrease
in conjugate base concentration of whole blood. Thus
the net effect of an increase in the interstitial fluid
volume would be a smaller rise in plasma bicarbonate
and a greater fall in whole blood base excess when
I'co" is raised. This smaller rise in plasma bicarbonate
at the same PCo-, would in turn cause a greater fall in
blood pH.

When the blood volume is increased, the amount
but not the concentration of the nonbicarbonate buff-
ers of the ECF is increased so that, as Pco2 rises> niore
bicarbonate is produced and diffuses into the intersti-
tial fluid compartment. Thus as the blood volume in-
creases plasma bicarbonate rises further and base ex-
cess falls less.

If nonbicarbonate buffer concentration is increased,
e.g., by increasing the hemoglobin concentration, how-
ever, more bicarbonate would be produced but at a
higher concentration; therefore, more would diffuse
into the interstitial fluid to establish equilibrium. This
increased production and loss of bicarbonate would in
turn consume more Buf~, so that although the final
bicarbonate concentration would be higher the base
excess would be lower.

In all of the above situations, the new steady state
plasma bicarbonate concentration would be influenced
not only by the redistribution of bicarbonate between
blood and interstitial fluid volumes but also by the
amount of bicarbonate generated in the intracellular
compartment and transferred to the extracellular com-
partment. In effect, such a transcellular bicarbonate
transfer would "spare" bicarbonate generated by the
nonbicarbonate buffers of the blood.

The influence of body composition upon the redis-
tribution of bicarbonate is important to pediatricians
who deal with patients having different body fluid
compartment volumes. Thus the infant born prema-
turely, exhibiting acute hypercapnia secondary to the
respiratory distress syndrome (RDS), would be ex-
pected to have different blood acid-base data than an
older child or an adult with the same elevation of
Pac0., because the premature has a larger interstitial
fluid volume and a larger blood volume. Accordingly,
the influence of body composition upon blood acid-
base data in acute hypercapnia has been studied in an
animal model.

The present series of experiments was designed to
evaluate the influence of acute expansion of the inter-
stitial fluid volume, acute expansion of the blood vol-

ume, and acute increases and decreases in hemoglobin
concentration on the slope of the in vivo CO2 equili-
bration curve in mongrel dogs. A first consideration in
such experiments was to study the various methods of
portraying the in vivo response to hypercapnia both in
normal dogs and in dogs with induced abnormalities
of body composition. Ideally, the simplest coordinate
system for portrayal of such an in vivo reponse would be
one that would yield a straight line, since if this were
the case the entire curve could be defined from the
experimental determination of only two points. Ac-
cordingly, the initial series of experiments was de-
signed with this in mind. They showed that the in
vivo CO2 equilibration curve was linear in a pH-log
PC02 coordinate system over the range of interest.
Therefore, in the second portion of the study the slope
of the in vivo CO2 equilibration curve was determined
in each dog by exposing the animal to a normal (ap-
proximately 35 mm Hg) and a high (140-180 mm Hg)
PCo2 before and after the acute alteration in body
composition.

Materials and Methods

Animals

Dogs weighing 9-14 kg were anesthetized with 30
mg/kg body weight of sodium pentobarbital, intu-
bated, given succinylcholine (1 mg/kg body weight ini-
tially with doses repeated as necessary to maintain pa-
ralysis of the respiratory muscles), and ventilated with
a positive pressure respiratory pump [25]. The end
tidal PCOo was continuously monitored by an infrared
CO2 analyzer, and appropriate adjustments of the res-
pirator were made to keep the end tidal PcoL>

 c o n-
stant. The sample cell of the infrared analyzer was
connected to the endotracheal cannula by a needle
with a constricted orifice, thereby decreasing the gas
concentration in the cell so that high values for CO2

could be measured [18]. A catheter was placed in the
femoral artery for collection of blood for acid-base de-
termination; a second catheter was placed in the femo-
ral vein for the administration of isotopes and fluids.
The abdomen was opened through a midline incision,
and ligatures were placed around the splenic and both
renal pedicles.

After completion of the surgery 100 ju,Ci of tritiated
water, for measurement of total body water, and 20
JXCI

 30Cl, for measurement of extracellular fluid vol-
ume, were injected intravenously by a syringe pipette.
Both isotopes were diluted in saline and a volume
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exactly equal to that injected was taken for prepara-
tion of standards. Preliminary experiments showed
that equilibration, judged by steady state blood con-
centration of the isotopes, was complete by 90 min;
therefore, all samples for body composition were
drawn after this time. Blood volume was determined
by the volume of distribution of B1Cr-tagged erythro-
cytes which were injected at least 20 min before the
first sample was drawn. The erythrocytes were tagged
with 125 jitCi of a commercially available 51Cr-chro-
mate solution [26] by incubating 5 ml cells, suspended
in 5 ml saline, for 0.5 hr at room temperature. The
cells were then washed three times in equal volumes of
normal saline and suspended in 4 ml saline for injec-
tion.

Two series of experiments were performed: series 1,
linearity experiments, to determine the best linear fit
to the data collected in dogs with acute hypercapnia;
and series 2, to explore the effect of body composition
upon the slope of the in vivo CO2 equilibration curve.

Linearity Experiments

In this series of experiments, four points on the in
vivo CO2 equilibration curve were determined as fol-
lows: during the initial period, the end tidal CO2 con-
centration was kept at 5%, and toward the end of this
period three arterial blood samples were drawn at 10-
min intervals for acid-base determination. End tidal
CO2 concentration was then abruptly raised to 10% by
increasing the concentration of CO2 in the inspired
air. After a 20-min period for equilibration at the new
Pco.,, three more blood samples for acid-base determi-
nation were collected at 10-min intervals so that the
third acid-base study was carried out 40 min after the
end tidal PCOQ had been increased. Two further ex-
perimental periods exactly similar in design to this one
were carried out with end tidal CO2 concentrations
being held at 15 and 22%.

Three groups of dogs were studied. In group 1, six
dogs served as normal controls; in group 2 (six dogs), a
nearly 100% increase in the size of ECF was produced
by the intravenous administration of approximately
200 ml/kg of an artificial extracellular fluid containing
Na + , 150 mEq/liter; K+, 4 mEq/liter; Mg++, 2
mEq/liter; Ca+ + , 2.5 mEq/liter; HCO3-, 26 mEq/li-
ter; Cl~, 130 mEq/liter; inorganic phosphate, 0.5
mmole/liter; SO4=, 2 mEq/liter. Group 3 (three dogs)
had a nearly 100% increase in blood volume induced by
the administration of approximately 50 ml/kg whole
dog blood.

