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ABSTRACT. To study whether room air is as effective as 
100% 0 2  in resuscitation after hypoxia, hypoxemia (Pao2 
2.3-4.3 kPa) was induced in newborn pigs (2-5 d old) by 
ventilation with 8% O2 in nitrogen. When systolic blood 
pressure had fallen to 20 mm Hg, animals were randomly 
reoxygenated with either 21% Oz (group 1, n = 9) or 100% 
0 2  (group 2, n = 11) for 20 min followed by 21% O2 in 
both groups. Controls (group 3, n = 5) were ventilated with 
21% 0 2  throughout the experiment. Base deficit peaked at 
31 f 5 mmol/L (mean f SD) for both hypoxic groups at 5 
min of reoxygenation and then normalized over the follow- 
ing 3 h. There were no statistically significant differences 
between the two groups during reoxygenation concerning 
blood pressure, heart rate, base deficit, or plasma hypo- 
xanthine. Hypoxanthine peaked at 165 +. 40 and 143 +. 42 
~ m o l / L  in group 1 and 2 (NS), respectively, and was 
eliminated monoexponentially in both groups with an initial 
half-life for excess hypoxanthine of 48 f 21 and 51 +. 27 
min (NS), respectively. Blinded pathologic examination of 
cerebral cortex, cerebellum, and hippocampus after 4 d 
showed no statistically significant differences with regard 
to brain damage. We conclude that 21% 0 2  is as effective 
as 100% O2 for normalizing blood pressure, heart rate, 
base deficit, and plasma hypoxanthine after severe neona- 
tal hypoxemia in piglets and that the extent of the hypoxic 
brain damage is similar in the two groups. (Pediatr Res 
32: 107-113,1992) 

ranged postischemic microcirculation (3). Thus, there is concern 
that oxygen free radicals may increase the hypoxic tissue damage 
through a posthypoxic reoxygenation injury (4). The newborn 
brain may be particularly vulnerable to oxygen radical damage. 
It contains large amounts of polyunsaturated fatty acids suscep- 
tible to lipid peroxidation (2), and it has low levels of the 
antioxyenzyme catalase (5). Adult brain has a high level of the 
oxygen radical scavenger superoxide dismutase, but how much 
lower the level of this enzyme is in neonates is not clear (6-8). 

Asphyxiated newborns are usually resuscitated with high con- 
centrations of 02.  The guidelines of the American Heart Asso- 
ciation for resuscitation (9) recommend ventilation by bags that 
can give as close to 100% O2 as possible. Milner (10) states that 
it is ". . . extremely unlikely that exposure to 100% oxygen for 
even 15 to 20 min is likely to have any long-term adverse effects." 
Intuitively, it seems reasonable to treat severe hypoxia with extra 
oxygen, but the necessity or possible adverse effects of this 
practice have not been thoroughly examined. 

The present study tests whether or not oxygen supplementation 
is advantageous in the reoxygenation of the hypoxic newborn. 
Newborn pigs exposed to severe hypoxemia were randomized to 
reoxygenation with either 21% or 100% 02 .  Acute recovery in 
the two groups was compared according to the normalization of 
blood pressure, heart rate, metabolic acidosis, and plasma hy- 
poxanthine, a marker of tissue hypoxia (1 1, 12). After 4 d, the 
extent of the hypoxic brain damage was evaluated by a blinded 
pathologic examination. 

Abbreviations MATERIALS AND METHODS 

CSF, cerebrospinal fluid Animal preparation. Newborn pigs (2-5 d old) were delivered 
Paco2, arterial COz tension from a local farmer on the day of the experiments. They were 
Paoz, arterial O2 tension premedicated with azaperone (4 mg/kg intramuscularly), can- 

nulated in a peripheral ear vein, and given atropine (0.025 mg/ 
kg i.v.) and metomidate until adequate anesthesia was achieved 
(4-10 mg/kg i.v.). Muscle relaxation was then induced with 
pancuronium bromide (0.2 mg/kg i.v.). Additional metomidate 

