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ABSTRACT. Acute severe hypoxia, when the arterial par- 
tial pressure of O2 (Pao2) is sufficiently reduced, causes a 
shift from aerobic to anaerobic metabolism and can be fatal 
to neonates. The ability of the neonate to accommodate 
this shift, and prevent acidosis, could play a role in its 
ability to tolerate hypoxia. This study examines the effect 
of varying degrees of acute hypoxia on acid-base homeo- 
stasis in the neonate using a model of right to left shunting 
where Pa02 is decreased and, if severe, arterial partial 
pressure of C 0 2  is increased. Three-d-old swine were an- 
esthetized, intubated, and mechanically ventilated. Venti- 
lation with a gas mixture of medical air and 95% N2:5% 
COz resulted in four groups: 1) normoxia (n = 5); 2) mild 
hypoxia (n = 4); 3) moderate hypoxia (n = 3); and 4) 
severe hypoxia (n = 5), with Pao2 of 10.7, 8.0, 5.3, and 
2.7 kPa (80, 60, 40, and 20 mm Hg), respectively. Acid- 
base status was evaluated via changes in arterial blood 
partial pressure of COz, pH, HC03-, and base excess at 
0,30,60, and 120 min. Only the severe hypoxia group had 
significantly elevated (p < 0.0001) arterial partial pressure 
of C 0 2  compared to the other groups at 60 and 120 min 
[8.7 f 0.5 and 8.0 f 0.5 kPa (65.5 f 3.7 and 60.0 f 3.7 
mm Hg), respectively]. Base excess was unaltered in the 
normoxic and mild and moderate hypoxic groups, indicat- 
ing no change in metabolic acid-base status. The severe 
hypoxic group had progressively decreased HC03-, base 
excess, and pH at 60 and 120 min. Thus, neonates main- 
tained acid-base homeostasis with a wide range of Pao2 
from 12.0 to 5.3 kPa (90 to 40 mm Hg), although progres- 
sive acidosis occurred when the Pao2 was further decreased 
to 2.7 kPa (20 mm Hg). (Pediatr Res 31: 112-116, 1992) 

Abbreviations 

Pao2, arterial partial pressure of oxygen 
Paco2, arterial partial pressure of carbon dioxide 
HC03-, bicarbonate 
BE, base excess 
F102, fractional inspired oxygen concentration 
F1c02, fractional inspired carbon dioxide concentration 
HbF, fetal hemoglobin 

Hypoxia challenges an organism to maintain normal function 
under reduced oxygen conditions. Progressive alveolar hypoven- 
tilation or venous admixture from pulmonary abnormalities, 
heart defects, or other conditions that impair gas exchange can 
also result in increased Paco2 concurrent with the severity of 
neonatal hypoxia, depending on the degree of shunting (1, 2). 
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Premature closure of the ductus arteriosus in cyanotic congenital 
heart patients with tetralogy of Fallot can cause acute, profound 
hypoxia, and survival under these conditions is not only a 
function of oxygenation but could be complicated by acidemia 
resulting from increased Hf production (3). Hypoxia-induced 
acidosis, determined by the extent of tissue hypoxia (4, 5), is 
primarily caused by anaerobic ATP hydrolysis and anaerobic 
glycolysis secondary to severe 0 2  reductions (6-8). Persistent 
fetal adaptations to the hypoxic environment in utero may 
influence the neonate's ability to cope with hypoxia postpartum. 
For example, the enhanced oxygen carrying capacity of neonatal 
blood will ultimately determine tissue oxygen delivery, thus 
controlling the development of hypoxia-induced acidosis (9). 

This study examines the effect of varying degrees of acute 
hypoxia on neonatal acid-base homeostasis to determine the 
range of Pao2 under which 1 )  completely normal acid-base status 
can be maintained; 2) compensation can maintain normal status; 
and 3) the organism is unable to compensate. Aberrations in 
acid-base homeostasis in this experiment are indicative of stress 
and the efficiency of the compensatory buffering mechanisms. 
Parameters used to analyze acid-base homeostasis include Paco2 
arterial pH, HC03-, and BE. 

