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Abstract

Carbon monoxide (CO), a highly toxic gas produced by incomplete combustion of hydrocarbons, is a relatively common cause of human
injury. Human toxicity is often overlooked because CO is tasteless and odorless and its clinical symptoms and signs are non specific. The
brain and the heart may be severely affected after CO exposure with carboxyhemoglobin (COHb) levels exceeding 20%. Damage occurs
because the affinity of hemoglobin for CO is 210 times higher than for O2. Hypoxic brain damage predominates in the cerebral cortex,
cerebral white matter and basal ganglia, especially in the globus pallidus. Diagnosis requires clinical acumen and a high index of suspicion,
combined with epidemiological data, clinical examination, analysis of ambient air CO and patient COHb levels; also required are cardiology
evaluation including ECG as well as neurological evaluation including brain imaging (CT and/or MRI, MR spectroscopy), and
neuropsychological testing. Although immediate O2 breathing is sometimes an adequate treatment, hyperbaric oxygen therapy (HBO) is
favored. Subsequently, only symptomatic therapy is available for the long-term sequelae of CO poisoning.
© 2007 Published by Elsevier B.V.
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1. Introduction

Carbon monoxide (CO) intoxication is one of the most
common types of poisoning in the modern world, and the
leading cause of death by poisoning in the Unites States. CO is
a tasteless, odorless, non-irritating but highly toxic gas.
Because of these properties and because it lacks a unique
clinical signature, CO is difficult to detect and can mimic other
common disorders. Therefore, the true incidence of CO
poisoning is unknown and many cases probably go unrecog-
nized. CO has been termed “the unnoticed poison of the 21st
century” [1]. An environmental CO exposure is suggested
when more than one person and animals are affected; when
there is a history of fire, presence of fireplace or combustion
appliances, or with occupational exposure; and by the
occurrence of symptoms in relation to a possible exposure [2].

CO is a by-product of the incomplete combustion of
hydrocarbons. Common sources include motor vehicle
exhaust gases in a poorly ventilated garage or in areas in
close proximity to garages; combustion appliances, e.g.
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heating units, in which partial combustion of oils, coal,
wood, kerosene and other fuels generate CO. A common
scenario is that of a heating unit used only occasionally and not
well maintained. Retrograde flow can occur in residential,
occupational or institutional settings in the presence of
pressure problems, chimney or equipment malfunction. CO
poisoning with immediate deaths may occur during a building
fire or from fuel powered generators and heaters, especially in
poorly ventilated spaces [3]. The latter causes are frequently
reported duringwinter storms, hurricanes, earthquakes or other
disasters after a power outage has occurred.

There are also endogenous sources of CO, such as during
the heme degradation to bile pigments, catalyzed by heme
oxygenases [4]. Constitutive and inducible isoforms (HO-l,
HO-2) of the enzyme are known. Endogenously produced
CO serves as a signaling molecule involved in multiple
cellular functions, such as inflammation, proliferation, and
apoptosis. CO, like nitric oxide, is a recently defined gaseous
neurotransmitter in the central nervous system (CNS).

2. History

The ancient Greeks and Romans used CO to execute
criminals. The deaths of two Byzantine emperors was related
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to CO produced by the burning of coal in braziers, the usual
method of indoor heating during that epoch [5]. CO was first
prepared by the French chemist de Lassone in 1776. Because
it burned with a blue flame, he mistakenly thought it to be
hydrogen. In 1880, William Cruikshank identified it as a
compound containing carbon and oxygen. In the middle of
the 19th century, Claude Bernard recognized that CO causes
hypoxia by interaction with hemoglobin (Hb). He poisoned
dogs with the gas, noticing the scarlet appearance of their
blood. Towards the end of the 19th century, Haldane demon-
strated that a high partial pressure of O2 can counteract the
interaction between Hb and CO despite the high affinity for
this interaction. In World War II, wood was used widely as
fuel and caused many cases of acute or chronic CO poison-
ing [6].