The sudden reintroduction of oxygen to hypoxic tissues may (4 mg/kg) was given when necessary and atropine (0.025 mg/kg) 
result in a burst of oxygen free radical formation (1). Free radicals was given every 2-3 h. The pigs were intubated with a 3.0-mm 
are highly reactive substances that can disturb the recovery of cuffed Sheridan endotracheal tube. The tube was connected via 
the hypoxic cells directly through lipid peroxidation of mem- a small humidifier (Portex Termovent 600) to a Servo 900 B 
branes and oxidation of proteins (2) or indirectly through de- ventilator (Elema-Schonander, Stockholm, Sweden). The pigs 
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and when necessary a heating lamp. An arterial catheter was 
inserted proximally from a superficial artery on the inside of the 
hind leg so that ischemia of the leg was avoided. The catheter 
was connected to a strain gauge transducer, Gould Recorder 
2600s (Gould Inc. Recording Systems, Cleveland, OH), for 
continuous blood pressure recordings. The pulse was monitored 
continuously via skin electrodes. The pigs were placed on their 
sides and allowed to stabilize for 30 min. During the experiments, 
a peripheral i.v. infusion containing 0.7% NaCl and 1.25% 
glucose was given at a rate of 10 mL/kg/h. Blood glucose was 
measured regularly with a reflectometer (Hypocount MX B; 
Boehringer, Mannheim, Germany), and the infusion was altered 
as necessary to maintain glucose between 4 and 10 mmol/L. 

Experimental protocol. The piglets were randomly assigned to 
control or hypoxemia groups. Animals allocated to the hypox- 
emia group were ventilated with 8% O2 in nitrogen. The O2 
content of the inspired air was monitored with a Dameca OM 
831 Oxygen Monitor (Dameca Inc., Copenhagen, Denmark). 
Hypoxemia was continued until systolic blood pressure fell to 20 
mm Hg or, in two animals (one from each group), until heart 
rate suddenly fell below 80. The time when this happened could 
quite easily be determined with a <1- to 2-min error margin. 
Animals were then randomized to reoxygenation with either 
21% (group 1, n = 9) or 100% (group 2, n = 11) 0 2  for 20 rnin 
followed by ventilation with 21 % O2 for both groups for a total 
of 180 rnin after reoxygenation. This randomization was per- 
formed before the experiment, but the investigator who decided 
when resuscitation should start (always the same person) was not 
informed until this decision was made. Blood and CSF samples 
were then taken, and the reoxygenation was started after 1 min. 
Four pigs suffered sudden asystolia before reoxygenation was 
started; none of them could be resuscitated, and they were 
excluded (three were randomized to room air and one to 100% 
oxygen). Control animals (group 3, n = 5) were ventilated with 
21% 02for  5 h. 

Blood samples. Arterial blood samples were taken before hy- 
poxemia, after 15 min, and then every 30 rnin throughout 
hypoxemia. Additional samples were taken just before reoxygen- 
ation, after 5 and 15 min, and then every 30 min for 3 h. 
Temperature-corrected blood gases were measured with an AVL 
945 Automatic Blood Gas System (AVL Biomedical Instru- 
ments, Schaffhausen, Switzerland). Blood for hypoxanthine 
analysis was collected into prechilled EDTA tubes and centri- 
fuged without delay for 10 rnin at 1800 x g, 4°C. Plasma was 
transferred to polypropylene tubes and frozen at -20°C until 
analysis. The withdrawn blood was replaced with an equal vol- 
ume of sterile NaCl (0.9%) and the catheter flushed with hepa- 
rinized saline (4 U/mL). 

Sampling of CSF. A lumbar puncture needle (40 x 0.7 mm) 
was placed in the spinal canal at the level of the iliac crest just 
before hypoxemia. Samples of CSF (300-400 pL) were collected 
every 30 min into polypropylene tubes as long as the needle was 
patent and were frozen at -20°C for later analysis. 

Care of animals. After 180 rnin of reoxygenation, the animals 
were allowed to wake up. They were taken off the ventilator 
when spontaneous breathing was adequate and extubated when 
suficiently awake (3-10 h after hypoxia). The arterial catheter 
was kept until after extubation to monitor blood gases and blood 
pressures. 