MATERIALS AND METHODS 

Preparation. Neonatal (3-d-old) male Yorkshire swine (n = 
17) were anesthetized with an intraperitoneal injection of sodium 
pentobarbital (65 mg/mL, 1 mL/kg), intubated, and mechani- 
cally ventilated with medical air. Anesthesia was maintained by 
supplemental i.v. bolus injections of dilute pentobarbital (32.5 
mg/mL) as necessary. All animals received humane care in 
accordance with National Institute of Health and Canadian 
Council on Animal Care guidelines. 

The right carotid artery was isolated and a catheter inserted 
and advanced to the aortic arch to monitor arterial blood pres- 
sures, obtain arterial blood samples, and administer fluids. A 
pressure line was connected to a transducer (Bell and Howell 
Instruments, Pasadena, CA) and a Honeywell AR6 simultrace 
recorder (Honeywell Information Systems, Pleasantville, NY). 
Blood volume losses were replaced with equal volumes of isoto- 
nic saline (0.9% NaCl) after each sample withdrawal, and animals 
maintained normal hematocrits throughout the experiment. 
Normothermia (37.6 + 0.2"C) was maintained in each piglet. 

Serial blood samples were obtained at time 0 (control) and at 
30,60, and 120 min of hypoxia and were analyzed on a Corning 
178 pH/blood gas analyzer. The Pao2 was directly determined 
via a Clark oxygen electrode, and glass electrodes were used to 
determine pH and Paco2 via the methodology of Stow and 
Severinghaus (1 0- 12). All blood analyzer measurements were 
corrected for the animal's body temperature (37.6 + 0.2"C). The 
remaining two parameters, HC03- and BE, were calculated using 
standard curves. The HC03- concentration was calculated via 
the standard Van Slyke and Cullin (13, 14) formula. The BE, 
the amount of acid or base required to titrate 1 L of blood to a 
pH of 7.40, was calculated using the Siggaard-Andersen formula 
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(1 5). This method of determining BE was originally calculated 
for human arterial blood with a Paco, of 5.3 kPa (40 mm Hg), 
pH of 7.4, and HC03- of 24.5 mmol/L. The validity of this 
method for pigs has been questioned. Nomograms that are 
significantly different from those calculated from the Siggaard- 
Andersen formula have been constructed for porcine blood 
where Paco2 was 5.3 kPa (40 mm Hg), pH was 7.50, and HC03- 
was 31.6 mmol/L (16). Note the significantly higher pH and 
HC03- at similar Paco2 for pigs. However, the blood biochem- 
istry of the piglets used in these experiments had a Pace, of 4.8 
kPa (35.9 mm Hg). With values adjusted to a Paco2 of 40, a pH 
of 7.45 and HC03- of 27.2 mmol/L resulted. Although the piglet 
pH is intermediate between the human and adult pig, the piglet 
HC03- is much closer to the human value. In addition to this, 
the hypoxia group pH values deviate even further from the adult 
porcine values toward those of humans; thus, BE corrections for 
swine blood were not required. 

Protocol. All values are expressed in SI units and followed by 
standard units where required. Control measurements of each 
piglet ventilated with medical air verified normal blood param- 
eters [Pao2 = 11.1 f 0.2 kPa (83.1 & 1.7 mm Hg), Paco, = 4.8 
rt 0.2 kPa (35.9 + 1.4 mm Hg), pH = 7.48 & 0.02, HC03- = 
27.2 + 0.5 mmol/L, and BE = 4.7 + 0.6 mmol/L]. Animals 
outside these ranges were excluded from the study. Ventilatory 
parameters were established during the normoxic period and 
were only altered during the hypoxic phase to maintain Pao, 
within the desired range. Hypoxemia resulted from adding 95% 
N2:5% C02 to the medical air, thus reducing the F102. The 
appropriate mix of gases required for each animal was deter- 
mined by measuring the Paon. Normoxic (n = 5) and mild (n = 
4), moderate (n = 3), and severe (n = 5) hypoxic groups resulted, 
withameanPao20fll.lf0.3,7.5f0.1,5.4f0.2,and3.1& 
0.1 kPa (83.4 + 2.2, 56.0 + 1.0, 40.2 f 1.5, and 23.1 + 1.0 mm 
Hg), respectively, throughout the study period. FICO, increased 
slightly with the hypercapnic gas mixture, yet remained below 
1% (normoxia = 0.04%, mild hypoxia = 0.19%, moderate 
hypoxia = 0.74%, severe hypoxia = 0.8 1 %). In the most extreme 
case, the small increase in FICO, in the severe hypoxic group 
would only cause a 0.8 kPa (6.2 mm Hg) rise in Paco2 (17). This 
increase would be rapid and would plateau without additional 
increases over time at each level of hypoxia. 