3. Biochemistry, physiopathology, and pathology

CO binds rapidly to Hb, leading to the formation of
carboxyhemoglobin (COHb). The oxygen carrying capacity of
the blood decreases, causing tissue hypoxia. COHb is red which
explains the “cherry-like” discoloration of victims. CO diffuses
from the alveoli to the blood in the pulmonary capillaries across
the alveolo-capillary membrane that is composed of pulmonary
epithelium, the capillary endothelium and their fused basement
membrane. CO is taken up by the Hb at such a high rate that the
partial pressure of CO in the capillaries stays very low.
Therefore, the CO transfer is diffusion-limited. The affinity of
hemoglobin for CO is 210 times its affinity for O2. CO easily
displaces oxygen from hemoglobin. On the other hand, COHb
liberates CO very slowly. In the presence of COHb, the
dissociation curve of the remaining HbO2 shifts to the left
further decreasing the amount of the oxygen released. The
amount ofCOHb formed depends on the duration of exposure to
CO, the concentration of CO in the inspired air and the alveolar
ventilation. Even though CO is toxic to the cytochromes, this
mechanism plays a minor role in clinical CO poisoning, since
the amount of CO required to poison cytochromes is 1000 times
higher than the lethal dose. CO binds to intracellular myoglobin
in the myocardium and impairs the oxygen supply to the
mitochondria. This negatively affects the oxidative phosphor-
ylation and consequently, the energy source of heart muscle.
Patients with underlying cardiac conditions are at risk for death
from arrhythmias and fatal heart attacks can occur. However,
chest pain as a symptom of myocardial ischemia can occur
without underlying coronary artery disease. For example,
2 weeks after accidental exposure to CO, 34% of a group of
Swiss soldiers had chest pain [7].

Henry et al. [8] studied mortality risk in patients with
moderate to severe CO poisoning. In those at low risk for
cardiovascular diseases, 37% suffered acute myocardial injury
and 38% were dead within 7.6 years. The mortality rate was
three times higher than the US expected mortality by age and
sex [8].

After CO exposure, angina attacks, arrhythmias, and
increased level of cardiac enzymes frequently occur. This has
led to a search for morphological changes that could be
attributed to CO, especially because the myocardium binds
more CO than skeletal muscle. Ultramicroscopic lesions
have been reported but the relative roles of general tissue
hypoxia and specific CO toxicity are unknown [9]. In
addition to COHb, the binding of CO to cytochromes is also
significant and is thought to be responsible for cytotoxicity.
Combined ultra structural and cytochemical studies have
enabled differentiation between toxic, hypoxic, and mixed
alteration. The marked decrease in cytochrome oxidase in
experimental studies suggests a direct toxic effect [9].

Myocardial injury with ischemic ECG changes and
elevated cardiac biomarkers were found in 37% of 230
patients with moderate to severe CO poisoning with 5% in-
hospital mortality [10]. Therefore, patients admitted to the
hospital with CO poisoning should have a baseline ECG and
serial cardiac enzymes.

Recent investigations suggest other mechanisms of CO-
mediated toxicity. One hypothesis is that CO-induced tissue
hypoxia may be followed by reoxygenation injury to the
CNS. Hyperoxygenation facilitates the production of partial-
ly reduced oxygen species, which in turn can oxidize
essential proteins and nucleic acids, resulting in typical
reperfusion injury. In addition, CO exposure has been shown
to cause lipid peroxygenation, i.e. degradation of unsaturated
fatty acids leading to reversible demyelination of CNS lipids.
CO exposure also creates substantial oxidative stress on cells,
with production of oxygen radicals resulting from the
conversion of xanthine dehydrogenase to xanthine oxidase
[11]. Myocardial fiber necrosis was described in a 26 year old
patient with accidental CO poisoning and blood concentra-
tion of COHb of 46.6% [12]. Electron microscopy of left
ventricular biopsies of a 25 year old woman with functional
evidence of cardiac failure after acute CO poisoning and
otherwise normal myocardial perfusion showed slight
ultrastructural changes in the myocytes, large glycogen
deposits and swollen mitochondria. The above changes have
been though to be signs of impaired energymetabolism of the
myocardial cells [13]. In rat heart, CO causes vasodilatation
and increased coronary flow that are not mediated by simple
hypoxia [14]. CO exposure in the fetal period in rats causes
myocyte hyperplasia and cardiomegaly. This cellular re-
sponse is sustained through the early neonatal period in
animals exposed to CO both in utero and in the post-partum
[15]. Although hemorrhages and areas of necrosis in the
heart, mostly in the septum and the papillary muscles were
described with CO poisoning as early as 1865 [16] only few
human cases of acute, fatal CO intoxication, with small foci
of coagulation necrosis have been reported [17].

