
OBSERVATIONSON CARBONDIOXIDE TENSION DURING
RECOVERYFROMMETABOLICACIDOSIS 1

BY ROBERTW. WINTERS,2 JOHNA. LOWDER,3AND NELSONK. ORDWAY4

(From the Departments of Pediatrics and Medicine, University of North Carolina School of
Medicine, Chapel Hill, N. C.)

(Submitted for publication December 3, 1957; accepted January 13, 1958)

The importance of hyperventilation in metabolic
acidosis in minimizing the shift in blood pH is
well known. It has been generally assumed that
the stimulus for this augmented ventilation is the
increased hydrogen ion concentration of the blood.
If such were the case, it might be further assumed
that during recovery from metabolic acidosis, the
ventilation and hence the carbon dioxide tension
would be adjusted in accordance with the pH of
the blood.

This report presents data bearing upon the re-
covery of acid-base equilibrium in patients with
metabolic acidosis due to diabetes, to diarrheal
disease and to renal disease. The results show
the frequent occurrence of normal or even alkaline
blood pH values associated with reduced pCO2
values during the recovery phase, and imply that
some degree of hyperventilation persists in the
absence of a measurable chemical stimulus in the
blood.

METHODS

The data presented include measurements of whole
blood pH, plasma carbon dioxide content, and calculated
plasma carbon dioxide tension (pCO,) in 10 children and
1 adult with diabetic acidosis, in 27 infants and children
with diarrheal acidosis, and in 3 children and 5 adults
with uremic acidosis who were studied on the wards of
the North Carolina Memorial Hospital, Chapel Hill, and
the L.S.U. division of Charity Hospital, New Orleans.
In nearly every instance, heparinized venous blood
drawn without stasis was used; the remaining few de-
terminations were performed on arterial blood.

Whole blood pH was determined by the glass electrode,
either at 370 C., or at room temperature and corrected
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to 370 C. using Rosenthal's (1) temperature coefficient.
Total carbon dioxide content was determined by the
method of Van Slyke and Neill (2). Plasma carbon
dioxide tension (pCO2) was calculated according to the
Henderson-Hasselbalch equation, using a value of 6.11
for pK' and a CO, solubility factor of 0.0311 (3).

RESULTS

Diabetic acidosis

Figure 1 shows the acid-base data for the dia-
betic patients, together with similar data from vari-
ous sources in the literature (4-11). In this and
in subsequent figures, the total carbon dioxide
content of the plasma is plotted logarithmically on
the ordinate, while whole blood pH is plotted on
the abscissa. On such a plot, the loci for various
values of carbon dioxide tension for arterial blood
at 370 C. are defined by the nearly straight lines
which transect the major axes. Two points are
plotted for each patient, the first representing the
data obtained prior to treatment, and the second
representing the earliest observation of a normal
or alkaline pH after institution of treatment. The
latter point was obtained in two hours to four
days; in 39 of 51 patients this observation was
within 24 hours.

Prior to treatment, all patients were in metabolic
acidosis, the average pH for the entire group be-
ing 7.08, and the average total carbon dioxide
content being 7.4 mMper L. All patients re-
ceived insulin and parenteral fluids, and in some
instances (literature cases only), large amounts
of either sodium bicarbonate or sodium lactate.

The post-treatment data show that most of the
patients attained blood pH values of 7.35 or
greater, while the pCO2 was still low. This is
unequivocally the case in 39 of the 51 patients.
These findings are especially significant in view
of the fact that over two-thirds of the data of Fig-
ure 1 was obtained from venous blood; had ar-
terial data been available, the pCO2 values would
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FIG. 1. DIABETIC AcIDosis

have been even lower than those shown in the
figure.

Diarrheal acidosis

Data similar to those of the diabetic patients are

shown in Figure 2 for 27 infants and children
with diarrhea, along with similar data from the
literature (12). The initial data show that all
patients were in a state of metabolic acidosis
(average pH, 7.22; average CO2 content, 13.3
mMper L.). Although the post-treatment point
on each patient was, in general, reached at a longer
interval after the first than in the diabetic subjects
(24 of the 42 within 2 days; range, 6 hours to

17 days), the same phenomenon is apparent in
these cases also in that 30 of the 42 patients
achieved a normal or supernormal pH associated
with a pCO2 of less than 40 mm. Hg. Here, too,

the use of acid-base data from venous blood masks
the even greater depression of pCO2 present in the
arterial blood of the patients.

Uremic acidosis

In Figure 3 are shown data derived from a

study of eight uremic patients before and from 14
hours to 4 days after therapy consisting of rehy-
dration, which in most instances included sodium
bicarbonate infusions. 'Also shown are data of

Yeomans and Stueck (13) on four patients man-

aged in a simliar manner, as well as data from the

report of Weller, Swan, and Merrill (14) on

uremic patients before and from four to six hours

after extracorporeal dialysis. As in the case of

the patients with diabetic and diarrheal acidosis,

most of the patients with uremic acidosis attained a
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FIG. 2. DIARRHEAL ACIDosis

normal or alkaline pH associated with distinctly
depressed values for pCO2.