Analysis. Results are expressed as mean f SEM in SI units 
and followed by standard units where required. Statistical analy- 
sis was performed by two-way analysis of variance with Duncan's 
multiple range test for significance (18). Bonferroni correction 
factor for multiple comparisons was used to determine the ap- 
propriate p level for statistical significance (19). Statistical signif- 
icance was accepted at p < 0.00 14 for the Pao2 analysis and p < 
0.0010 for all other parameters (Paco2, pH, HC03-, and BE). 
All groups were compared to one another at each time interval, 
and each group was compared across time (0, 30, 60, and 120 
min). Time 0 (control) was not included in the across-time Pao2 
analysis because the animals had not yet been allocated into the 
study groups and, thus, a slightly higher level was required for 
significance. 

RESULTS 

Pao2 in the four groups are shown in Table 1. Retrospective 
analysis at control (time 0) ensured that the groups were not 
different [Pao, = 1 1.1 rir: 0.2 kPa (83.1 + 1.6 mm Hg)]. During 
the 2-h experimental-period, mean Pao, for the four groups were: 
normoxia 11.1 f 0.3 kPa (83.4 + 2.2 mm Hg), mild hypoxia 7.5 
f 0.1 kPa (56.0 f 1.0 mm Hg), moderate hypoxia 5.4 f 0.2 kPa 
(40.2 f 1.5 mm Hg), and severe hypoxia 3.1 f 0.1 kPa (23.1 f 
1 .O mm Hg). There was no significant change in the Pao2 of any 
of the groups from 30 to 120 min, except in the normoxic group, 
which had a nonphysiologic decline at 120 min to 10.4 + 0.1 
kPa (77.8 + 0.7 mm Hg). At both 30 and 60 min, all ventilated 
groups were significantly different from each other ( p  < 0.0001). 

All groups were significantly different ( p  < 0.0005) at 120 min, 
except for a slight increase in Pao, in the severe hypoxia group 
[3.4 a 0.2 kPa (25.8 + 1.2 mm Hg)] and a slight decrease in the 
moderate hypoxia group [5.0 + 0.8 kPa (37.8 + 5.9 mm Hg)]. 

Pacoz. Changes in Paco2 with varying degrees of hypoxia are 
shown in Table 2. The baseline Pacol of all groups at control 
was 4.8 f 0.2 kPa (35.9 f 1.4 mm Hg). There was no change in 
Paco, in the mild hypoxic group despite a slight increase in FICO, 
(0.19%). The moderate group (FICO~ = 0.74%) had a slightly 
higher Paco, compared to the normoxic group at 30 rnin [6.2 f 
0.2 kPa (46.8 + 1.7 mm Hg), p < 0.00011, but this was not 
significantly different from control. With severe hypoxia (FICO, 
= 0.8 1 %), Paco, had increased significantly by 30 min, compared 
to its control value and the normoxic and mild hypoxic groups 
at this time [7.1 + 0.3 kPa (53.1 + 2.4 mm Hg), p < 0.00011. 
Additional significant increases in Paco2 occurred at 60 rnin [8.7 
+ 0.5 kPa (65.5 f 3.7 mm Hg), p < 0.00051 and persisted at 120 
rnin [8.0 rir: 0.5 kPa (60.0 + 3.7 mm Hg), p < 0.00011. These 
values were well above levels due to increased FICO, alone [0.8 
kPa (6.2 mm Hg) rise]. Thus, although the mild and moderate 
hypoxic groups had unaltered Paco,, the severe hypoxic group 
had progressive hypercapnia, which peaked at 60 rnin and was 
maintained at 120 min. 

pH. The mean control pH for all experimental groups was 
7.48 + 0.02. There was no significant alteration in pH with 
normoxia or mild or moderate hypoxia (Fig. 1) despite a slight 
decrease in the moderate group at 30 min. The severe hypoxic 
group had a significant decrease in pH compared to the normoxic 
group at 30 min (7.33 + 0.03, p < 0.0001). The pH declined 
significantly and progressively in severe hypoxia, compared to 
the 30-min value, at 60 (7.14 rt 0.08, p < 0.0001) and 120 min 
(7.04 f 0.13, p < 0.0001). Thus, hypoxia induced no significant 
change in pH in the mild and moderate groups, whereas severe 
hypoxia resulted in progressive, uncontrolled acidosis. 