Body Composition Studies

The experimental design for this series of experi-
ments involved determining the slope of the in vivo
CO, equilibration curve before and after the body
composition of the animal was modified. Both slopes
were determined by the measurement of the arterial
acid-base status at two CO2 tensions, one at a normal
PCo2 of 30-40 mm Hg and the other at a high PC02

of 140-180 mm Hg. All points were determined in
triplicate, by averaging the three sets of acid-base data
obtained at 10-min intervals at any given CO2 tension.
Thus, for the low point on the titration, carried out
before body composition was altered, the acid-base sta-
tus of arterial blood was determined at 70, 80, and 90
min after the injection of the isotopes, during which
time the end tidal CO2 concentration was maintained
at 5%. The end tidal CO2 concentration was then
abruptly increased to 22% by increasing the CO2 con-
centration of the inspired gas mixture. After a 20-min
period for equilibration at the new Pco2 three arterial
blood samples were collected at 10-min intervals for
acid-base determination so that the last sample was
drawn 40 min after the PCOL, had been increased. The
end tidal CO2 concentration was then returned to 5%
and the body composition of the animal was altered.

The period of infusion was 0.5-1 hr. A 0.5-hr period
for equilibration was allowed following which the
slope of the in vivo CO2 equilibration curve was rcde-
termincd in a manner exactly similar to that used for
the determination of the preinfusion slope.

Six groups of animals were studied. In group 1, six
animals served as normal controls to check on the re-
producibility of the before and after equilibrations
when no alteration of body composition occurred.
Groups 2 and 3, six dogs each, were infused with ap-
proximately 100 and 200 ml/kg, respectively, of the
mock ECF solution. The blood volume was expanded
in group 4, eight dogs, by infusing approximately 50
ml/kg fresh heparinized whole blood. The hemoglobin
concentration was varied in groups 5 and 6. In group
5, eight dogs were bled acutely by 20-25 ml/kg and
equal amounts of plasma, from other dogs, were in-
fused immediately after the bleeding. In group 6, four
dogs were infused with 25-30 ml/kg fresh packed cells.

Chemical and Isotopic Methods

Ten milliliters of heparinized venous blood samples,
for the measurement of tritiated water, 3<1C1, 51Cr,
PCV, Na+, K+, and C1-, and 1-ml arterial samples for
the measurement of acid-base status and lactate were
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drawn at the same time that the third acid-base sample
was drawn during each steady state plateau. Acid-base
determinations were performed on arterial blood in
duplicate or triplicate by the equilibration method
[22]. The in vitro CO2 equilibration line is concave
downward in a pH-log PC(>> coordinate system so ex-
trapolation of the line far beyond the upper equilibra-
tion point (approximately 80 mm Hg) could result in a
considerable overestimation of the Pco of the sample
drawn from the dogs while they are exposed to high
Pco., (approximately 150 mm Hg). To correct for this
curvature of the in vitro equilibration line, samples
were equilibrated with two high known Pc02 tensions
so that the unknown PCo<> was bracketed. Thus acid-
base determination of a blood sample with a high
Pco-> involved measurement of the actual pH and the
pH of the sample when equilibrated with four known
CO2 tensions, the lower two for determination of base
excess and the upper two for determination of PCoo-
Plasma Na+ and K+ were determined by flame pho-
tometry, plasma Cl~ by electrometric titration, and
whole blood lactate by a modified enzymatic procedure
[9].

For the determination of 51Cr, a 1-ml aliquot of well
mixed whole blood was diluted up to 5 ml with dis-
tilled water. The hemolyzed blood was counted for
51 Cr in a well type crystal scintillation counter for
20-30 min so that a total of 100,000 counts were accu-
mulated. The number of counts injected into the ani-
mal was determined by diluting up to 100 ml with
distilled water a volume of the labeled cells exactly
equal to the volume injected into the dog and then
accumulating 200,000 counts. The blood volume was
then calculated by a modification of the standard vol-
ume of dilution equation:

Blood volume = counts injected -f-(counts/ml whole

blood X 0.88)

The constant 0.88 is the /•* cells factor for a splenecto-
mized dog, a factor which corrects the packed cell vol-
ume of venous blood for the difference between large
and small vessel packed cell volume [13]. The counts
injected were continuously decremented by the
amount of isotope removed by blood sampling. Prelim-
inary experiments showed that the amount of 30Cl
present in the sample was too low to affect the count-
ing rate in the crystal scintillation detector.

The plasma samples for tritium and 30Cl were pre-
pared for liquid scintillation counting by adding 1 ml
10% trichloroacetic acid (TCA) to 1 ml plasma [23]

and then mixing 1 ml supernatant with 15 ml Bray's
solution [3] in a glass liquid scintillation vial. Each
sample was prepared in duplicate. The final mixture
had a 15% counting efficiency for tritium and a 50%
counting efficiency for 3CC1. Sample to sample quench-
ing for tritium was controlled by an internal standard-
ization technique in which 25 pi of a 10 /xCi/ml solu-
tion of tritiated methanol were added to each vial and
the samples were recounted. This amount of tritiated
methanol was sufficient to cause a 70,000-90,000 cpm
increase in the counting rate of the sample. Quenching
between samples never differed by more than 8% and
was usually 2-3%. In preliminary experiments it was
found that the difference in quenching of the 3(iCl
counts was negligible even if a moderate amount of
hemolysis was present in the original sample; there-
fore, no quench correction was made for the 3CC1
counts. Each sample was counted three times before
and after the addition of the tritiated methanol.

The number of counts injected into the animal was
determined by diluting exactly the same volume of
stock isotope as was injected into the animal, up to 10
ml for tritiated water and to 5 ml for 30Cl. Duplicate
50-/d aliquots of each of these solutions were added to
2 ml control plasma; then 2 ml 10% TCA were added
and the supernatant was counted in the same fashion
as the other samples. The standards prepared in this
manner provided information not only about the
number of counts injected but also about the number
of 30Cl counts appearing in the tritium channel. (No
tritium counts appeared in the 30Cl channel.)

The volume of dilution of both tritium and 3(iCl was
calculated by the standard dilution equation after the
observed counting rates had been corrected for
quenching, coincidence, and 3(iCl in the tritium chan-
nel [14], The number of counts injected was decre-
mented by the amount of isotope lost during blood
sampling. All of the isotope calculations were carried
out on the IBM 7090/94 at Columbia University Com-
puter Center with a program written in FORTRAN
IV. The data were automatically recorded on punch
cards by attaching the output of the counter to a sole-
noid deck placed on the keyboard of an IBM 026 key
punch machine. All samples were counted in triplicate
and the resulting range of counts of each run was
tested to determine whether the counts followed Pois-
son counting statistics. Contrary to a previous report
in the literature [15], the spread of the triplicate
counts was found to exceed 95% confidence limits for
a Poisson distribution only one-twentieth of the time
on the average.
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Fig. 2. Illustration in a single control dog of the basic experimental design used in the linearity studies showing the establishement of steady
state end tidal CO2 concentrations and the collection of acid-base data during four such steady states at 5, 10, 15, and 22% end tidal CO2.