DISCUSSION

The data presented clearly show that a majority
of the patients recovering from diabetic acidosis
pass through a point at which the pH is normal
or elevated but the pCO2 is depressed. This ob-
servation, apparently first made by Peters (15) in
1917, has been repeatedly confirmed (4-11, 16) in
diabetic patients.

Delayed return of pCO2 to normal appears to be
a feature not unique to diabetic acidosis, since a

similar phenomenon was observed in patients re-

covering from diarrheal acidosis and uremic aci-
dosis. Furthermore, published observations by
others (17, 18) on subjects recovering from am-

monium chloride acidosis show a similar pattern
(see Figure 3).

The findings of pCO2 values lower than normal
suggest that hyperventilation is in some measure
sustained, a contention supported by ventilation
measurements reported by Kety, Polis, Nadler,
and Schmidt (8). The mechanisms underlying
the continued hyperventilation by such patients
are not clear. It is apparent that within the con-
fines of Gray's multiple factor theory for the
chemical control of pulmonary ventilation (19)
there is no discernible stimulus in the arterial
blood for the augmented ventilation, since pCO2
is reduced, hydrogen ion is either normal or re-
duced, and PO2 is presumably elevated due to the
hyperventilation.

One explanation might be that the sensitivity of
the respiratory center to pCO2 and/or hydrogen
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FIG. 3. UREMIC AND NH4C1 ACIDOSIS

ion has been increased. Increased sensitivity, as-

sessed by a change in the slope of the curve re-

lating the alveolar ventilation ratio to arterial
pCO2 during inhalation of various concentrations
of carbon dioxide, has indeed been demonstrated
in other situations in which there has been sus-

stained hypocapnia but with alkalosis; viz., passive
hyperventilation of normal subjects (20) and
acclimatization to high altitude (21). The op-

posite response, decreased sensitivity to pCO2,
has been adequately demonstrated in chronic
hypercapnic states (22-25).

Direct studies dealing with the sensitivity to

pCO2 of subjects with metabolic acidosis have
been reported in only a few instances. Tenney
(22) showed a clearcut increase in one patient
with a chronic ammonium chloride acidosis and
a reversion to normal after full recovery from the

acidosis. Alexander, West, Wood, and Richards
(23) found increased sensitivity in one of three
patients with mild degree of metabolic acidosis
secondary to chronic renal disease, while Nielson
(26) detected only slight or no change with acute
ammonium chloride acidosis. These conflicting
results obtained by different investigators may

be due to the different intensities and different
durations of the acidosis present in the subjects
and are not necesarily incompatible with the ex-

planation offered for the findings reported above.
The mechanisms mediating increased sensitivity

of the respiratory center are not understood. A
reduction in the buffer capacity of the blood is
hardly a single satisfactory explanation, since this
would not explain the development of the frankly
alkalotic pH values which were observed in some

of the patients.
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It is likely that the mechanism of increased sen-
sitivity involves alteration of local chemical con-
ditions, i.e., in the cells of the respiratory center
or in the cerebrospinal fluid. In this connection,
it is pertinent to note that recent experiments by
Leusen (27) and by Winterstein and G6khan
(28) have shown that the pH of the spinal fluid
varies directly with that of the blood in acute
respiratory disturbances of acid-base equilibrium,
but inversely with that of the blood in acute meta-
bolic disturbances. These findings imply that
carbon dioxide freely permeates into spinal fluid
but that bicarbonate does not. In more prolonged
experiments (up to 48 hours) in cats with am-
monium chloride acidosis, the carbon dioxide
combining power of the spinal fluid did fall, but
the degree was not quantitatively comparable
with that observed in the blood (29). A lag in
recovery of bicarbonate in spinal fluid of the order
suggested by these studies might provide a mecha-
nism for the change in sensitivity.

With respect to changes within the buffer con-
tent of the cells themselves, Brown found a re-
duced buffering capacity of the homogenates of
brains of guinea pigs who had hyperventilated
secondary to hypoxia (30). The magnitude of
the change was such as to suggest that a real
change in the buffer content of the intracellular
fluids had occurred and the results obtained were
not explicable solely by a change in the extracel-
lular phase of the tissue.

In terms of the concept of alteration of local
chemical environment, the findings observed in
subjects recovering from metabolic acidosis could
be explained if there was a significant lag in the
recovery of the buffer capacity of the cerebrospinal
fluid or the cells themselves, whereby respiration
and hence carbon dioxide tension were controlled
primarily by local conditions rather than by the
pH and pCO2 of the arterial blood.

SUMMARY

1. Patients recovering from diabetic, diarrheal
or uremic acidosis frequently pass through a phase
at which blood pH is normal or supernormal but
at which pCO2 is still depressed. This suggests
that there is sustained hyperventilation on the part
of such patients even though they are no longer
acidotic.

2. It is suggested that such patients may have
an increased sensitivity of the respiratory center
to pCO2 and/or hydrogen ion to account for the
continuing hyperventilation.
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