HC03-. Sodium bicarbonate is the primary blood buffer, and 
decreased concentrations indicate its consumption to neutralize 
acid released during metabolic acidosis. The mean HC03- for all 
groups at control, before the induction of hypoxia, was 27.2 k 
0.5 mmol/L. The normoxic and mild and moderate hypoxic 
groups had no difference in HC03- at any time interval (Fig. 2). 
The severe hypoxic group had a progressive decrease in HC03-, 
compared to the 0- and 30-min values, at 60 min (22.8 + 2.9 
mmol/L, p < 0.0001), and it was further reduced at 120 min 
(16.4 + 3.1 mmol/L, p < 0.0001). Thus, the normoxic and mild 
and moderate hypoxic groups maintain normal HC03-, whereas 
the severe hypoxic group had a significant progressive reduction 
in HC03- throughout the experiment. 

BE. BE is an indicator of the metabolic acid-base status of a 
system. Mean control BE for all animals was 4.7 f 0.6 mmol/L. 
BE did not change in the normoxic or mild and moderate 
hypoxic groups (Fig. 3). In the severe hypoxic group at 60 min, 
BE was significantly reduced compared to all groups and the 0- 
and 30-min severe hypoxic group values (-7.9 f 4.4 mmol/L, p 
< 0.0001). There was a further significant decline in BE at 120 
rnin (-15.7 + 5.8 mmol/L, p < 0.0001). Thus, the normoxic 
and mild and moderate hypoxic groups had unaltered BE, 
whereas a significant progressive decline occurred in the severe 
hypoxic group. 

In the neonate, acid-base homeostasis was maintained from 
normoxia to moderate hypoxia. In severe hypoxia, hypercapnia 
developed, peaked at 60 min, and was accompanied by progres- 
sive metabolic acidosis at 60 and 120 min, as determined by 
arterial pH, HC03-, and BE. 

DISCUSSION 

This model of hypoxia used a hypercapnic gas mixture that 
increased F1c02 for each level of hypoxia up to 0.8 1 % in the 
severe hypoxic group. At that level, the ventilatory gas mix would 
only induce a 0.8-kPa (6.2-mm Hg) rise in Pacoz (17). This 
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Table 1. Pa02 comparisons of neonates with normoxia and mild, moderate, and severe hypoxia* 

Time (min) 

n 0 30 60 120 

Normoxia 5 11.7 + 0.5 11.9 + 0.51- 11.0 + 0.51- 10.4 + O.lt$ 
(88.0 + 4.1) (89.0 + 4.0) (82.2 + 3.5) (77.8 -1- 0.7) 

Hypoxia 
Mild 4 11.6 + 0.5 7.5 + 0.2t 7.4 + O.lt 6.9 k 0.15 

(87.2 + 4.0) (56.5 + 1.5) (55.4 + 0.7) (52.1 + 0.4) 
Moderate 3 10.3 + 0.3 5.4 + 0.2t 5.5 k 0.21- 5.0 + 0.811 

(77.1 + 2.2) (40.5 + 1.4) (41.6 + 1.7) (37.8 + 5.9) 
Severe 5 10.6 + 0.3 3.0 + 0.21- 3.0 + 0.2t 3.4 a 0.27 

(79.3 + 1.9) (22.6 + 1.4) (22.5 + 1.6) (25.8 + 1.2) 

* Values are mean + SEM kPa (mm Hg). Statistical analysis via two-way analysis of variance with Duncan's multiple range test post hoc for 
significance and significance accepted for p < 0.0014. 

t Different from all others at same interval, p < 0.0001. 
$ Different from the 30-min value of the same group, p < 0.0005. 
5 Different from all others at same interval, p < 0.0014. 
11 Different from all other groups except severe at the same time interval, p < 0.0014. 
n Different from all other groups except moderate at the same time interval, p < 0.000 1. 