Disturbances of brain function predominate in acute CO
intoxication. Delayed neurological effects also occur [18].
Tissue hypoxia is the end result of intoxication with CO and
with many other physical and chemical agents. Some brain
regions are sensitive to hypoxic damage including the cerebral
cortex, particularly its second and third layers; the white
matter, the basal nuclei, and Purkinje cells of the cerebellum.



Fig. 1. Brain CT and MRI scans in the same patient. (A) CT findings. The arrows show low-density areas. (B) T2-weighted MRI cortical areas are more affected
than the subcortical areas from Murata et al. [20].
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Attempts have been made to relate this “selective vulnerabil-
ity” to the cause of the hypoxia, but the nature and distribution
of the lesions appear to depend on the severity, suddenness,
and duration of the oxygen deprivation, as well as on its
mechanism (hypoxemia or ischemia) rather than on its cause.
Regions with relatively poor vascularization and “watershed”
areas between two sources of blood supply, such as the globus
pallidus, may be more vulnerable, especially during periods of
hypotension. The effects of hypoxia on the brain, therefore, do
not reflect it cause and neither the character of the lesions nor
the areas affected are regarded as pathognomonic for CO.

The neuropathology of CO toxicity has been well described
in postmortem studies [19] and includes, in acute cases,
petechial hemorrhages of the white matter involving in
particular the corpus callosum; in cases surviving more than
48 h there is multifocal necrosis involving globus pallidus,
hippocampus, pars reticularis of the substantia nigra, laminar
necrosis of the cortex and loss of Purkinje cells in the
cerebellum, along with white matter lesions. The typical
pallidum lesions are well-defined, bilateral globus pallidus
macroscopic infarctions, usually asymmetrical, extending
anteriorly, superiorly, or into the internal capsule. Occasionally,
only a small linear focus of necrosis is found at the junction of
the internal capsule and the internal nucleus of the globus
pallidus. CO intoxication usually spares the hypothalamus,
walls of the third ventricle, thalamus, striatum, and brainstem.
Myelin damage is constant and ranges from discrete, perivas-
cular foci in the corpus callosum, the internal–external capsule
and the optic tracts usually seen in comatose patients who died
within 1 week, to extensive periventricular demyelination and
axonal destruction observed in comatose subjects with longer
survival, sometimes leading to formation of plaques of
demyelination. A distinct constellation of brain and MRI
abnormalities appears premortem and in those surviving an
exposure. It includes globus pallidus lesions, white matter
changes, and diffuse low-density lesions throughout the brain.



Fig. 2. T1-weightedMRI. High-signal regions are seen in the globus pallidus
bilaterally (arrows) from Murata et al. [20].

Table 1
Signs and symptoms of carbon monoxide intoxication

1. Headache 8. Difficulty in coordinating
2. Dizziness 9. Difficulty in breathing
3. Irritability 10. Chest pain
4. Confusion/memory loss 11. Cerebral edema
5. Disorientation 12. Convulsions/seizures
6. Nausea and vomiting 13. Coma
7. Nausea and vomiting 14. Death
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In general, CT and MRI neuroimaging findings reflect the
neuropathologic changes described by Lapresle and Fardeau
[19] (Figs. 1–3). Previously unreported neuropathological
findings include the MRI findings of thalamic lesions [22].

