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A B S T R A C T

Carbon monoxide (CO) is the leading cause of poisoning deaths in many countries, including Japan. Annually,
CO poisoning claims about 2000–5000 lives in Japan, which is over half of the total number of poisoning deaths.
This paper discusses the physicochemical properties of CO and the toxicological evaluation of CO poisoning.

1. Introduction

Numerous poisons, from natural toxins [1,2] to synthetic chemicals
existing in our environment, can produce a wide variety of deleterious
effects in living organisms. This review article discusses carbon mon-
oxide (CO) poisoning from a clinical point of view.

CO – sometimes termed a “silent killer” [3,4] is a colorless, odorless,
and non-irritable gas. As the specific gravity of CO is 0.97, it is slightly
lighter than air. This gas is mainly produced by incomplete combustion
of organic compounds [5,6]. Vehicle exhaust, smoke from fires and
improperly maintained heating systems are included as common
sources.

The annual number of CO poisoning death in Japan is about
2000–5000 (Fig. 1), and it is a major cause of poisoning deaths. This is
mirrored in several other countries [3,7–13]. The worldwide incidence
of CO poisoning has remained stable during the last 25 years [14].
However, deaths from CO poisoning doubled in 2003 compared to that
for 2001 in Japan. This may be attributable to an increase of suicides by
means of CO inhalation [15]. Information from suicide-related websites
may facilitate suicide by CO [16,17].

Forensic toxicologists deal with cases of fatal CO poisoning and are
required to evaluate its toxicity in daily practice. This article describes
the chemical properties and toxicological characteristics of CO.

2. Sources of CO

CO is formed by incomplete combustion of organic compounds. The
main sources of CO encountered in poisoning cases are house fires (the
maximum concentration of CO in air is around 5 % in the immediate
vicinity of a house fire) [18], incomplete combustion of fuels (e.g.,
charcoal, briquette, fuel gas, petroleum) using a burner, heating or
cooking equipment with insufficient ventilation or improper main-
tenance, exhaust gas from vehicles using internal combustion engines
(the CO concentration in exhaust gas is less than a few percent) [19],
and industrial accidents (such as those occurring at iron foundries or
chemical plants).

Exhaust from a diesel engine contains approximately 0.01–0.06 %
CO, and inhalation does not cause fatal CO poisoning [20]. Con-
centrations of CO in exhaust from gasoline engine have also decreased
in recent years with the introduction of three-way catalytic converters
[19].

CO is contained in mainstream smoke from cigarettes (3–4 %) [21],
and blood carboxyhemoglobin (CO-Hb) saturation is increased ap-
proximately 10–15 % in heavy smokers [22–24].

Poisoning is occurred by inhalation of a relatively high concentra-
tion of CO gas. This is not always accidental: it is also used deliberately
as a means of suicide. Charcoal-burning suicide has been increasing
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since the late 1990’s in East-Asian countries such as Hong Kong, Taiwan
and Japan [10,15,25,26]. Approximately 80 % of cases under the ca-
tegory of “Other gases and vapors (ICD-10, X67)” in the Vital Statistics
of Japan for 2007 were estimated to involve charcoal-burning suicide
[15]. Cases of homicide by CO poisoning have also been reported [27].

3. Toxicokinetics of CO

CO is a gas at normal room temperature, and is inhaled from the
lungs into the blood stream. Since the affinity of CO for hemoglobin
(Hb) is 230- to 270-times greater than that of oxygen, CO-Hb is formed
in erythrocytes [6,28,29]. The formation of CO-Hb in blood depends on
a wide variety of factors, including the concentration of inspired CO,
duration of CO exposure, pulmonary ventilation, exercise and health
status [6,28]. A small amount of CO is produced by heme-protein de-
gradation in vivo [28]. CO remains almost completely unoxidized fol-
lowing inhalation, with less than 0.1 % of inhaled CO being converted
to carbon dioxide [30]. The rest is eventually discharged from the body.

CO shows a high affinity not only for hemoglobin, but also for other
heme-proteins such as myoglobin and cytochrome c oxidase. CO also
binds to myoglobin in myocardium and skeletal muscle [6,28,31]. As
up to 15 % of the total CO in the body is taken up by tissues [32], CO
can diffuse from organs into the blood as CO-Hb saturation in blood
decreases [33].

