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Introduction
Even more now than in the recent past, neurointensivists  
are asked to evaluate the effects of hypoxemia on the 
brain. The SARS-CoV-2 pandemic, characterized by 
widespread transmission and admitting patients by the 
thousands, requires aggressive management of pro-
found hypoxemia. Many patients are initially in what has 
been called “silent hypoxemia.” A thoughtful explana-
tion of why ‘silence’ is expected rather than unusual has 
been provided by Tobin et al., who emphasizes to recog-
nize well-established physiology principles [1]. Hypoxia 
increases depth and rate of breathing but the carotid 
artery baroreceptors are set at quite low levels. Patients 
seldom experience dyspnea with moderate hypoxemia. 
This is further illustrated by the experience of climb-
ers, in whom oxygen saturations of < 65% for prolonged 
periods may “dull the mind” but do not always increase 
the sensation of dyspnea [2]. Clinically, only a severely 
hypoxemic (< 50%) patient is tachypneic (assuming no 
further blunting effect from hypercarbia or enhancing 
effect from fever) and restless. The gradual hypotension 
and rising  PaCO2 are eventually more crucial factors in 
declining consciousness than hypoxemia alone.

Neurologists will have to anticipate an increasing number  
of intensive care consults during and even long after the 
SARS-CoV-2 pandemic is over. Specifically there will be 
questions about whether the brain can tolerate prolonged 
hypoxemia. Early neuropathology studies in SARS-CoV-2 
have not found major brain damage due to hypoxemia. In 
a recent autopsy study of 43 patients between ages 51 and 
94  years, 6 (14%) patients had new ischemic infarctions 

most likely due to thromboembolic events but no evi-
dence of anoxic-ischemic injury in the examined frontal 
cortices [3].

Hypoxemia was already sub-classified in the 1920s [4], 
and it is important to distinguish between anoxic anoxia 
(reduced hemoglobin saturation due to pulmonary disease), 
anemic anoxia (reduced hemoglobin, but normal saturation 
in carbon monoxide poisoning), stagnant anoxia (normal 
hemoglobin saturation but reduced cerebral blood flow due 
to shock), and other less common forms. There is no ques-
tion that profound hypoxemia may damage the brain, but 
when it does, there is often associated severe hypotension 
from vasodilatation (or briefly no pulse); hence, the com-
monly used moniker hypoxic-ischemic brain injury.

Already in the 1940’s alterations in cerebral metabolism 
after hypoxemia have been studied by Gurdjian et al. [5]. 
Cerebral lactic acid rose when the oxygen content of the 
inspired air fell to a critical level of 11 to 13 percent. As 
the oxygen percentage further decreased to a critical level 
of 7 percent, they noted phosphocreatine break down. A 
return to room air was followed by an extremely rapid 
re-synthesis of phosphocreatine, but lactic acid levels fell 
much more slowly.

Historically, from where did the data originate  
connecting hypoxemia with brain damage? What are the 
lessons for today?

Hypoxemia and the Brain
In the 1940s and 1950s, physiological experiments did 
demonstrate that unconsciousness is bound to rapidly 
occur when the arterial oxygen tension  (PO2) is lowered 
to 25 to 35 mm Hg [6, 7] but also when carbon dioxide 
tension  (PCO2) is increased to 70–110 mm Hg [8]. These 
and other observations resulted in the assumption that 
permanent brain damage occurs when the  PaO2 falls to 
30 mm Hg [9] and even lethal brain damage at a venous-
capillary level of 12  mm Hg, although some marginal 
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cerebral mitochondrial function is still possible at a  PO2 
below 1 mm Hg [10].

Morrison’s dog and monkey study (Fig. 1) just after the 
Second World War [11] provided a good insight into how 
pure hypoxemia could harm the brain. This study with a 
very specific set-up—arguably to say the least—rational-
ized the sacrifice of a large group of animals in order to 
answer questions about hypoxemia: “The extensive use 
of the high flying airplane in war, with its accompanying 
hazards of failure of oxygen supply, jumps from high alti-
tudes and the possible cumulative effect of the chronic 
day by day exposure to fatigue and anoxia, makes the 
need for such an investigation imperative”.

Morrison exposed 25 dogs in air tight chambers to epi-
sodes of atmospheres deficient in oxygen, which lasted 3 
to 4 h and on average varied in number from 1 to 40. The 
oxygen content of the atmosphere ranged from 13% to 
about 4.5% using a normal inspired pressure. In addition 
to the dogs, the brains and spinal cords of 10 monkeys 
were studied. These monkeys were even longer subjected 
to daily anoxia in a decompression chamber. With the 
Nissl stain, neuropathology showed that the ganglion 
cells of the outer cortical layers were pale, chromatolytic, 
swollen, and vacuolated. Some demonstrated liquefactive 
necrosis. These phenomena varied from one animal to 
another and from location to location in the brain (Fig. 2) 
and involved cells of the supragranular layers in various 
parts of the cortex with extensive laminar necrosis, show-
ing loss of fan fibers in the cortex (Fig. 3). The purkinje 
cells exhibited swelling and vacuolation but also the basal 
ganglia and thalami. The white matter lesions were in 
the subcortical areas and predominantly in the centrum 
semiovale. The degree and duration of anoxia were cru-
cially important. A single, sudden exposure to a simu-
lated altitude of 32,000 feet (10,000 m) for 25 min could 
produce extensive laminar necrosis in the cortex of the 
monkey. With repeated exposures to mild hypoxia, the 
first histologic changes occurred in the cell bodies of the 
cortical gray matter. This was seen at a level of about 12 
or 13 volumes percent of oxygen in the blood.