4. Clinical findings

Because of their high metabolic rate, the brain and the
heart are most susceptible to CO toxicity. The clinical
Fig. 3. (A) Proton density brain MRI, transaxial view, shows bilateral hemorrhage
et al. [21].
symptoms of CO poisoning are often non-specific and can
mimic a variety of common disorders. The severity ranges
from mild flu-like symptoms to coma and death. About 50%
of exposed people may develop weakness, nausea, confu-
sion, and shortness of breath. Less frequently, abdominal
pain, visual changes, chest pain and loss of consciousness
occur. Tachycardia and tachypnea develop to compensate
from cellular hypoxia and cardiac output increases initially.
Responses to cellular hypoxia vary depending on the
premorbid condition of victims; those with underlying lung
and heart disease will have little tolerance to even mild
hypoxia. Hypoxia leads to increased intracranial pressure
and cerebral edema which is partly responsible for decreased
level of consciousness, seizures and coma. The classic
cherry-red discoloration of the skin and cyanosis are rarely
seen [19]. Varying degrees of cognitive impairment have
been reported [23].

Table 1 lists some of the symptoms and signs of CO
intoxication. Headache is one of the most common
presenting features of CO poisoning: it occurs in 84% of
the victims [24] and has been described as predominantly
in the globus pallidus. (B) T1-weighted brain MRI, coronal view from Tom
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frontal, dull, sharp, continuous, throbbing, and intermittent
in patients with a mean COHb level of 21.3% (± 9.3%).
There is no clear correlation between pain intensity and
COHb levels [25]. Some have reported tightness across the
forehead at COHb levels of 10–20%, throbbing in the
temples at 20–30%, and severe headache at 30–40% [26].
Headaches, generalized weakness, fatigue and sleepiness,
are part of the vague symptomatology observed in subjects
with COHb levels below 20%. Headache is a frequent
complaint not only with acute but with chronic CO
poisoning. Dizziness is a frequent companion of headache
and can be seen in about 92% of CO victims of CO
poisoning. In one report, 76% of 38 victims reported
weakness with COHb levels N 30–40% [3].

A delayed neuropsychiatric syndrome may occur in
patients from 3 days up to 240 days after acute CO exposure.
Even those victims without neurological and psychiatric
symptoms immediately after an exposure accident may
demonstrate features of delayed impairment ranging from
subtle abnormalities such as personality changes or mild
cognitive deficit to severe dementia, psychosis, Parkinson-
ism, incontinence or other [18,27].

CO encephalopathy may cause a number of behavioral
functional impairments including alterations in attention,
executive function, verbal fluency, motor abilities, visuos-
patial skills, learning, short-term memory, and mood and
social adjustment. Formal neuropsychological testing usual-
ly confirms these impairments [28].

5. Diagnosis

Diagnosis of CO poisoning requires a high level of
suspicion. Epidemiological history with information about
other affected individuals or pets as well as circumstances
suggestive of possible exposure is of paramount importance.

Ambient air CO levels should be obtained as soon as
possible after the exposure. Because the half-life of COHb is
4–5 h, a victim's COHb level should also be obtained as
soon as possible. Normal level for non-smokers is b 2% and
for smokers 5–13%. The Expert Panel on Air Quality
Standard of the World Health Organization (WHO) in 1994
reported that blood COHb levels between 2.5% and 4%
decrease in the short-term maximal exercise duration in
young healthy men. Decrease exercise duration because of
increased chest pain and in patients with ischemic heart
occurred at levels from 2.7% to 4.1%. Levels between 2%
and 20% can cause effects on visual perception levels,
audition, motor, and sensory-motor functions, and behavior.
Therefore, ambient air CO levels which produce blood
COHb levels below 2.5% are recommended. The COHb
levels depend not only upon the CO level in ambient air but
also on the duration of exposure. According to WHO
guidelines, exposures to levels of ambient air CO2 in parts
per million (ppm) should conform to the following durations
of exposure: 87.1 ppm (100 mg/m3) for 15 min; 52.3 ppm
(60 mg/m3) for 30 min; 26.1 ppm (30 mg/m3) for 60 min;
8.7 ppm (10 mg/m3) for 8 min. [29]. Any exposure to
ambient air with CO levels greater than 100 ppm is
dangerous to human health [28,30].