Table I. Correlation coefficients for a linear least squares fit of
various pairs of the acid-base variables

Variable pair

pH-log PCO2

[H+]-PCO2

pH-[HCOr]
pH-PCO2
pH-log [HCO3-]
Pc02-[HCO3-]
PC02-log [HCO3-]
logPC02-log [HCOr]
log Pco2-[HCO3-]
[H+HHCO3-J
pH-[BE]
pH-log [BE]
PcO2-[BE]
PcO2-log [BE]«
log PCO2-log [BE]'
log Pco2-[BE]

Correlation coefBcients

Normal

0.996
0.994
0.935
0.978
0.934
0.932
0.923
0.964
0.964
0.880
0.924
0.925
0.870
0.871
0.950
0.951

Dogs with
ECF'

expansion

0.997
0.997
0.929
0.984
0.926
0.902
0.890
0.953
0.955
0.868
0.964
0.963
C.938
0.939
0.941
0.940

Dogs with
BV1

expansion

0.998
0.992
0.976
0.964
0.982
0.970
0.946
0.990
O.g86
0.974
0.912
0.914
0.812
0.812
0.898
0.898

1 ECF: extracellular fluid. BV: blood volume.
2 log [BE] was calculated as log ([BE] + 100).

Results

Linearity Studies

Figure 2 presents data from a single control clog to
illustrate the experimental design used in the linearity
studies. During the initial period, end tidal CO2 con-
centration was held at 5%, resulting in a mean steady
state value for Paco, of 43.7 mm Hg. End tidal CO2

concentration was then abruptly increased to 10%,
and after a 20-min period for equilibration three acid-
base determinations were carried out on blood col-
lected at 10-min intervals. These showed that PaCOo

had risen to a mean value of 84.G mm Hg and that this
was associated with a fall in blood pH and whole
blood base excess and a rise in plasma bicarbonate
concentration. In the third experimental period, end
tidal CO2 concentration was readjusted to 15%, while
in the fourth period it was again adjusted to 22%.
With each increment in end tidal CO2 concentration,
plasma Pc0., rose to a new steady state, being 114 mm
Hg at 15% end tidal CO2 concentration and 160 mm
Hg at 22% end tidal concentration. With each of these
segments of hypercapnia, pH showed a further fall
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associated with further rises in plasma bicarbonate
concentration and further falls in whole blood base
excess.

In none of the experimental groups was a significant
or consistent difference found in the mean plateau
values for pH, plasma bicarbonate concentration, or
whole blood base excess among the samples taken at
20, 30, and 40 min during the periods of hypercapnia,
suggesting that a steady state with respect to blood
acid-base status had indeed been achieved in each pe-
riod under the conditions of the experimental design
(see Fig. 2).

The adequacy of a straight line fit to 16 pairs of
four relevant acid-base variables including appropriate
logarithmic or antilogarithmic transformations was
evaluated by calculating the correlation coefficient for
every variable pair in each dog using all 12 data
points. The correlation coefficients were then averaged
for each experimental group using Fisher's Z transfor-
mation [10]. The results of this analysis are shown in
Table I for the three experimental groups, a group
with normal body composition, a group with ex-
panded extracellular fluid, and a group with expanded
blood volume. The correlation coefficients for the pH-
log PCo.) and [H + ]-Pc0., relations were very high for the
normal dogs, being 0.996 and 0.994, respectively,
demonstrating that a straight line would fit either of
these two relations extremely well. Furthermore, these
two correlation coefficients were significantly higher in
the group of six normal dogs than the correlation
coefficient for any other variable pair tested.

The correlation coefficients were equally high for
the pH-log Peo, and the [H+]-Pc0., pairs in each of
the other two experimental groups studied, being
0.997 for both in the group with expanded ECF and
0.998 and 0.992, respectively, in the group with ex-
panded blood volume. In the six dogs with expanded
ECF the correlation coefficient of 0.997 was signifi-
cantly higher than any other variable pair tested. In
the three dogs with expanded blood volume the corre-
lation coefficients for log [HCO3-]-pH, log [HCO3-]-
log PCOo, and [HCO3~]-log Pc02 were also high and
did not differ significantly from the correlation coeffi-
cients for the pH-log PCo->

 o r [H+]-PCo» relations,
possibly because this group included fewer dogs.

Body Compositio?i Studies

Figure 3 presents the acid-base data obtained from a
single dog given 2 liters mock ECF and illustrates the
pattern of results obtained in the second series of ex-

periments. Each dog served as his own control so that
the slope of the in vivo CO2 equilibration curve was
determined by a two-point equilibration before and
after body composition was altered (see Materials and
Methods). Each point on the equilibration curve
represents the mean of three arterial acid-base analy-
ses. Before infusion mean Paco., rose, in this dog,
from an average of 39 to 153 mm Hg while mean
bicarbonate concentration rose from 18.7 to 25.5
mEq/liter, mean base excess fell from —7.0 to —14.0
mEq/liter and mean blood pH fell from 7.301 to
6.860. After infusion of the mock ECF a similar rise in
PaC02 produced a smaller rise in mean bicarbonate
concentration, 18.6 to 21.3 mEq/liter, a nearly equiva-
lent change in base excess, —6.6 to —13.7 mEq/liter,
and a larger fall in pH 7.311 to 6.830.

The mean acid-base data for all six experimental
groups and the mean body composition data for each
group are shown in Tables II and III. In the control
group there were no significant differences between the
rise in bicarbonate or the fall in base excess before and
after a time period equivalent to that required for the
infusion in the other experimental groups. Although
the bicarbonate concentration at both levels of Pac0.,
was lower during the second titration this result was
presumably due to endogenous acid production in the
nephrectomized animal. The increase in total body
water and ECF was largely accounted for by the on-
going infusion of isotonic saline (0.9% NaCl) which was
required for administration of succinylcholine and to
keep the venous catheter patent.