The animals were then returned to a cage with a heating 
blanket and hay. They were given piglet mother's milk substitute 
(Babylactal, Petter Moller A/S, Oslo, Norway) six to seven times 
daily. If they did not eat adequately by themselves, they were fed 
by gavage. Ampicillin 25 mg was given i.v. at 180 rnin of 
reoxygenation and later once daily intramuscularly. Three ani- 
mals (one from group 1 and two from group 2) suffered an 
additional insult after the 180 min of reoxygenation (hemor- 
rhage, mucus plugging ofthe tube, and aspiration). These animals 
were excluded from the pathologic analysis. 

In situjxation. Four d after hypoxia, the animals were anes- 

thetized with pentobarbital (15 mg/kg i.p. followed by 25 mg 
i.v.). The trachea was cannulated, and the animal artificially 
ventilated with room air. Samples were taken from arterial blood, 
urine, CSF, and vitreous humor (using an empty Vacutainer 
(Becton, Dickinson and Company, Rutherford, NJ) and punc- 
turing the eye 6 mm behind the limbus cornea). Additional 
pentobarbital (20 mg/kg) was given i.v. Through a thoracotomy, 
the upper body was rapidly flushed with isotonic saline until 
clear fluid came from the right atrium. The perfusion fluid was 
then changed to 4% phosphate buffered formaldehyde, which 
was continued for a total of 30 min. The brain and the heart 
were then removed and placed in 4% buffered formaldehyde. 

Analysis of hypoxanthine. Hypoxanthine was analyzed using 
an HPLC method (13, 14) with modifications as previously 
described (1 5). 

Pathologic examination. Blocks from the frontal and parietal 
cortex, hippocampus, thalamus, basal ganglia, cerebellum, pons, 
and medulla oblongata were embedded in paraffin. Four-pm 
thick sections were stained with hematoxylin and eosin. The 
sections from the basal ganglia were also stained with the Lux01 
fast blue method for myelin and the Bodian method for axons. 
Paraffin sections from the hearts were studied in eight animals, 
four cases with severe cerebral lesions and four normal controls. 
Two transverse sections from each heart were stained with he- 
matoxylin and eosin. 

The pathologic study was performed on randomized slides 
with covered labels. The hypoxic/ischemic lesions in the cerebral 
cortex, the CAI hippocampal area, and the cerebellum were 
graded from 0 to 3 as follows: Cortex: 1, small (5 1 mm) infarcts 
in white matter; 2, larger infarcts (4-6 mm) essentially in white 
matter; 3, large infarcts ( r l  cm) in cortex and white matter. 
Hippocampus CAI: 1, 530% necrotic neurons; 2, 30-60% ne- 
crotic neurons; 3, 260% necrotic neurons. Cerebellum: 1, 0.1- 
1% necrotic Purkinje cells in two sections; 2, 1-2% necrotic 
Purkinje cells; 3, >lo% necrotic Purkinje cells. 

Statistics. Values are given as mean f SD. Comparisons 
between groups of repeated measurements were done with a 
multivariate analysis of variance test. Single parameters were 
compared using t test or within groups with paired t test. Patho- 
logic scores were compared using the Mann-Whitney U test. 
Analyses were performed with a SPSS/PC+ statistical package 
(SPSS Inc., Chicago, IL). Two-sided p values < 0.05 were consid- 
ered significant. 

Approval. The experimental protocols were approved by the 
hospital's ethics committee for animal studies. 

RESULTS 

There was considerable animal-to-animal variability in the 
duration of hypoxemia necessary to reduce systolic blood pres- 
sure to 20 mm Hg. However, the mean durations of hypoxemia 
in the two groups [93 f 41 rnin (group 1) and 99 f 40 min 
(group 2)] were not statistically different. There were no statisti- 
cally significant differences between the two hypoxic groups in 
any measured variable before or during hypoxia. 