Physicians who deal with CO intoxication should be
aware that pulse oximetry is a colorimetric method,
unreliable for the diagnosis of CO intoxication since it can
not distinguish oxyhemoglobin from COHb. Therefore,
pulse oximeters overestimate arterial oxygenation in patients
with severe CO poisoning. Accurate assessment of arterial
oxygenation in patients with severe CO poisoning can
currently be performed only by analysis of arterial blood
with a laboratory CO-oximetry. High-flow oxygen should be
administered to all patients suspected of significant CO
exposure until direct measurement of CO levels can be
performed, regardless of pulse oximetry readings [31].

For clinical purposes, automated spectrophotometer CO-
oximeter device are recommended. Spectrophotometers
measures light intensity as a function of color and can
differentiate the different wavelengths of oxyhemoglobin and
COHb with an acceptable accuracy for COHb saturation
levels above 5%; they can simultaneously estimate total Hb
and percentages of oxyhemoglobin and COHb. Gas chroma-
tography, a more sensitive method, can be utilized for low-
level exposure and for post-mortem blood samples [32].

Cardiac function must be monitored closely by ECG, 2D-
ECHO, and cardiac enzymes. The heart, like the brain, is
very sensitive to hypoxic injury. Patients with underlying
cardiac disorders, whose reserves are impaired at baseline,
are at higher risk compared to normal individuals. Cardiac
arrest and sudden cardiac death can be expected. Chest pain,
due to myocardial ischemia or infarction is a consequence of
decreased oxygen supply to the cardiac muscle. Features of
ischemia as well as other abnormalities, such as tachycardia,
bradycardia, atrial and ventricular fibrillation, premature
ventricular contractions, conduction abnormalities and
others can be easily detected on ECG. Non-invasive devices
that can be used to screen firefighters and victims can
estimate the COHb levels in the exhaled alveolar breath have
been suggested [31]. A non-invasive, high-resolution
method of measuring COHb fraction using expiratory gas
analysis in patients without evidence for pulmonary edema
or atelectasis has been found to have accuracy equivalent to
that of CO-oximetry [33].

Very high levels of S100B protein, a structural astroglial
protein, have been found in patients who died from CO
poisoning; elevated levels occur in unconscious patients, and
normal levels in those without loss of consciousness. It was
proposed that the S100B protein levels could be used as a
biochemical marker of brain injury in CO poisoning [34].
However, Rasmussen et al. [35] failed to find significant
increase in blood concentrations of neuron-specific enolase
and of S-100 protein there was no correlation with level of
consciousness in CO poisoning [35]. Scintigraphy studies of
the heart with 99mTc have been proposed as method of
choice for evaluation of heart injury in patients after acute
CO intoxication [36].
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Diffusion weighted images (DWI) in brain MRI show
white matter high signal intensities consistent with restricted
diffusion in acute CO poisoning. Follow-up MRI performed
16 days later reveals disappearance of white matter lesions,
suggesting the white matter can be more sensitive than gray
matter to hypoxia in the acute phase [37].

T2-weighted brain MRI shows increased signal intensity
bilaterally in the putamen and the caudate nucleus, as well as
high signal intensity in the globus pallidus [38]. Initially,
unilateral low attenuation areas in the right putamen, globus
pallidus and thalamuswere observed in theCTof a patient after
CO exposure, followed by transient bilateral appearance of
lesions on subsequent CTexamination.Hemorrhagic infarction
of the right putamen, and ischemic lesions in both thalami were
visualized onMRI 2weeks later [39]. Diffusion-weightedMRI
in a case of COpoisoning revealed pallidoreticular damage and
delayed leukoencephalopathy characterized by restricted water
diffusion pattern in the early stage. DWI brain MRI imaging is
more sensitive than brain CT and is useful for early
identification of the effects of acute CO poisoning [40].