In the two groups infused with a mock ECF solution,
total body water and ECF compartment increased con-
siderably in volume (Table III) while intracellular
fluid (ICF) volume remained virtually unchanged.
Packed cell volume also fell as a result of the dilution
of the ECF. Examination of the acid-base data (Table
II) shows that after infusion of the mock ECF the
plasma bicarbonate concentration at normal Pco^ w a s

higher, probably due to a higher bicarbonate concen-
tration of the infusate than was present in the dogs
prior to this infusion. The degree of rise of plasma
bicarbonate due to the change in PCO2> however, was
less after expansion of the ECF than before even
though there was an equivalent rise in plasma Pco2-
As a consequence pH fell more after expansion than
before. Base excess changes were nearly equal before
and after expansion in both groups.

The animals infused with heparinized whole blood
(group 4) showed not only a rise in mean blood vol-
ume of 25 ml/kg but also an even larger increase in
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Fig. 3. Illustration in a single dog of the basic experimental design used in the body composition studies showing the collection of acid-base
data at two steady state end tidal CO2 tensions before and after the infusion of mock ECF.

mean interstitial fluid (ISF) volume amounting to
nearly 40 ml/kg. Part of this rise in ISF volume pre-
sumably reflected plasma leaving the blood volume
after infusion, causing packed cell volume (PCV) to
increase even though the blood infused had a lower
PCV than the blood of the recipient. The PC02-
induced rise in plasma bicarbonate (A plasma bicarbon-
ate) was greater after infusion (8.2 mEq/liter plasma)
than before infusion (7.1 mEq/liter plasma). The
change in base excess was nearly equal in both groups.

In animals infused with 50 ml/kg plasma after re-
moval of 20-25 ml/kg blood (group 5), the mean PCV
fell from 52.6 to 39.6%. Blood volume also fell while
ISF volume rose. The change in plasma bicarbonate
after the PCV was decreased was 8.5 mEq/liter com-
pared with the control value of 9.5 mEq/liter. In con-
trast, in animals given 25-30 ml/kg of packed cells
(group 6), the change in plasma bicarbonate was 7.9
mEq/liter before infusion whereas after infusion it was
8.7 mEq/liter. In the latter group PCV rose from 42.4
to 55.8%, and both blood volume and ISF volume in-
creased.

The slope of the in vivo CO., equilibration curve,
defined as Alog PC0,,/ApH, was calculated for each
individual animal before and after body composition
was altered (or similar time interval in the case of the
control animals). The mean slopes for each experimen-
tal group before and after alteration of body composi-
tion are shown in Table IV along with the grand
mean for all before titrations, which represents the
mean control slope for all 38 animals.

In evaluating these data there are two complicat-
ing factors which immediately arise: the control acid-
base status of the animal, i.e., at normal Pco2> w a s

changing because of the intervening infusion and of
the passage of time and in no animal was a single
variable of body composition altered but rather all
three, blood volume, ISF volume, and PCV, were
changed to some extent, although the predominant
change occurred in the primary variable being studied.
It is thus necessary to adjust mathematically these data
before they can be properly evaluated.

The effect of changing acid-base status on the Alog
PCO:;/ApH slope can be shown to depend on initial
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Table 11. Summary of acid-base data

Group

First equilibration
Control

+ 1 liter ECF3

+2 liter ECF3

TBV3

J, Hemog3

\ Hcmcg3

Second equilibration
Control

+ 1 liter ECF

+ 2 liter ECF

TBV

J, Hemog

| Hemog

±

±

±

±

±

±

±

±

±

±

p l l

7.346
O.O272

7.316
0.063
7.305
0.024
7.309
0.025
7.358
0.034
7.350
0.031

7.325
0.047
7.336
0.056
7.309
0.061
7.307
0.057
7.33'J
0.032
7.325
0.021

Tco.,
mm Hg

37.6
± 3.4

34.3
± 1.9

36.8
± 4.2

35.4
± 1.9

31.9
± 2.1

36.5
± 4.3

35.5
± 3.0

36.8
± 1.7

38.1
± 3.3

35.1
± 3.2

33.4
± 2.3

34.3
± 1.9

Start

BE' HCOi

mEq/liter

-4.7
± 1.7
-7.7

± 3.4
-7.5

± 1.7
-7 .8

± 1.6
-6.4

± 1.9
-4.9

± 0.9

-6.8
± 2.5
-5.5

± 3.1
-6.6

± 3.2
-8.0

± 3.6
-6.8

± 1.9
-7.4

± 1.6

20.2
± 1.7

17.3
± 2.4

17.8
± 2.0

17.5
± 1.4

17.6
± 1.4

19.8
± 1.1

18.2
± 1.9

19.4
± 2.2

18.6
± 2.4

17.4
± 2.7

17.7
± 1.5

17.5
± 1.4

±

±

±

±

±

±

±

±

±

±

±

p l l

6.868
0.039
6.858
0.051
6.853
0.020
6.831
0.047
6.794
0.037
6.825
0.020

6.849
0.022
6.853
0.040
6.821
0.047
6.855
0.027
6.791
0.027
6.819
0.020

Pcoj. mm Ilg •

161.8
± 15.9

147.3
± 8.5
159.0

± 18.9
159.0

± 20.3
190.6

± 35.9
180.5

± 18.7

162.2
± 13.6

156.0
± 6.5
152.4

± 19.4
155.4

± 25.6
184.0

± 17.7
173.4

± 17.6

Finish

BE

-10.6
± 1.6
-13.9
± 3.1
-12.8
± 1.8
-12.5
± 2.4
-13.6
± 1.9
-10.3
± 1.6

-12.1
± 2.7
-12.3
± 3.2
-13.1
± 4.0
-12.8
± 3.6
-12.3
± 1.8
-14.2
± 1.5

H C O J -

mEq/liter

27.5
± 1.6

24.7
± 3.0

26.6
± 2.7

24.6
± 1.9

27.1
± 2.9

27.7
± 2.1

26.4
± 2.8

25.7
± 3.1

23.7
± 3.7

25.6
± 4.1

26.2
± 2.2

26.2
± 1.9

AHCO3"

7.3

7.4

8.8

7.1

9.5

7.9

8.2

6.3

5.1

8.2

8.5

8.7

1 Base excess.
2 All values are mean ± standard deviation of the observations.
3 ECF: extracellular fluid increased by 1 liter, by 2 liters. BV: blood volume; Hemog: hemoglobin, decreased and increased.