Blood gases. Pao2 levels (Fig. 1) were 3.4 f 0.5 and 3.5 f 0.5 
kPa in group 1 and 2, respectively, after 15 min of hypoxemia 
and rose to 5.2 f 0.9 and 5.1 f 0.7 kPa at the end of hypoxemia 
( p  < 0.001 end of hypoxemia versus 15 rnin of hypoxemia for 
both groups). At 5 min of reoxygenation, group 1 (2 1 % O2 group) 
had a mean Pao2 of 11.6 f 1.1 kPa, whereas in group 2 (100% 
O2 group) Pao2 was 63.7 f 9.4 kPa ( p  < 0.001). 

Repeated measures analysis from 30 rnin of reoxygenation 
and onward showed that group 2 was better oxygenated than 
group 1 even when both groups received room air ( p  = 0.03). 
This was mainly due to a higher Pao2 at 30 and 60 rnin (13.7 f 
1.9 versus 11.3 f 1.9 and 12.4 f 1.9 versus 10.9 f 1.2 kPa). 
Later, the differences were small (Fig. 1). Excluding the period 
of hyperoxia, there were no statistically significant differences 
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o Group 1 
Group 2 

* 

0 I -  
0 60 0 60 120 180 

Hypoxemia Reoxygenat ion 
Time (min) 

Fig. 1. Pao2 during hypoxemia and reoxygenation. Group 1 was 
reoxygenated with 21% O2 and group 2 with 100% 02 .  Values shown 
are mean + SD. *, p < 0.001 group 1 vs group 2. Repeated measures 
analysis from 30 rnin of reoxygenation and later for group 1 vs group 2 
yields p < 0.05. 
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Fig. 2. Base deficit during hypoxemia and reoxygenation. Group 1 

was reoxygenated with 2 1 % O2 and group 2 with 100% 0 2 .  Values shown 
are mean + SD. 

between the values before and after hypoxemia for each group 
separately. 

Base deficit (Fig. 2) reached 29 f 5 and 27 f 4 mmol/L in 
group 1 and 2, respectively, at the end of hypoxemia and in- 
creased in all animals during the first 5 min of reoxygenation to 
a mean peak of 31 a 5 mmol/L for both groups. Base deficit 
then steadily fell and was normalized for both groups after 180 
min with no significant differences between the two groups. 

Table 1 shows pH and Paco2 at selected times. The pH levels 
fell to minimum values at 5 rnin of reoxygenation (6.75 + 0.14 
and 6.76 + 0.13 in group 1 and 2, respectively). There were no 

Table 1. PaC02, pH, and blood glucose (B-Glu) during 
hvuoxemia and reoxvaenation* 

Hypoxemia Reoxygenation 

Group Before End 30 min 180 min 

* Group 1 (n = 9) was reoxygenated with 2 1 % 02, and group 2 (n = 
11) was reoxygenated with 100% 0 2 .  Values shown are mean + SD. 
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Fig. 3. Mean arterial blood pressure (MAP) during hypoxemia and 
reoxygenation. Group 1 was reoxygenated with 21% Oz and group 2 
with 100% 02. Values shown are mean + SD. MAP at reoxygenation 
was estimated to be 14 mm Hg for both groups. 

statistically significant differences between the two groups in pH, 
Pco~, or temperature throughout the experiments. 

Blood pressure. Mean blood pressure (Fig. 3) was 52 f 6 and 
5 1 f 7 mm Hg in group 1 and 2, respectively, before hypoxemia. 
After 5 rnin of reoxygenation, mean pressure had risen to 6 1 f 
13 and 63 + 10 mm Hg (p  < 0.05 versus before hypoxemia for 
both groups). Blood pressure slowly fell to 42 a 5 and 42 + 6 
mm Hg in the two groups after 60 rnin of reoxygenation (p  < 
0.001 versus before hypoxemia for both groups) and then stabi- 
lized. There were no statistically significant differences in blood 
pressure between the two groups at any time. 