Brain MRI changes after CO poisoning are variable and
reflect the neuropathological lesions. Most unconscious
patients present with abnormalities of globus pallidus or the
entire lentiform nucleus (globus pallidus and putamen),
putamen alone, caudate nucleus, thalamus, periventricular
and subcortical white matter, cerebral cortex hippocampus
and cerebellum. Brain MRI may appear to be normal in some
victims who have suffered CO brain damage [41]. Previously
unreported brain MRI findings in CO poisoning included
bilateral diffuse high signal in the centrum semiovale and
bilateral high intensity lesions in the anterior thalami [42].
Extensive bilateral cerebellar white matter signal change,
with sparing of the overlying cortex, consistent with
demyelination was reported 6 years after CO poisoning [43].

In a study of patients with severe CO intoxication, coma
on admission and normobaric 100% oxygen, persistent
changes on the MRI were found 1 to 10 years after exposure,
independently of the neuropsychiatric findings. T2-weighted
and FLAIR images showed bilateral symmetric hyperinten-
sity of the white matter, more often involving the centrum
semiovale, with relative sparing of the temporal lobes and
anterior parts of the frontal lobes, along with atrophy of the
cerebral cortex, cerebellar hemispheres, vermis, corpus
callosum as well as T1-hypointensities and T2 and FLAIR
hyperintensities in globus pallidus [44].

Kim and colleagues studied the delayed effects of CO on
the cerebral white mater 25–95 days after the exposure with
initial recovery followed by relapse of neuropsychiatric
symptoms. T2-weighted imaged, DWI and FLAIR
sequences demonstrate bilateral, diffuse and confluent
lesions in the periventricular white matter and centrum
semiovale, more prominent changes were present in the
frontal lobes than elsewhere [45,46]. The effects of CO
poisoning in acute stages can be evaluated by DWI
sequences on brain MRI. A restricted water diffusion pattern
in globus pallidus and substantia nigra can be seen [47].
Cerebral edema occurs early. Clinical status and outcome
correlate with diffuse white matter changes [48]. Long-term
(25 years) after CO exposure, MRI has demonstrated
symmetrical globus pallidus and white matter changes in
most patients. Temporal, parietal and occipital lobes are
usually affected with asymmetrical cortical and subcortical
lesions [49,50].

Magnetic resonance spectroscopy (MRS) examines brain
metabolites. The major resonances of MRS are N-acetyl
aspartate (NAA), choline (Cho), and creatine (Cr). NAA is
located within neurons and is a specific neuronal and axonal
marker. Choline is part of the membrane constituent
phosphatidylcholine. Based on previous studies of demye-
linating brains, Cho increases are due to an increase in
phosphatidylcholine due to demyelination or gliosis. NAA
decreases in demyelinated white matter presumably repre-
sent axonal and neuronal loss [51]. MRS provides evidence
for CO-induced brain damage including decreased NAA
found in the basal ganglia and elsewhere [23].

Proton magnetic resonance spectroscopy (1H MRS) is a
non-invasive method that can provide biochemical informa-
tion about brain tissues. In early CO poisoning 1H MRS
studies showed a persistent increase in choline related to
progressive demyelination. In irreversibly injury, lactate
appears and NAA decreases [52] 1H MRS studies of frontal
lobe white matter revealed increase in the choline-containing
compounds, and reductions of NAA in all cases [53].
Normalization of the findings was found in a subclinical
case. In two cases with akinetic mutism increased lactate was
noted to persist. These results indicate the 1H MRS is a
useful indicator in the clinical evaluation of patients with the
interval form of CO poisoning when compared to MRI, EEG
and N-isopropyl–p123idoamphetamine SPECT [54].