Table III. Body composition data

Group

Control
5C% ECF3

100% ECF3

t BV3

I Hemog3

t Hemog3

64.0
60.0
67.2
60.8
60.7
63.3

B V

±
±
±
±
±
±

4.72

4.8
4.1
4 .0
6.1
3.0

First equilibration

ISF1

ml/kg

222
250
210
245
214
228

±
±
±
±
±

22
40
26
21
18
22

ICF1

376
372
393
380
358
361

=fc
±
±
±
±
±

24
43
78
42
46
30

PCV,"

48
51
49
45
52
42

/o

±
±

±
±
±

6
7
3
7
5
6

64.4
63.3
75.9
86.1
54.2
78.4

BV

±
±
±
±

±

7.5
10.3
11.2
7.0
9.5
7.7

Second equilibration

ISF

ml/kg

236
350
388
285
232
257

±
±

±
±
±

25
52
40
22
20
28

ICF

374
372
402
376
357
359

±
±
±
±
±
±

26
42
79
41
40
28

PCV,

50
42
42
49
40
56

%

±
±
±
±
±
±

7
6
2
5
5
7

1 BV: blood volume. ISF: interstitial fluid. ICF: intracellular fluid. PCV: packed cell volume.
2 All values arc mean ± standard deviation of the observations.
3 See Table II for definition of abbreviations.

bicarbonate concentration in a manner similar to the
in vitro Alog Pc02 — ApH slope (see derivation in
Appendix). This dependence on initial plasma bi-
carbonate [HCO3-] can be expressed by the following
equation:

Alog P,COi _
ApH

0.434 A[HCO3~]
[HCO3-] ApH

Since A[HCO3~~]/ApH is a negative quantity during
changes in PCOo, at a constant A[HCO3~]/ApH (a
constant nonbicarbonate buffer capacity), the slope of
the in vivo CO2 equilibration curve will become steeper
(more negative) as [HCO3~] falls. The correlation
between the control slopes of all dogs and their initial
plasma [HCO3-] is high (r = 0.59) (Fig. 4). This rela-
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Table IV. Mean in vivo CO2 equilibration slopes (Alog Pcoj/
ApH) for each experimental group before and after body com-
position was altered

Group

Control

+50% ECF2

+ 100% ECF2

|BV2

I Hcmog2

t Hcmog2

Grand mean

First
equilibration

-1.32546
± 0.04077'
-1.38680

± 0.07076
-1.40410

=fc 0.11112
-1.35880

± 0.02137
-1.37380

± 0.04149
-1.32180

± 0.02304

-1.3644
± 0.06192

Second
equilibration

-1.38740
± 0.03077'
-1.29710

± 0.04515
-1.23490

± 0.04540
-1.43040

± 0.19826
-1.35030

± 0.02836
-1.39180

± 0.03050

1 All values are means ± SEM.
2 See Table II for definition of abbreviations.

SLOPE (alog

- I.6O-1

-1.50-

-1 .40-

-1.30-

• - -17075 + 0 0189x

r - 0 59

16.0 18.0 20.0 22.0 24.0

INITIAL PLASMA [HCOj] ( m Eq/ I )

Fig. 4. Illustration of the dependence of slope (Alog Pco2/ApH)
on initial plasma bicarbonate concentration.

tion implies that before any conclusions are drawn
from changes in the slope of the in vivo CO2 equilibra-
tion curve the slopes must be corrected for changes in
initial bicarbonate concentration.

The second complicating factor, i.e., all variables of
body composition being altered when one variable is
changed, can also be handled statistically. The prob-
lem is to find a linear combination of the body compo-
sition variables which discriminates best between the

slopes of the in vivo CO2 equilibration curves before
and after body composition was altered and then to
determine which of the variables did not add signifi-
cantly to the discrimination. Those variables which
did not add significantly to the discrimination are not
relevant or significant. The statistical technique used
for finding these discriminant functions was that of
multivariate analysis. The present problem, however,
can be simplified since our interest is in comparing the
change in slope when body composition is changed.
Therefore, one can find the equation which best ex-
presses the delta slope as a function of the delta body
composition variables by a simple multiple regression
technique. It is also possible to include the delta ini-
tial bicarbonate concentration in the multiple regres-
sion equation, thereby correcting the slope for chang-
ing acid-base status as well. The final multiple regres-
sion equation then takes the following form:

Aslope = a + bx A[HCO3-]( + b2slSF +

where Aslope is Alog PC02/ApH before body composi-
tion is altered minus Alog PCOo/ApH after body com-
position is altered, A[HCO;|-]( is the change in the
initial bicarbonate concentration (the bicarbonate con-
centration at a normal PC02), AlSF, ABV, and APCV
represent the changes in ISF volume, blood volume,
and PCV, bly b2, b3, and fc4 are the regression coeffi-
cients for the respective variables, and a is the inter-
cept of the regression plane.

The problem at hand differs from the usual multi-
ple regression problem in that the interest is not in
determining the regression coefficients per se but in
determining which of the variables did not add signifi-
cantly to the change in slope. If a variable significantly
influenced the slope then its regression coefficient
would be significantly different from 0. The sign of the
regression coefficient indicates direction of the effect, a
positive sign indicating that the variable increases the
slope while a negative sign indicates the opposite ef-

Table V. Results of multiple regression analysis

Variable Regression
coefficient

* Standard error of , .
regression coefficient

AH CO 3-
AISF2

ABV2

APCV2

0.04396
0.00087

-0 .00388
0.00308

0.00587
0.00024
0.00118
0.00185

7.49'
3.67'
3.28'
1.66

1 P < 0.01.
2 See Table I I I for definition of abbreviations.
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Table VI. Summary of electrolyte data1