When the percentage of oxygen was further reduced, 
to about 10 volumes percent, the number of exposures 
increased and white matter damage became more obvi-
ous: “a pattern of demyelination in the corpus callo-
sum, the centrum semiovale and the adjacent fingers 
of subcortical white matter. The frontal lobe was most 
often involved and the temporal lobe least often. The 

cerebellum was more frequently affected than the basal 
ganglia, and the spinal cord and medulla oblongata were 
unaffected by any degree of anoxia compatible with life. 
An oxygen level of 4 or 4.5 volumes percent was about 
as low as a dog could tolerate”. Morrison stated that “in 
general, it may be said that it takes a fairly long series of 
exposures to a degree of anoxia which in a single expo-
sure would be incapable of these lesions of the white 
matter”.

These observations were challenged 50  years ago by 
Gray and Horner, who published one of the first large 
clinical studies on in hospital survival in Yale-New Haven 
Hospital during 1966 and 1967 [12]. The age range of 
the 22 patients was 8 to 92 years. The 22 patients under 
study constituted 0.45% of all patients studied. The low-
est  PaO2 observed was 7.5 mm Hg with a simultaneous 
venous  PO2 of 2.0 mm Hg; the patient’s course is shown 
in Fig. 4. The relationship between arterial  PO2 and  PCO2 
in their study is shown in Fig. 5. Three patients with high-
est arterial  PCO2 levels died; three with the lowest levels 
survived. There was no correlation between  PCO2 and 
survival or level of alertness in the remaining patients. 
Nine of the 22 patients died 35  min to 2  months after 
the study without having been discharged to their homes 
“Thirteen patients were discharged in improved condi-
tions. Of these patients, ten were fully ambulant and 
capable of self-care, and three had limited ambulation. 
Twelve of the 13 patients were still alive 5 to 20 months 
after the initial study; one patient had died 2½  months 
after discharge from the hospital”.

However, coma with decerebrate motor responses, 
expectedly, correlated with severe, irreversible brain 
damage. The neurological symptoms were attributed to 
hypoxemia because there was a poor correlation with 
hypercapnia. But two patients with decerebrate motor 
responses survived with no gross neurological or per-
sonality defects. Therefore, the study showed that the 
prognosis can be good when hypoxemia alone is the 
attributed cause.

Refsum concluded that a closer relationship exists 
between state of consciousness and arterial carbon dioxide 
tension, than between state of consciousness and oxygen 
tension or content. The highest arterial  PCO2 associated 
with consciousness was 89  mm Hg; the lowest, arterial 
 PO2 20 mm. Hg. According to Refsum’s observations, the 
oxygen and carbon dioxide abnormalities appear to be 
additive in their life-threatening potential [13].



Fig. 1 Title page Morrison paper (from Morrison used with permission)



Fig. 2 Dog neuropathology (from Morrison used with permission)

Fig. 3 Laminar necrosis (from Morrison used with permission) 

Fig. 4 Extreme hypoxemia in heroin addict (from Gray and Horner used with permission)



Conclusions
Much work has been done on the relation between 
hypoxemia and the vulnerability of the brain. When 
assessing acute brain injuries, we clearly need to distin-
guish purely hypoxic events from combined hypoxic and 
ischemic events—these very different stressors produce 
dramatically different pathogenesis and effects on brain. 
Without a doubt, even in otherwise healthy individuals, 
when hypoxia becomes anoxia (i.e., near anoxia) and is 
prolonged for an hour, circulation will fail, and ischemia 
will become a component of the subsequent pathology.  
Hypotension alters consciousness, and the mean  
arterial pressure when we start becoming drowsy 
is somewhere at a mean arterial pressure (MAP) of 
50  mmHg and will cause ischemic zones in watershed 
areas, and the impaired consciousness may become per-
sistent for days and weeks. (Compare these MAP thresh-
olds with other organ systems—cardiac (coronary) MAP 
for adequate coronary perfusion pressure of 65  mmHg 
and MAP of 70 to 75  mmHg for adequate perfusion of 
the kidney).

Brief and profound hypoxia (Sao2 50–70% for 10 to 
30  min) in healthy humans is well tolerated and not 
accompanied by systemic acidosis or circulatory impair-
ment. Isolated hypoxic brain injury may involve damage  
to deep gray matter such as the caudate, putamen, and 

thalamic regions, but the recovery is more complete 
than the recovery following shock and hypoxemia. We 
can tentatively conclude from this historical review 
that the unearthed studies of clinical pure hypoxemia 
result in mostly good recoveries—there is encouraging 
resilience in brain structures from low oxygen vis-à-vis 
hypotension.
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Fig. 5 Outcome correlated to hypoxemia and hypercarbia. Points 
with crosses represent patients who died. (From Gray and Horner used 
with permission)
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