Heart rate. Heart rate (Fig. 4) rose slightly after hypoxemia 
was initiated and did not fall markedly until the last minutes 
before reoxygenation. Heart rate was normalized after 5 min of 
reoxygenation in both groups. After 30 min, heart rate was 
somewhat higher in group 1, although this did not reach statis- 
tical significance (p = 0.06). 

Plasma hypoxanthine. Plasma hypoxanthine (Fig. 5) rose from 
baseline levels of 3 1 + 6 and 28 f 8 pmol/L to a maximum of 
165 40 and 143 f 42 pmol/L in the two groups at the end of 
hypoxemia (p  < 0.00 1 versus before hypoxemia for both groups, 
NS group 1 versus group 2). Already 5 min after the cessation of 
hypoxemia, hypoxanthine was reduced in both groups. Hypo- 
xanthine was eliminated monoexponentially with similar rates 
in the two groups. Least square fit calculation for the first 15 
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Fig. 4. Heart rate during hypoxemia and reoxygenation. Group 1 was 
reoxygenated with 21% O2 and group 2 with 100% 02. Values shown 
are mean k SD. 
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Fig. 5. Plasma hypoxanthine concentrations (P-Hx) during hypox- 
emia and reoxygenation. Group 1 was reoxygenated with 21 % 0 2  and 
group 2 with 100% 02. Values shown are mean + SD. 

rnin of reoxygenation gave a half-life of excess hypoxanthine [i.e. 
absolute value minus prehypoxemic value (16)] of 48 k 21 and 
5 1 k 27 min in group 1 and 2 (NS), respectively. For the whole 
reoxygenation period, half-life was 55 + 30 and 54 f 21 rnin 
(NS), respectively. 

CSF hypoxanthine. During hypoxemia, CSF hypoxanthine 
rose from 23 a 7 and 21 + 8 pmol/L in group 1 and 2, 
respectively, to 78 26 and 66 + 25 pmol/L (NS group 1 versus 
group 2, p < 0.005 versus before hypoxemia for both groups). 
Due to technical difficulties only seven piglets had CSF hypo- 
xanthine measured at all times during reoxygenation. In contrast 
to plasma hypoxanthine, CSF hypoxanthine did not start to fall 
until after 30-60 min of reoxygenation in six of seven piglets. 
After 180 min, hypoxanthine levels were normalized. Due to the 

small numbers, comparisons between the two groups were not 
made. 

Blood glucose and hematocrit. The piglets reacted somewhat 
differently to hypoxemia with regard to blood glucose homeosta- 
sis (Table 1). Although the smallest piglets tended to become 
hypoglycemic (a condition that was corrected with 5% glucose), 
most animals reacted with hyperglycemia despite a change to a 
glucose-free infusion. Blood glucose normalized after 30- 120 
min of reoxygenation, and there were no significant differences 
between the two groups. The piglets had a marked physiologic 
anemia compared to human babies. Mean hematocrit levels were 
24-26% with no significant differences between the groups or 
changes during the experiments (data not shown). 

Control piglets. Table 2 demonstrates that Pao2, base deficit, 
blood pressure, heart rate, and plasma hypoxanthine were quite 
stable in the control piglets (group 3) throughout the experiment. 

Status after 4 d. No resuscitated animal later died from the 
hypoxic injury. The average weight increase was 10-13% with 
no differences between the three groups. Blood gases and plasma 
and CSF hypoxanthine levels were within normal limits with no 
significant differences between the three groups (data not shown). 
Hypoxanthine in vitreous humor was 16 + 7, 15 a 5, and 15 + 
6 pmol/L in group 1, 2, and 3 (NS), respectively, and urine 
hypoxanthine/creatinine ratios (12) were 11 a 2, 9 a 6, and 13 
a 8 pmol/mmol (NS). 

Morphologic examination. Table 3 summarizes the lesions 
found in the cerebral cortex and white matter, the cerebellum, 
and the CA1 hippocampal area. Necrotic neurons could quite 
easily be identified (Fig. 6). 