Group

First equilibration
Control

+ 1 liter ECF2

+2 liter ECF2

|BV2

I Hemog2

T Hemog2

Second equilibration
Control

+ 1 liter ECF

+2 liter ECF

TBV

I Hemog

1 Hemog

Na

143
± 2

146
± 3

151
± 5

147
± 3

148

± 2
145

± 1

145

± 3
147

± 2
153

± 4
148

± 4
148

± 2
145

± 1

±

±

±

±

±

±

±

±

±

K

3.5
0.3
4.3
0.3
4.3
0.7
4.5
0.5
4.0
0.5
3.8
0.4

4.2
0.4
4.8
0.4
4.9
1.2
5.9
1.7
5.0
1.2
4.2
1.2

Cl

112
± 6

115
± 1

123
± 7

115
± 4

118

± 5
114

± 3

110

± 3
122

± 4
129

± 3
115

± 7
112

± 3
114

± 2

R

11.7
± 4.7

11.3
± 2.5

9.8
± 4.5

14.3
± 2.3

13.1
± 3.4

12.9
± 3.1

17.7
± 5.4

2.2
± 3.9

5.9
± 4.3

15.9
± 7.8

19.8
± 2.3

12.4
± 3.4

±

±

±

±

±

±

Lac

1.46
0.35

1.85
0.87
1.64
0.59
1.15
0.59

1.89
0.82

1.35
0.61
2.58
0.50
1.64
0.15

Na

144
± 3

149
± 6

156
± 5

147
± 2

149

± 2
147

± 3

146
± 3

148
± 3

156
± 4

150

± 4
151

± 4
147

K

4.0
± 0.7

4.9
± 0.9

4.6
± 0.6

4.7
± 0.4

4.1

± 0.4
4.0

± 0.5

4.6

± 0.3
5.5

± 0.6
5.3

± 0.9
6.3

± 1.3
4.5

± 0.5
4.6

± 0.9

Cl

108
± 3

122
± 10

126
± 6

113
± 3

116

± 6
113

± 4

111
± 8

124
± 6

129
± 2

112
± 4

114

± 4
114

± 1

R

6.4
± 6.0
-2.1

± 8.2
2.2

± 5.8
9.1

± 3.3
5.9

± 7.2
5.2

± 3.5

7.8

± 9.2
-3.8

± 4.7
3.4

± 5.1
11.5

± 6.4
12.1

± 3.6
7.3

± 3.0

±

±

±

±

±

±

±

Lac

1.37
0.06

1.10
0.31
1.29
0.37
1.11
0.46

1.55
1.30

1.06
0.99
2.16
0.61
1.10
0.30

5.3

13.4

7.6

5.2

7.2

7.7

9.9

6.0

2.5

4.4

7.7

5.1

1 All values are in millicquivalents per liter and represent mean ± standard deviation of the observations.
2 See Table II for definition of abbreviations.

feet. The results of the analyses are shown in Table V
and demonstrate: (1) that as initial bicarbonate falls
the slope significantly increases; (2) that as ISF volume
rises the slope significantly falls; (3) that as blood vol-
ume increases the slope significantly increases; and (•/)
that as PCV increases, the slope does not change signif-
icantly. (All significance tests were done at the overall
error rate of 0.01; i.e., a penalty was adopted for
multiple comparisons so that the overall error rate
applied to the whole experimental series.)

The mean plasma electrolyte data and mean arterial
whole blood lactate concentration are shown for each
plateau for each experimental group (Table VI).
There were no striking changes in the plasma Na+
and Cl~ concentration; plasma K+ tended to rise
slightly but not significantly. R, a measure of the un-
determined anions and defined as [Na+] — [Cl~] —
[HCO3~], fell approximately 7 mEq/liter as Pco2
rose because of a rise in bicarbonate since [Cl~] and
[Na+] did not change. In every case mean lactate con-
centration fell as PCo2

 rose> a s n a s previously been
reported [11].

Discussion

Linearity Studies

The results of the linearity study demonstrate that
in all three groups of dogs the data representing the in
vivo CO2 equilibration curve can be represented line-
arly with a high degree of confidence on either the
pH-log Pco., coordinate system or on the [H+]-Pc0.,
coordinate system. Furthermore, in no group was there
a significant difference in the correlation coefficients
noted between these two methods of representation of
the data so that a choice as to which to use has to be
made on grounds other than purely statistical ones.
We prefer the pH-log Pco.. relation for two general
reasons: (1) the pH-log P c 0 2 coordinate system is well
known and widely used [22] for portraying the in vitro
behavior in blood, hence facilitating the comparison of
the in vivo with the in vitro curve; (2) pH is a directly
measured variable, its antilogarithmic transformation
being difficult to interpret in a thermodynamic sense
[1]. Furthermore, as pointed out by Davis [8], since
pH is directly related to chemical potential, it may be
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Table VII. Mean slopes and correlation coefficients of in vivo
CO2 equilibration curves on the log plasma Pco2-blood pH
coordinate system in normal dogs

Study No. of
dogs

Mean
slope,
Alog

/

Corrected
mean slope,1

Alog

Corre-
lation
coeffi-
cient

Brown and Miller [6]
Brown [4]
Siggaard-Anderson [21]
Cohen, Brackctt, and Schwartz [7]
Brown and Clancy [5]
Refsum and Kim [16]
Present study
Weighted mean

5
7 -
3 -

14 -
24 -

5
41 -

.215 -

.199
.299 ( -
.309 -
.207
.309 ( -
.365 ( -

—

.263

.225

.299)

.353

.270

.309)

.365)

.3204

0.995
1.000
0.999
0.996"

1 Corrected for variations in pKi' with pH.
'n = 6.

the more useful representation of the effects of acidity
upon physiologic processes. For these reasons we have
adopted the pH-log PCOo coordinate system for por-
traying the in vivo behavior of blood, although this
implies no inherent superiority over the [H + ]-PC0;,
coordinate system used by others.

The observed linearity of the in vivo CO2 equilibra-
tion curve when plotted on the pH-log Pco., coordi-
nate system is supported by data previously reported
by others. Table VII shows the correlation coefficients
calculated for three previously reported studies [5, 7,
16] in which the data are sufficient for their evaluation
and in which a steady state of acute hypercapnia was
documented. In each of these three previously re-
ported studies the calculated correlation coefficients
are in excess of 0.99, indicating that a straight line fits
these data extremely well.

To the authors' knowledge, there is no fundamental
explanation for the remarkably good fit of a straight
line to the physiologic data describing the in vivo CO2

equilibration curve and the pH-log Pco., coordinate
system. There is no a priori reason to expect that the
summation of such separate effects as blood buffering,
diffusion of bicarbonate from blood to ISF, and trans-
fer of bicarbonate from cells into ISF should be line-
arly represented on the pH-log Pc02 coordinate sys-
tem. Indeed, even in the simpler in vilro system, where
such uniquely physiologic factors as bicarbonate diffu-
sion from blood into ISF and cellular-extracellular
fluid transfer of bicarbonate are not present, there ex-
ists no adequate theoretical explanation for the linear-
ity of the CO2 equilibration curve on this coordinate
system. The lack of any theoretical explanation for the
observed linearity of the in vivo curve need not, how-
ever, detract from the practical usefulness of the obser-
vation. Just as in the case of blood in vitro, where it is

possible to characterize the slope of the curve with the
determination of only two points on the curve, it is
likewise possible to characterize the in vivo curve by
the determination of only two points, thus simplifying
experiments designed to evaluate factors which may
influence the slope of the curve.