Kamada et al. [55] reported that MRS in patients with
delayed sequelae of carbonmonoxide (CO) exposure precisely
reflects the severity of symptoms. With severe clinical
presentation, marked lowering of NAA/Cr ratio and slightly
increased Cho/Cr ratio is notedwith subsequent return ofNAA
and Cho/Cr ratio to normal with clinical improvement. Proton
MRS appears to be superior to conventional radiological
examinations in CO poisoning [55].

Brain CT, MRI and MRS as well as neuropsychological
testing are useful tools in diagnosis of CO toxicity and its
severity. In addition, positron emission tomography (PET)
and single photon emission tomography (SPECT) may
provide additional information [56,57].

6. Treatment

Tissue hypoxia is the major outcome of CO intoxication:
therefore based on chemical and pathophysiological data, O2 is
the “natural antidote” [58]. Since the clinical signs and
symptoms ofCO toxicity are nonspecific, all suspected victims
should be treated withO2 inhalation immediately after blood is
drawn for COHb content. Furthermore, there is wide variation
in individual responses to similar levels of CO exposure,
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ranging from death to a Parkinsonian syndrome to mild or
moderate intellectual impairment [23]. Therefore, immediately
after securing the airway and adequate ventilation, adminis-
tration of normobaric oxygen (NBO) is the corner stone of
therapy, reducing the half-life of COHb from a mean of 5 h
(range, 2–7 h) to about 1 h. Hyperbaric oxygen therapy (HBO)
at 2.5 atm reduces it to 20 min and also has other benefits, at
least in animal models. For example in rat brains, it prevents
lipid peroxidation and leukocyte adherence to brain micro-
vascular endothelium while accelerating regeneration of
inactivated cytochrome oxidase. Therefore, usually at 2.5 to
3 ATA for 90 to 120 min, it is considered the treatment of
choice for those who present with syncope, coma, or seizure,
and focal neurological deficit or COHb N 25% (15% in
pregnancy) [59–63].

In theory, NBO should be the treatment of the last
severely poisoned patients, reserving HBO for severe
intoxications. However, there are problems with this policy:
1) COHb levels do not correlate with the clinical severity of
CO poisoning. 2) There is not universally accepted severity
scale of CO poisoning, although loss of consciousness and
neurologic deficits generally indicate severe poisoning. 3)
All victims of CO poisoning are at risk for delayed
neuropsychological sequelae. Therefore, in general the
following approach is appropriate: 1) Patients with presumed
CO poisoning should be placed on 100% oxygen. 2) Patients
with severe poisoning must receive HBO regardless of
COHb level. 3) Pregnant women must be treated with HBO
irrespective of signs and symptoms. 4) In patients with lesser
degrees of poisoning, careful evaluation is advised before
deciding that 100% NBO for N 6 h is the adequate therapy
[58]. Administration of more than one course of HBO is
those who remain in coma remains controversial.

There are a number of practical considerations since not
all treatment facilities, e.g. hospital ERs, can measure COHb
and/or administer HBO. For example, in one recent study,
only 44% of acute care hospitals had the capability of
measuring COHb [64].