Table 2. Pacoz comparisons of neonates with normoxia and mild, moderate, and severe hypoxia* 
Time (min) 

n 0 30 60 120 

Normoxia 5 4.7 + 0.6 4.4 k 0.4 4.7 + 0.3 5.0 + 0.3 
(35.6 k 4.2) (32.7 + 3.3) (35.3 + 2.5) (37.6 + 2.1) 

Hypoxia 
Mild 4 4.5 + 0.2 4.6 + 0.2 4.9 a 0.3 4.9 + 0.3 

(33.8 rt 1.3) (34.3 + 1.6) (36.5 + 2.3) (37.1 + 2.4) 
Moderate 3 4.8 + 0.1 6.2 + 0.21- 5.8 + 0.2 5.2 + 0.67 

(36.1 + 1.0) (46.8 + 1.7) (43.5 + 1.7) (38.7 + 4.4) 
Severe 5 5.0 + 0.2 7.1 + 0.3$$ 8.7 + 0.5$lln 8.0 + 0.5$1) 

(37.4 + 1.2) (53.1 + 2.4) (65.5 + 3.7) (60.0 + 3.7) 

*Values are mean + SEM kPa (mm Hg). Statistical analysis via two-way analysis of variance with Duncan's multiple range test post hoc for 
significance and significance accepted for p < 0.0010. 

t Different from normoxia at the same time interval, p < 0.0001. 
$ Different from the time 0 value of the same group, p < 0.000 1. 
5 Different from all other groups except moderate at the same time interval, p < 0.000 1 .  

1 1  Different from all others at same interval, p < 0.0001. 
7 Different from the 30-min value of the same group, p < 0.0005. 

Fig. 1 .  Arterial pH with varying degrees of neonatal hypoxia. Groups 
shown are normoxia (open bars), mild hypoxia (gray bars), moderate 
hypoxia (hatched bars), and severe hypoxia (black bars). Normal range 
is 7.48 + 0.02. Values are mean + SEM. *, p < 0.0001, statistically 
different from all others at same interval; 0, p < 0.0001, different from 
normoxia at the same time interval; @, p < 0.0001, @@, p < 0.0005, 
different from the time 0 value of the same group; and C, p < 0.0001, 
different from the 30-min value of the same group. 

would occur very rapidly, before the 30-min blood analysis, 
stabilizing to a new plateau for the remainder of the experiment 
as a result of fixed ventilator settings. Increases in Paco2 subse- 
quent to the 30-min blood analysis cannot be attributed to the 
increased FICO~. 

The hypoxia, which when severe was accompanied by hyper- 
capnia, corresponds clinically to pulmonary or cardiac abnor- 
malities that cause either alveolar hypoventilation or progressive 
venous admixture. Newborn respiratory distress syndrome, due 
to many possible conditions including cor pulmonale, upper 
airway obstruction, neuromuscular diseases, asphyxia, pneu- 
monia, and pulmonary air leak, causes concurrent profound 
hypoxemia (2,20). This hypoxic/hypercarbic relationship is also 
characteristic of congenital cardiac anomalies inducing right to 
left shunts and progressive venous admixture proportional to the 
size of the shunt and include tetralogy of Fallot, tricuspid atresia, 
and transposition of the great arteries. These conditions all cause 
moderate to severe hypoxia with small arteriovenous C02 differ- 
ences. In preductal coarctation of the aorta, for instance, exten- 
sive right to left shunting via the ductus arteriosus typically 
causes a Pao2 of 2.0-4.0 kPa (15-30 mm Hg) and a Paco2 of 
6.7-8.0 kPa (50-60 mm Hg) (I),  which correlates with the severe 
hypoxic group in this study. 

The fetal environment in utero is profoundly hypoxic with a 
fetal Paol of 4.0 kPa (30 mm Hg) (21). Fetal adaptations to 
survive this profound hypoxia include: I)  HbF, which shifts the 
oxygen dissociation curve to the left, increasing blood oxygen 
carrying capacity (4, 5); 2) elevated Hb concentration enhancing 
tissue oxygen transport (22,23); and 3) the "double Bohr effect," 
which regulates transplacental gas exchange, enhancing oxygen 
uptake by the fetal blood (21). Some of these adaptations, such 



hypoxia (hatched bars), and severe (black bars). Normal range is 4.7 + 
0.6 mmol/L. Values are mean f SEM. *, p < 0.000 1, statistically different 
from all others at same interval; @, p < 0.0001, different from the time 
0 value of the same group; &, p < 0.0001, different from the 30-min 
value of the same group; and $, p < 0.0001, different from the 60-min 
value of the same group. 
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35 Decreases in the blood HC03- concentration indicate the use of 
this buffer to neutralize acid as observed in severe hypoxia. When 