Table VII summarizes the mean slopes of all 41
normal "titrations" in our series of experiments (six
control dogs from the linearity studies plus the control
observations from 35 dogs in the body composition
studies) along with the mean slopes for all of the data
in the literature [4-7, 16, 21] recalculated for the pH-
log Pco., coordinate system. It is apparent (Table VII)
that the values for the slopes show considerable varia-
tion, ranging from —1.365 in our studies to —1.199 in
the study of Brown [4]. Several reasons can be ad-
vanced to explain this variation. First, there are meth-
odologic differences between the various studies. In
five studies [4-7, 16] blood pH and total CO2 content
of plasma were measured and plasma Pc02 was calcu-
lated by means of the Hcnderson-Hasselbalch equa-
tion. Only Refsum and Kim [16], however, appear to
have taken into account the known variations in pK'i
with blood pH [19]. The failure of other investigators
to take account of this effect leads to an underestima-
tion of the true value for the slope. Thus, according to
Severinghaus [19] the value for pK't is 6.095 at pH
7.40 and 38°. If a pK'j of 6.10 is used instead of 6.095,
the calculated Pc0., for normal blood with a Pco., of
40 mm Hg will be about 1% too high. At pH 6.80 the
value for pK't is 6.113 [19], and if the true value for
Pw>:> were 200 mm Hg, the PCOj calculated from the
Henderson-Hasselbalch equation at this pH using a
pK'i of 6.10 would be too low by about 2.5%. These
effects of calculating a falsely high value for Pco., at a
normal value for blood pH and a falsely low value
for PfO., at a low value for blood pH, although sep-
arately small, summate to cause the apparent slope of
the in vivo COa equilibration curve in the pH-log Pco.>
coordinate system to be too low to a significant extent.
The results of recalculation of the slopes for those
studies in which this effect was not originally taken
into account appear in Table VII. These recalculated
slopes are higher, and accordingly the agreement
among the various studies is considerably better than
at first appears.

In one study [21], the equilibration method was
used, but no attempt was made to correct for nonline-
arity of the in vitro curve at high values for plasma
PCOl>. Such nonlinearity would tend to make the in
vivo slope reported by this investigator somewhat low,



Body composition and acute hypcrcapnia 535

although the error in the slope is likely to be no more
than 2-3% since the high Pco> values used in this
study were relatively low (83-123 mm Hg) compared
with most other studies.

A second possible explanation for the variation o£
previously reported data concerns possible variations
in body composition of the animals being studied. It
was apparent from our results that expansion of ECF
volume or expansion of blood volume can affect the
value of the slope obtained. Thus, it is conceivable
that variations in hemoglobin concentration, blood
volume, and the status of hydration in randomly se-
lected mongrel dogs might be considerable and might
account for some of the variation from study to study
noted in the table. An additional factor to be consid-
ered concerns the fact that in our experiments the
spleen and kidneys were ligated so that the circulating
blood volume was 15-20% lower and was constant
throughout the experiment. In acute experiments of
2-3-hr duration it is doubtful that renal compensation
could significantly account for any variation in slopes.

A third possible explanation for variability involves
a variation in the initial bicarbonate concentration of
the animals which were titrated. Fig. 5 which presents
mean data in the literature shows that the slope of the
in vivo CO» equilibration curve bears a definite rela-
tion (r = 0.88) to the initial plasma bicarbonate con-
centration in that the slope increases as initial (con-
trol) plasma bicarbonate concentration decreases. The
failure of others to recognize and adjust for this effect
may likewise be a source of discrepancy between the
various reported studies.

Despite the variation in reported in vivo slopes, all
studies including our own are in agreement that the in
vivo slope is definitely less than the in vitro slope.
Thus, a weighted mean for all studies is —1.3204
(Table VII), while the mean in vitro slope is —1.754 ±
0.128 (P < 0.001). (It may be noted that the mean in
vitro slope for the dogs reported here is steeper than
the value of —1.57 reported for normal man by
Siggaard-Andersen [22]. In normal man, however, the
base excess is 0 mEq/liter whereas in our control
anesthetized dogs the initial base excess was —7.3
mEq/liter. It is known that the in vitro slope becomes
steeper as base excess falls. The observed in vitro
slope can be corrected for the initially low base excess
by adding the arithmetic value of the base excess to
the observed base excess and to the observed buffer
base, thereby correcting the base excess to 0 mEq/liter
to correspond with that of normal man. The slope is
now recomputed using two points: a base excess of 0

Slope (A log Pc c ,2 /ApH)

-1.40-,

-1.35-

-1.30-

-1.25-
= 0.88

18.0 20.0 22.0 24

Plasma [HC0§](mEq/l)

Fig. 5. Relationship between the mean initial plasma bicarbonate
concentration and the slope of the in vivo CO3 equilibration
curve for all previously reported studies as well as for the present
study. The slopes are the recalculated slopes of Table VII. The
regression equation is: slope = 1.700 + 0.0188HCODp.

mEq/liter and the buffer base as computed above.
The mean in vitro slope so corrected is — 1.590 ±
0.110, a value which is not significantly different from
that obtained in normal man.) This difference in slope
is mainly due to bicarbonate redistribution between
blood and ISF whereby the apparent buffer capacity
of blood in vivo is decreased. Thus, in vivo blood pH
falls farther at any given elevated value for plasma
PCOl! than it does in vitro, a fact first noted by Shaw
and Messer [20].

Body Composition Studies

The results of the second series of experiments
tended to confirm the qualitative predictions of the
model discussed earlier. As ISF volume increases a
greater "sink" is created for bicarbonate diffusion. As-
suming that the cellular contribution of bicarbonate
did not increase markedly, more bicarbonate would
leave the blood compartment under these conditions.
Thus for the same APCo>> pH would fall further and
the slope (Alog PCO2/ApH) of the in vivo CO2 equili-
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bration curve would decrease, an effect which was ac-
tually observed (Table IV).

As blood volume increases, the amount but not the
concentration of the nonbicarbonate buffers in the
blood compartment increases so that at any elevated
Pco,, value more bicarbonate is produced and is avail-
able for diffusion into the interstitial fluid. Hence,
there is a greater rise in plasma bicarbonate concentra-
tion with increasing Pc0., when compared with a nor-
mal blood volume so pH will not fall as much with an
increased blood volume and the slope of the in vivo
CO2 equilibration curve would increase, as was ob-
served (Table IV).

As PCV increases the concentration of the nonbicar-
bonate buffers increases so that at any elevated PC02

value more bicarbonate is generated by the buffer reac-
tions but at a higher concentration gradient so that
more must diffuse into the ISF compartment before an
equilibrium is attained. However, at equilibrium there
should be a rise in plasma bicarbonate concentration
with less of a fall in blood pH and an increase in the
slope of the in vivo CO2 equilibration curve. Similar
reasoning in case of a decreased PCV leads to the con-
clusion that slope should fall. Statistical analysis of the
data showed that although the slope changed in the
expected direction this change was not statistically sig-
nificant. This was somewhat surprising since Refsum
and Kim [1G] found a significant increase in the
AHCO3— /ApH slope with increasing hemoglobin con-
centration. Several explanations may be advanced for
this apparent discrepancy. First, the experimental de-
sign was different in the two studies in that Refsum
and Kim either bled or infused the dogs 2 or 3 days
prior to the study whereas in our study the bleeding or
infusion was completed 0.5 hr before the study. Second,
Refsum and Kim did not exclude the spleen before
equilibration with high PCo>- As the plasma Pc0., is
increased, contraction of the spleen might increase the
amount of nonbicarbonate buffer in the circulating
blood volume, thus causing the slope of the in vivo
CO2 equilibration curve to change continuously dur-
ing the experiment (and incidently to cause a straight
line to fit the HCO3~-pH relation better than pre-
viously reported). While the initial plasma bicarbon-
ate concentration was reported for all experiments in
the study of Refsum and Kim, no data on body compo-
sition were reported so that it is not possible to correct
the slopes for changes in blood volume and interstitial
fluid volume which may have been introduced by a
physiologic response to the bleeding or infusion.