The following formula has been used to estimate CO-Hb saturation
in blood:

CO-Hb (%) = a×CO in the inspired air (%) × time (min),

where a is a constant with values of 3 at rest, 5 under light activity, 8
under light work, and 11 under heavy work [34], or

CO-Hb (%) ≈ 0.33×RMV×CO in the inspired air (%) × time (min),

where RMV is respiratory minute volume, with standard values of 8.5 at
rest, 25 under light exercise, and 50 under heavy exercise [35].

CO-Hb saturation in healthy, non-smoking subjects is less than 2 %
[23,24]. It increases to 4–6 % in cases of hemolytic anemia, and can
increase to nearly 10 %, depending on the state of the disease [23].
Methylene chloride, a solvent used as a paint or varnish remover, is
metabolized to CO [36,37]. Severe CO poisoning with CO-Hb saturation
up to 50 %, has been reported following methylene chloride exposure
[38].

CO-Hb saturation in blood is easily decreased with oxygen admin-
istration [39]. The elimination half-life of CO during respiration de-
pends on various factors, such as the concentration of inspired CO,
duration of CO exposure, presence of oxygenation following rescue the
oxygen concentration administered, and RMV [40,41]. This results in a
half-life for a resting adult of about 4−5 h under room air ventilation at
sea level, 80min breathing 100 % oxygen at normobaric pressure, and

23min breathing oxygen at 3 atmospheres absolute (ATA) [42,43].

4. Toxicity and pathophysiology of CO poisoning

Tissue hypoxia is the main toxic effect of acute CO poisoning, which
is due the formation of CO-Hb. It causes decreases the oxygen transport
capacity, resulting in insufficient oxygenation at the tissue level
[6,28,29,44]. When CO binds to a hemoglobin subunit, other binding
sites show increased affinity for the oxygen molecule. Hence, CO shifts
the oxygen-hemoglobin dissociation curve to the left, inhibiting oxygen
dissociation in the low-oxygen region, and potentiating tissue hypoxia
[39,41,42,45–47].

Due to the much greater affinity of CO, as compared to oxygen, for
hemoglobin, the bond between CO and hemoglobin is strong. However,
this bond can be broken is reversible, CO is only displaced by oxygen
slowly [6,28,29,47].

CO also binds to myoglobin in myocardium and skeletal muscle,
causing dysfunctional tissue oxygen transport. In myocardium, this
results in cardiac dysfunction [47]. It also has direct effects by in-
hibiting the activity of enzymes such as cytochrome c oxidase. CO
poisoning may thus also be implicated in impairment of cardiac and
neurological functions.

Apoptosis is a key factor in the pathogenesis of heart failure [48,49].
CO poisoning leads to apoptosis in myocardial cells. Neurotoxicity
following CO exposure involves apoptosis and intracellular oxidative
stress, and erythropoietin, resveratrol and hyperbaric oxygen all reduce
dysfunction of the myocardium and brain by suppressing apoptosis or
through other pathways [48–51].

Tissue hypoxia due to CO potentiates vascular permeability and
causes increased accumulation of interstitial fluid with decreased cir-
culating blood volume (hemoconcentration) affecting multiple organs.
This includes brain edema with neurological symptoms and disorders of
consciousness; pulmonary edema with respiratory failure; decreased
myocardial contractility, arrhythmias and heart failure; and renal
failure [46,47].

5. Symptoms and management of CO poisoning

The CO-Hb concentration in healthy, non-smoking subjects is less
than 2 %, and less than 15 % in smokers. At CO-Hb levels below 10 %,
no notable symptoms are observed. Neurological symptoms such as
nausea, headache and dizziness are observed with CO-Hb levels over 10
%. Increases in respiratory and heart rates, syncope, motor paralysis
and confusion are observed with CO-Hb level of 30–50 %. CO-Hb levels
exceeding 50 % are considered life-threatening, and values in this range
are central to the diagnosis of CO-poisoning [6,28,29,47].

Signs and symptoms such as headache, dizziness, fatigue and nausea
are nonspecific [6,47]. Since behavioral disorders such as agitation,
confusion and hallucination are sometimes observed, differential di-
agnoses such as psychosis, brain metastasis of tumor, stroke and coa-
gulation disorders are required in clinical practice [52–55].