The brain damage varied considerably, but no significant 
differences were found between the two groups in any of the 
examined areas. All animals subjected to hypoxia showed some 
damage in white matterlcerebral cortex located mainly in the 
watershed areas between the large cerebral arteries. These lesions 
varied from small (5 1 mm), incomplete infarcts in white matter 
to large ( r l  cm), complete infarcts that involved both white 
matter and cortex. The smallest infarcts, which involved only 
white matter, were located somewhat more subcortically than 
those in typical periventricular leukomalacia. Subcortical white 
matter tended to be more vulnerable than cerebral cortex (Fig. 

Table 2. Control piglets (group 3), corresponding variables 
as in Figures 1-5* 

0 min 120 min 300 min 

Pao2 (kPa) 9.7k1.7  11.4k1.2  10.6k1.2 
BD (mmol/L) -1.5 k 3.1 -2.5 k 2.5 -0.8 + 2.5 
MAP (mm Hg) 52 rt 7 52 k 7 46 + 4 
Heart rate 180 k 14 190 + 32 195 + 19 
P-Hx (umollL) 29 k 8 27 k 9 29 k 6 

* Control piglets were subjected to the same procedures and samples 
as group 1 and 2 for 5 h without hypoxemia. Values shown are mean k 
SD. BD, base deficit; MAP, mean arterial blood pressure; and P-Hx, 
plasma hypoxanthine concentration. 

Table 3. Number ofanimals with different grades 
of brain damane* 

White matter- CA 1 
cerebral cortex Cerebellum hippocampus 

Group Group Group Group Group Group 
1 2 1 2 1 2 

Undamaged 0 0 2 3 6 5 
Grade 1 3 3 3 '  3 0 2 
Grade 2 3 5 3 1 0 1 
Grade 3 2 1 0 2 2 1 

* Group 1 (n = 8) was reoxygenated with 21% 02, and group 2 (n = 
9) was reoxygenated with 100% 02.  For definitions, see Materials and 
Methods. 
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Fig. 6. High power view of grade 1 damage in the CAI hippocampal 
area. Necrotic neurons have dark (eosinophilic) cytoplasm and dense 
pyknotic nuclei (straight arrows), whereas living neurons have large 
nuclei with prominent nucleoli (curved arrows). (Hematoxylin and eosin; 
X250.) 

heart rate, and plasma hypoxanthine after severe hypoxemia in 
newborn pigs and that the extent of the brain damage is similar 
in the two groups. 

The newborn brain is remarkably tolerant to hypoxia, and the 
degree of hypoxia necessary to induce brain damage is close to 
lethal (17). Whether or not hypoxemia alone is capable of 
damaging the brain without superimposed cerebral ischemia has 
not been settled (18). Because of the marked systemic hypoten- 
sion, however, there is probably an important ischemic compo- 
nent in this study. Several investigators emphasize the impor- 
tance of cardiac involvement (1 8, 19) and state that after a purely 
hypoxic insult severe enough to injure the brain the animal will 
die from cardiovascular collapse. This was not the case in our 
study, in which no resuscitated animal later died from hypoxic 
injury and the hearts were undamaged as assessed by histology. 

The pattern of neonatal hypoxic-ischemic brain damage in 
experimental animals depends on the severity and duration of 
the asphyctic insult (19). After acute total asphyxia, the main 
lesions are confined to the brain stem and thalamus. In partial 
asphyxia, cerebral cortex and cerebellum are most vulnerable. In 
term human infants, infarcts after neonatal asphyxia are often 
located in the cerebral cortex and adjacent white matter mainly 
within the watershed areas between the major cerebral arteries. 
In more premature infants, infarcts usually occur in the deep 

Fig. 7. A grade 2 infarct in subcortical white matter (pale area 
enclosed by four straight arrows) and normal surrounding cerebral cortex. 
Curved arrow, lateral ventricle. (Hematoxylin and eosin; x 10.) 

7). Most animals also showed some anoxic cerebellar damage 
with scattered necrotic Purkinje cells. In addition, small cerebel- 
lar infarcts were seen in some of the cases, and two animals 
(group 2) had greater cerebellar infarcts. 