It was not possible with the data at hand to evaluate

quantitatively the fourth factor identified by our model
(i.e., the nonextracellular contribution of HCO3~). All
acid-base determinations of the present study as well as
all previously reported data (including [12]) represent
changes in arterial blood. A more precise evaluation of
the cellular contribution, however, must involve deter-
mination of the plasma bicarbonate concentration of
the mixed venous blood since this more closely approx-
imates the bicarbonate contribution of the ISF. An
accurate estimate of the bicarbonate concentration of
the ISF is necessary since it contains approximately
two-thirds of the extracellular pool of bicarbonate. As
pointed out recently by Roos and Thomas [17] there is
no constant relation between arterial and mixed ve-
nous plasma bicarbonate in acute hypercapnia, since
cardiac output continuously increases as Pc02 rises.
Under these conditions metabolic CO2 is then carried
in a larger volume of blood at a lower bicarbonate
concentration so that the arterial-venous difference for
bicarbonate will fall as cardiac output rises. Thus the
relation between arterial and mixed venous bicarbon-
ate (and hence ISF bicarbonate) is continuously chang-
ing and what may appear to be a movement of bicar-
bonate from the cells to the ISF may be in fact a
movement of bicarbonate from the ISF to the mixed
venous blood as a consequence of the smaller arterial-
venous difference for bicarbonate. Other published
studies purporting to examine the cellular contribu-
tion of bicarbonate in acute respiratory acidosis have
utilized arterial blood for acid-base analysis and are
therefore subject to the same error.

Bicarbonate which is generated from buffer reac-
tions in the erythrocyte exchanges with Cl~ in the
plasma so that, in vitro, a fall in plasma Cl~ is ob-
served. Similarly, HCO;!- in plasma would be ex-
pected to exchange in ISF Cl~, causing plasma Cl~ to
rise. The fact that plasma Cl~ did not change signifi-
cantly suggests that these two effects offset each in vivo.
The increase in plasma HCO3~ was accompanied by a
fall in the R fraction (defined as Na+ — Cl~ —
HCO3- and is an indication of the undetermined an-
ions; see R in Table VI). The increase was caused in
large part by the decrease in charge on the plasma
proteins (the fall in Pr~ can be calculated from Pr~
= 0.104(Pr)ApH = 0.104 x 70 x 0.6 = 4.4 mEq/liter
[24]. On the assumption that protein concentration is
70 g/liter and the pH falls from 7.4 to 6.8 (ApH =
0.6), solving the equation yields: APr~ = 0.104 X 70
X 0.6 = 4.4 mEq/liter) so that electroneutrality was
maintained by a transfer of change from the conjugate
bases of the plasma protein to HCO3- with the Cl-



Body composition and acute hypcrcapnia 537

shifts into erythrocytes and from the ISF offsetting each
other. In all cases there was a small but significant fall
in whole blood lactate concentration.

The importance of alterations in body composition
in the quantitative interpretation of acid-base displace-
ment in patients with acute respiratory acidosis is ob-
vious. If a newborn infant or an edematous patient
(both of whom have an increased ISF volume com-
pared with normal adult subjects) develops acute respi-
ratory acidosis, the rise in plasma bicarbonate will be
less than that expected for the normal healthy adult
male studied by Bracket*, Cohen, and Schwartz [2].
This smaller rise in plasma bicarbonate need not nec-
essarily represent the development of a concomitant
metabolic acidosis, but may only represent the effect of
an increased amount of bicarbonate redistribution due
to the increased ISF volume. Thus the quantitative
relation between Paco., and plasma bicarbonate ob-
served in healthy adult males [2] should not be used as
a standard for identifying a metabolic acidosis compli-
cating the acute hypercapnia of a premature infant
with RDS or of an older patient who has an abnormal
body composition. In the past a considerable amount
of effort has been expended in trying to find the cause
of the apparent metabolic acidosis in infants with RDS
without much success. Although an elevation of lactic
acid concentration of approximately 2-3 mEq/liter
may occur, no other significant accumulations of an-
ions of nonvolatile acids has been found. The work
presented in this paper shows that most of this meta-
bolic acidosis is "apparent" and is most likely attributa-
ble to a redistribution of HCO3~ in the larger ISF
volume of the infant born prematurely.

While it may be dangerous to apply quantitatively
to man data collected on the dog, the order of magni-
tude of the change in bicarbonate at a given increased
Pco., value may be calculated from our data. For ex-
ample, if the ISF were doubled and Pco., rises to 100
mm Hg then the rise in plasma bicarbonate would be
approximately 2 mEq/liter less than if ISF were nor-
mal, a 30% effect.

Sinnmary

The in vivo CO2 equilibration curve is linear in nor-
mal dogs and in dogs with induced abnormality of
body composition when plotted on the pH-log Pco.,
coordinate system. The slope of such curves rises as
plasma HCO3~ falls, decreases as interstitial fluid vol-
ume increases, increases as blood volume increases, and
does not change significantly with acute changes in

hemoglobin. These results indicate that the slope of
the in vivo CO2 equilibration curve is dependent upon
these variables of body composition and imply that the
interpretation of blood acid-base data in acute hyper-
capnia must include a consideration of the patient's
body composition.

Appendix

The Henderson-Masselbalch equation may be written
as follows:

log PCO:! = pK - pll + log IICO.,- - log S

Differentiating with respect to pH yields:

djog Pco. = _ j d log
r/pH rfpH

0 434
d log HCOr = OTWZ d HCOr

but

Substituting this expression into the previous one
yields:

(1 log Pco, = _ , , 0-̂ 34 d HCO,"
d pH + HCO3- d pH

Therefore, at a constant nonbicarbonate buffer capac-
ity {i.e., constant d HCO3~/d pH) the slope of the
pH-log P,.o., relationship (d log Pc0.,/<i pH) becomes
steeper as HCO:1- falls.
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