Motor function is depressed prior to impairment of consciousness in
cases of CO poisoning [56]. This means that a victim may notice CO
poisoning and try to improve the room ventilation, but may not be able
to move at all.

The symptoms shown in Table 1 reportedly reflect the CO-Hb level.
However, clinical symptoms of acute CO poisoning and their severity do
not always correlate with concentrations of CO-Hb on admission
[22,41,57,58]. This discrepancy may be due to two reasons. First, the
CO-Hb saturation in blood is affected by various factors such as the
concentration of inspired CO and the exposure time, oxygenation fol-
lowing rescue and the oxygen concentration applied [6,28], and the
time elapsed between termination of CO exposure and blood sampling
[57,58]. Second, as CO has a high affinity for heme proteins, CO that
has diffused into tissues may not readily dissociate from them. As a
result, considerable amounts of CO may be left in the body, even after

Fig. 1. Statistics on annual numbers of death by CO poisoning in Japan
(2000–2015).
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CO-Hb saturation has been decreased by oxygenation [31]. So, while
Table 1 describe the symptoms related to increasing levels of CO-Hb
following CO inhalation [41], we must also consider medical inter-
ventions and pre-hospital procedures such as oxygen administration
when evaluating the toxicity of CO.

The first step of patient management is immediate evacuation from
the contaminated environment. Control of the airway, intravenous ac-
cess and cardiac monitoring are required for the management in the
hospital. Administration of 100 % oxygen via facemask or endotracheal
tube is required for the elimination of CO from blood as an initial
treatment. Hyperbaric oxygen therapy can also be considered, where
available, to accelerates the elimination of CO and reverse effects on
inflammation and mitochondrial dysfunction induced by CO poisoning
[6,47,59].

6. Autopsy findings

The cherry-red coloration of the skin is most characteristic ap-
pearance of the body surface is in CO poisoning cases. This is usually
observed with CO-Hb concentrations exceeding 30 % [60]. Autopsy
reveals blood, organs and muscles with similar cherry-red coloring, by
the CO-Hb and carboxymyoglobin formation. Pulmonary edema and
generalized organ congestion are also observed [60].

Necrosis of the globus pallidum is observed in cases of CO poisoning
that occur over a prolonged period [61,62]. The underlying mechan-
isms are thought to involve hypoxic brain damage, as well as apoptosis
[61–63].

7. Measurement of CO

Toxicological evaluation of CO poisoning is based on autopsy
findings and CO-Hb saturation in blood. As most autopsy findings are
non-specific for CO poisoning- other than the cherry-red color changes
in the skin, organs and blood, the basic point of evaluation in forensic
practice is CO-Hb saturation.

As a test for CO, spectrophotometric methods, gas chromatography,
detection tubes and oximetry are employed [64,65], and various
methods have been reported. The spectrophotometric method is the
most widely used. The presence of CO-Hb can be determined by
changes in the absorption spectrum [66–69]. This is simple procedure.

CO is liberated from Hb and introduced in gas chromatography.
Various methods have been reported for liberation of CO from blood
[70–76]. The released CO is detectable by various detectors, including a
thermal conductivity detector [70–72,74,75], barrier discharge ioni-
zation detector [76], and flame ionization detector with the catalytic
reduction of CO to methane (methanizer) [73]. Gas chromatography
using a semiconductor detector (sensor gas chromatography) has been
applied in forensic practice [77]. This system has some advantages such
as portability and easy handling. As gas chromatography measures CO
directly, the hemoglobin content also has to be measured for each
sample, to enable calculation of the percentage CO-Hb.

Alternatively, a method using detector tube can be applied [78].

This system consists of an aspirating pump, tube for separation and tube
for detection. The tube for CO separation is packed with ferricyanide
coated silica gel particles [78]. The tube for detection of CO is packed
with potassium palladium sulfite coated silica gel particles [79,80]. CO
is released from blood following sample injection (200 μl) into the CO-
separator tube, and the CO-detector tube detects the released CO gas,
followed by aspiration by the pump. The detector tube can be easily
used at the scene or in on-site testing.