Only two animals in group 1 and four animals in group 2 
showed selective necrosis of hippocampal pyramidal cells in 
sector CAI. Three of these cases (one in group 1 and two in 
group 2) also had some necrotic cells in subiculum. The other 
hippocampal sectors were normal in all cases. 

The three most severely injured animals (two in group 1 and 
one in group 2) also had small infarcts in the thalamus and basal 
ganglia. The medulla oblongata was undamaged in all animals. 
One animal in group 2 showed marked neuronal necrosis in the 
pontine nuclei. Three animals in group 1 and three animals in 
group 2 showed a slight pontine neuronal necrosis. 

Myelin staining of the basal ganglia gave no indication of 
selective myelin damage. None of the control piglets showed 
signs of hypoxic/ischemic brain damage. The hearts of all ex- 
amined animals were histologically normal. 

DISCUSSION 

These results demonstrate that 21% O2 and 100% O2 are 
equally effective for normalizing base deficit, blood pressure, 

(perivent&ular) white matter, although penventricular leuko- 
malacia is also seen in full-term newborns (18). 

The brains of newborn pigs are histologically comparable to 
those of human infants of 36-38 wk of gestation (20), and the 
distribution of the infarcts in our study was largely compatible 
with that described in partial asphyxia in mature experimental 
animals. However, we found that subcortical white matter was 
somewhat more vulnerable than the cerebral cortex. The infarcts 
were located more in the subcortical than the periventricular 
area, and their distribution in the watershed areas indicates that 
they represent hypotensive infarcts. 

The end point for cessation of hypoxia of a systolic blood 
pressure of 20 mm Hg was chosen instead of a fixed time period 
because of the great biologic variation in the tolerance of hypoxia. 
Our aim was a hypoxia severe enough to induce brain damage 
dithout too high a mortality. The great variability in brain 
damage within the groups and the fact that in general the damage 
was quite moderate make it difficult to detect small differences 
between the two groups with a relatively small sample size. 
However, a fixed period of hypoxemia and ischemia by carotid 
artery ligation results in a great variability in the brain damage 
as we11 (21). 

The use of anesthetics may have influenced the results ob- 
tained. Azaperone and metomidate tend to induce a slight hy- 
potension, and etomidate, a close analog to metomidate, has 
been reported to give a substantial reduction in cerebral infarct 
size (22). 

The importance of O2 concentrations used in resuscitation has 
not been extensively studied before. Gerbils subjected to 15 min 
of bilateral carotid artery ligation and then given 100% O2 for 3 
h showed a higher mortality than those breathing room air (23). 
Neuropathologic examination revealed an increased myelin 
damage in the oxygen-treated animals (24). Neurons, however, 
appeared better preserved when given oxygen. In our study, there 
were no signs of such selective myelin damage. In the same gerbil 
experiment, if the period of hyperoxia was limited to 30 min, 
the mortality was no longer increased. In rats, 30 min of hypoxia, 
normoxia, or hyperoxia after 15 min of ischemia all gave the 
same degree of neuronal damage (25). The duration of hyperoxia 
in the present experiment was only 20 min. This may have 
reduced the possibility of finding differences between the two 
groups, but it was chosen to mimic the clinical situation in which 
100% O2 is often used in the acute phase in the delivery room. 

Unanesthetized preterm lambs recovered more quickly after 
30 s of hypoventilation when given 21 % rather than 100% O2 
(26). In critically ill adult patients, O2 consumption was lower 
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during hyperoxia than in normoxia, indicating a possible dele- 
terious effect of hyperoxia on metabolism (27). 

Since oxygen radicals are thought to be the mediator of reox- 
ygenation injury (4, 1 I), an important question is whether pos- 
thypoxic Pao2 has a significant effect on oxygen radical produc- 
tion. Both superoxide production by xanthine oxidase (28) and 
brain Hz02 production (29) increase with oxygen tension, but in 
vivo animal studies of brain ischemia have given conflicting 
results (23,25). It is possible that sudden normoxic reoxygenation 
gives near maximal oxygen radical production and that to reduce 
damage significantly an even more careful or gradual reintrod- 
uction of oxygen is necessary (30). 