HBO is 100% oxygen at two to three times the atmospheric
pressure at sea level. The oxygen tension in the arteries
increases to about 2000 mm Hg and that of the tissues — to
almost 400 mm Hg. The pressure is expressed in multiples of
the atmospheric pressure, which is 1 at sea level. At sea level,
the blood oxygen concentration is 0.3 ml/dl. At 100% oxygen
at ambient (normobaric) pressure, the amount of the dissolved
oxygen in the blood increases five fold to 1.5 ml/dl. At 3 atm,
the dissolved-oxygen content reaches 6 ml/dl. HBO decreases
the bubble formation in the blood and replaces inert gases
with oxygen, which is rapidly taken up and utilized by the
tissues. HBO can be bactericidal, bacteriostatic or suppress
toxin production increasing tissues resistance against infec-
tions. HBO is more effective that normobaric oxygen in
promoting collagen formation and angiogenesis and thus can
facilitate wound healing. HBO inhibits neutrophil adherence
to the walls of the ischemic vessels, which decreased the free
radical production, vasoconstriction and tissue destruction.
HBO is commonly delivered in a monoplace chamber, or
less often in a multi-occupant chamber. The duration of a
single treatment for CO poisoning is about 45 min. HBO
with oxygen pressures of up to 3 atm for a maximum of
120 min is safe. Adverse effects include reversible myopia,
cataract, tracheobronchial symptoms, self-limited seizures
and barotraumas to the middle ear, cranial sinuses, rarely
teeth or lungs. Claustrophobia can be an issue in monoplace
chambers. Despite the conflicting results from the literature
regarding the effect of the HBO versus normobaric oxygen,
Tibbles and Edelsberg [63] concluded that patients with
severe carbon monoxide poisoning should receive at least
one HBO treatment at 2.5 to 3.0 atm because this therapy is
the fastest method of treatment of the potentially reversible
life-threatening effects.

The treatment of a patient with CO poisoning should not
be based solely on the COHb levels. The clinical manifesta-
tions, COHb levels and, importantly, the patient's underlying
medical history should be taken into account. In patients with
suspected CO poisoning, 100% oxygen should be given
immediately by a mask. The goal is to raise the PaO2 levels,
decrease the half-life of CO, and facilitate its dissociation
from hemoglobin, thus allowing oxygen to attach to the freed
binding sites. Strict bed rest should be provided, since it
decreases oxygen demand and consumption. Patients with
respiratory distress and decreased level of consciousness
should be intubated and ventilated. Chest radiograph, blood
lactate levels and arterial blood gases should be performed in
the emergency department.

Headache improved prior to hyperbaric oxygen treatment
in 72%, resolving entirely in 21% of those with residual
headache, pain improved with hyperbaric oxygen in 97%,
resolving entirely in 44% [25]. Even though the deaths from
CO poisoning have decreased in the United States in the
recent years, the total burden, including fatal and non-fatal
cases has not significantly changed [65].

Juurlink et al. [66] analyzed available data from six
randomized controlled trials involving non-pregnant adults
acutely poisoned with CO. At one month follow-up after
treatment, symptoms possible related to carbon monoxide
poisoning were present in 34.2% of those treated with HBO,
compared with 37.2% treated with NBO. They find not
evidence that unselected use of HBO in the treatment of
acute CO poisoning reduces the frequency of neurological
symptoms at 1 month. Because of insufficient evidence, they
recommend further research for defining the role of HBO in
treatment of carbon monoxide poisoning.

Five years later, the same group examines the evidence
for the effectiveness of the HBO for prevention of
neurological sequelae in patients with acute carbon monox-
ide poisoning. Four out of six trials find no benefit of HBO
for the reduction of neurologic sequelae, while two other do
not. The authors conclude that the existing randomized trials
have not been able to establish reduction of neurological
sequelae with the administration of HBO to patients with
carbon monoxide poisoning [68–71]. In a recent study,
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Weaver et al. [72] concluded that HBO is indicated for
patients with acute CO poisoning who are ≥ 36 years of age,
or have exposure intervals ≥ 24 h, or in patients with loss of
consciousness, or with higher COHb levels.

Close monitoring of the serum pH and lactic acid levels is
required, since the anaerobic metabolism in the presence of
tissue hypoxia generates lactic acidosis. Acidosis below pH of
7.15 should be treatedwith sodiumbicarbonate. Caution has to
be exercised with the administration of sodium bicarbonate
because carbon dioxide, a by-product of its metabolism, could
lead to respiratory acidosis and has to be eliminated by proper
ventilation.

Because prevention is the best treatment, our society
should be on high alert in attempt to prevent cases of CO
poisoning.
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