30 HC enters the system, as it does with metabolic acidosis, HC03- 
- 25 is consumed in an attempt to maintain pH, shifting the equilib- 
2 
p 20 

rium toward C02. This was observed in the severe hypoxia group, 
E - .s which decreased HC03- and increased Paco2 at 60 and 120 min. 
g 15 BE is an indicator of metabolic acid-base status of the buffering 
0 

10 system independent of respiratory acidosis or alkalosis (8). The 
unaltered BE, in all groups at 30 min and in the normoxic and 

5 mild and moderate hypoxic groups at 60 and 120 min, indicates 
o that no significant metabolic acid-base disturbance was present. 

T~rne (rnmutes) In the severe hypoxic group, progressive decline in BE (30 to 60 
min and 60 to 120 min, p < 0.0001) is not attributable to FICO~, 

Fig. 2. Arterial HC0,- with varying degrees of neonatal hypoxia. but indicates profound hypoxia-induced metabolic acidosis. 
Groups shown are normoxia (open bars), mild hypoxia (gray bars), Clinical hypercapnia [Paco2 > 6.7 kPa (50 mm Hg)] only 
moderate hypoxia (hatched bars), and severe hypoxia (black bars). occurred in the severe hypoxic group. The role of hypercapnia 
Normal range is 27.2 + 0.5 mmol/L. Values are mean + SEM. *, p < on the progression of the acidosis seen in the severe hypoxic 
0.000 1, statistically different from all others at same interval; A, P < group was tested by studying a severely hypoxic Paco2-controlled 
0.0005, different from all other groups except mild at the same time group. The two severely hypoxic groups experienced similar 
interval; @, p < 0.0001, different from the time 0 value of the same degrees of acidosis by 120 min despite a more rapid initial onset 
group; C, p < 0.0001, different from the 30-min value of the same group; of acidosis in the hypercapnic group. In both severe hypoxia 
and $, p < 0.0001, different from the 60-min value of the same group. groups, pH decreased progressively, as did HCO3- and BE, 

indicating an inability to adequately compensate for the hypoxia- 
induced metabolic acidosis. The additional stress of respiratory 

15- acidosis in the hypercapnic group accelerated the initial onset 
IO- but did not affect the ultimate extent of the observed acidosis. 

This metabolic acidosis stressed the blood suffering system so 
- profoundly in the severe hypoxic group that additional hyper- 

capnia did not significantly alter blood pH. 
", ; -10- 

Conclusions. When the neonate was exposed to acute hypoxia 
w with a hypercapnic gas mixture, normal acid-base homeostasis 
m -15- 
a was maintained in a wide Pao2 range of 12-5.3 kPa (90-40 mm 

-20- Hg). Further Pao2 reductions to severe hypoxia caused progres- 

as the presence of HbF and high Hb concentrations, persist 
during the early postnatal period (24), increase the total oxygen 
carrying capacity of the blood, and are important in the neonate's 
tolerance of hypoxia (9). The enhanced oxygen affinity of HbF 
may actually impair oxygen delivery in mild and moderate 
hypoxia (25). During exposure to severe hypoxia, however, this 
high blood oxygen affinity is beneficial because it increases blood 
oxygen carrying capacity despite profoundly reduced oxygen 
availability (25, 26). The increased oxygen affinity of neonatal 
blood controls the extent of tissue hypoxia and thus determines 
the neonate's ability to maintain acid-base homeostasis despite a 
wide range of reduced systemic oxygen tensions. 

Profound hypoxia can effect acid-base balance through a shift 
from aerobic to anaerobic metabolism. This occurs by indirect 
inhibition of the Kreb's cycle (6, 27-29) as a result of reduced 
NADf supply. When oxygen is sufficiently reduced, inhibition 
of the mitochondria1 electron transport chain impairs mitochon- 
drial oxidation, which, in turn, prevents supply of NAD' essen- 
tial for the Kreb's cycle (30). This inhibition causes a shift in 
metabolism from aerobic to anaerobic glycolysis with net blood 
lactate and H+ production (6-8). 

The carbonic acid (H2C03)/HC03- buffering system is de- 
scribed by the following equilibrium: 

- 25- 
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