It may also be important to differentiate between transient and 
ongoing ischemia (3 1). During ischemia, oxygen supplementa- 
tion may increase oxygen delivery to the ischemic penumbra so 
that the injury may be reduced. On the other hand, when 
circulation is restored to normal, room air may be sufficient, and 
an increased oxygen supply might theoretically be deleterious. In 
the clinical situation, however, it may be difficult to determine 
whether there is any ongoing cerebral ischemia. 

Pao2 in the group receiving 2 1 % O2 had reached baseline levels 
when the first blood gas was taken after 5 min of reoxygenation 
and maintained this level thereafter. This indicates that, provided 
the lungs are healthy, 21 % O2 is sufficient to quickly normalize 
Pao2. The hyperoxia group had a significantly higher Pao2 even 
when both groups were given 2 1 % 02 ,  but the differences were 
small and only present during the 1st h of reoxygenation. 

Under normal conditions, Pao2 levels achieved with room air 
will almost fully saturate Hb. However, because acidosis mark- 
edly reduces the affinity of Hb for oxygen, this would not be the 
case in this study. Calculated oxygen saturations (based on a 
standard adult human oxygen dissociation curve) in the 2 1 % O2 
group were only about 70% after 5 and 15 min of reoxygenation. 
Despite this, the normalization of the measured parameters were 
equal in the two groups. 

The high hypoxanthine values found in this study indicate that 
the hypoxic insult to the animals was severe. Mean hypoxanthine 
levels began to fall immediately after reoxygenation in both 
groups, whereas base deficit increased during the first 5 min. A 
slight increase in hypoxanthine at 5 min was seen in only two 
animals. A washout effect in which hypoxanthine increased after 
reoxygenation has been demonstrated for some asphyctic new- 
borns during the first 10-20 min after birth (32). The initial half- 
life for excess hypoxanthine of 48 and 5 1 min is comparable to 
the half-life of 40 min found in young pigs (33) and that of 25 
min found in fetal sheep (16). 

The rates of elimination of hypoxanthine and normalization 
of metabolic acidosis were equal in the two groups both during 
the first 20 min when treatment differed and later. This indicates 
that 21% O2 relieves tissue hypoxia just as effectively as 100% 
O2 in this setting. 

All blood samples were taken postductally. The ductus arter- 
iosus in newborn piglets is reported to be functionally closed 
after 4 h (34), and postductal blood samples were found to be 
representative in healthy animals (20). Because of the severe 
hypoxia, acidosis, and systemic hypotension, this was not nec- 
essarily the case in the hypoxemic phase of this experiment. 
During reoxygenation, however, when the two groups were com- 
pared, the high Pao2 and systemic blood pressure make a signif- 
icant right to left shunt highly unlikely. 

There are situations, e.g. 'in developing countries, in which 
100% O2 is not available for neonatal resuscitation. The present 
data indicate that resuscitation may be effective even without 
supplementary oxygen. However, there are important reserva- 
tions regarding the conclusions drawn from the present study. 
The first concerns the arterial O2 tensions achieved with room 
air. The piglets in this study had healthy lungs. In the delivery 
room, the situation is more complex, but if sufficient ventilation 
is achieved and there is no meconium aspiration or lung hypo- 
plasia, most newborns can probably be sufficiently oxygenated 

using less than 100% 02. Another important reservation is that 
the animals in this experiment were hypoxic but not hypercarbic. 
The hypercarbia in perinatal asphyxia may have significant 
effects on general and cerebral circulation that may affect the 
outcome of resuscitation. Finally, this study concerns longstand- 
ing severe hypoxia where a large part of the brain damage may 
have been irreversible already before resuscitation. In less severe 
cases of hypoxia or hypoxia of shorter duration, the situation 
may be different. Therefore, we cannot conclude whether the 
two treatments are equally effective in preventing brain damage 
in these situations. Thus, whether room air is sufficient for the 
resuscitation of asphyxiated newborns is still not settled. Clinical 
trials testing this are in progress. 
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