An oximeter is widely used at the clinical laboratory [81], and also
in daily forensic practice [82–90]. The instrument we use (AVOX 4000;
International Technidyne Corp, Edison, NJ, USA) applies multiple wa-
velengths for the determination of various hemoglobin species, in-
cluding CO-Hb, and requires small amounts of blood for measurement.
This system allows easy handling of samples and has some advantages
for on-site testing.

For details of measurement conditions and equipment, refer to the
individual references [64–90].

CO-Hb is relatively stable at 4 °C for up to 24 months [91,92], and
without refrigeration for up to 4 weeks [93].

8. Evaluation of CO toxicity

The fatal concentration for CO poisoning is a CO-Hb saturation over
50–60 % [65,94]. As mentioned above: since the CO-Hb saturation in
blood is affected by multiple factors, medical interventions such as
oxygen administration or cardiopulmonary resuscitation must be con-
sidered when evaluating CO toxicity. The measured value of CO-Hb at
the time of death is generally found to be higher for younger casualties
than for the elderly [94–96]. Elderly individuals may die at lower
concentrations [6] - with a level is around 25 %, sometimes measured,
with no other cause of death found. This may reflect the fact that
younger individuals tend to have fewer comorbidities and are better
able to tolerate the tissue hypoxia.

The brain is an organ with a very high oxygen demand, and so is
especially sensitive to the effects of tissue hypoxia that results from
acute CO poisoning. The heart is an organ with a high oxygen demand
and is thus often affected, similar to the brain. Patients with cardio-
vascular disease experience reduced thresholds for angina, arrhythmias
and myocardial infarction. These conditions have been observed even
with CO-Hb of 5–10 % [6], with sudden death from severe arterio-
sclerotic heart disease reported at CO-Hb of 20–30 % [6,60]. During the
last few years, several in vivo or in vitro experiments have examined
various compounds such as magnesium sulfate, insulin, hesperidin,
resveratrol, granulocyte colony stimulating factor and erythropoietin
that can potentially combat early complications and late consequences
of CO poisoning in the brain and heart [48–50,97–103].

In cases of automobile exhaust gas inhalation, the inhalation of
nitrogen oxide leads to the production of methemoglobin (MetHb), and
this need to be considered in addition to CO-Hb. High concentrations of
MetHb have been reported in some cases, although methemoglobi-
nemia is uncommon [104–106].

Additional consideration in cases of fire are other toxic gases (such
as cyanide and phosgene) and oxygen deficiency that results from the
consumption of oxygen in combustion. As cyanide is detoxicated by
binding to MetHb, attention must be paid to the concentration of
MetHb in the victim’s blood when evaluating toxicity [107] - and so
CO-Hb, cyanide and MetHb should be measured in cases of suspected
fire victims [107].

Postmortem formation of CO due to putrefaction has been reported
in a sample obtained from a case with a long postmortem interval. This
was attributed to the degradation of heme-proteins such as hemoglobin
and myoglobin. Postmortem formation of CO has also been reported in
conditions and samples such as immersion in water for long periods.
Values of CO-Hb over 10 % in pleural effusion are sometimes observed
in cases of drowning without CO inhalation [108–112]. Since no in-
dicators have been identified for postmortem CO formation, we should

Table 1
Levels of carboxyhemoglobin (CO-Hb) saturation (%) and symptoms.

CO-Hb (%) clinical symptom

< 1 normal range (due to endogenous production)
< 10 smoker’s blood (no symptom)
10–20 headache, fatigue, ear ringing
20–30 headache, weakness, nausea, vomitting
30–40 severe headache, dizziness, nausea, vomitting
40–50 syncope, confusion, increased respiration and heart rate
50k60 coma, convulsions, depressed respiration
60–70 coma, convulsions, cardiopulmonary depression, often fatal
70 < respiratory failure, death
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not use body cavity fluids for measurement of CO in cases involving
severe putrefaction.

9. Conclusion

We have discussed various issues related to CO described in pre-
vious reports. These data may be valuable for interpreting CO poisoning
and may provide valuable information for forensic diagnosis. Recently,
CO has been recognized as not only a toxic substance, but also a sig-
naling gas, and research into therapeutic applications is been underway
[113,114]. Further study of potential applications in daily practice are
required.
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