Chapter 7

Evaluation of Hyperbaric Oxygen Therapy
as a First-Line Treatment for Carbon
Monoxide Poisoning
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7.1 Introduction

Carbon monoxide (CO) is a colorless, tasteless, odorless, dangerous gas, which
exists anywhere people live, and it is slightly lighter than air. The prognosis of CO
poisoning varies depending on the exposure situation of CO gas, and some suffer
from disorientation, urinary incontinence, energy loss, or even death after a full
recovery from CO poisoning. The pathogenesis of acute CO poisoning has not been
clearly identified, and the treatment protocol has also not been established.

CO goes through the lungs [1] to combine with hemoglobin (Hb) in a high affin-
ity (200-250 times stronger than oxygen), [2] to shift Hb oxygen dissociation curve
to left, and [3] to be coupled with the cytochrome c¢ in mitochondria, and cause
breathing difficulties of organ, which induces organ failure by low oxygen transport
(hypoxia). When CO-Hb level goes up to more than 20%, it increases the impact on
the brain and heart [1], to make big damage on the brain, which consumes oxygen
the most, followed by cardiac muscle, and skeletal muscle [2, 3]. And, after fully
recovering from the consciousness disorders once in an acute phase, psychoneurotic
symptoms may be caused sometimes (delayed neuropsychological sequelae; DNS).
Therefore, the treatment is important for eliminating CO from the body as soon as
possible.

K. Taki (D<)

Department of Emergency Medicine, Sapporo Higashi Tokushukai Hospital,
Higashi-ku, Sapporo, Hokkaido, Japan

Faculty of Medicine, Saga University, Saga, Japan

S. Goda
Department of Emergency Medicine, Sapporo Higashi Tokushukai Hospital,
Higashi-ku, Sapporo, Hokkaido, Japan

© Springer Nature Singapore Pte Ltd. 2020 105
N. Shinomiya, Y. Asai (eds.), Hyperbaric Oxygenation Therapy,
https://doi.org/10.1007/978-981-13-7836-2_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-7836-2_7&domain=pdf
https://doi.org/10.1007/978-981-13-7836-2_7

106 K. Taki and S. Goda
7.2 Implementation Criteria in Each Hospital and Institute

The criteria for implementation of hyperbaric oxygen therapy (HBOT) for acute CO
poisoning differ according to hospitals and institutes. So far, the criteria for imple-
mentation (Table 7.1) by Colignon and Lamy (1986) [4] is the only one published
as the world standards. However, HBOT has been performed for severe cases and
normobaric oxygen therapy (NBOT) for the mild cases, which clearly suggests that
the method of treatment varies depending on the severity of the cases. Therefore,
the severity of the cases should be equal when comparing the therapeutic effects
between HBOT and NBOT. Kusuba et al. [5] classified the implementing facilities
into three ranks; facility where HBOT is rarely performed (A rank), the intermedi-
ate facilities (B rank), and facility where HBOT is frequently performed (C rank),
respectively (Table 7.2). According to this classification, the therapeutic effect was
compared considering the severity, and a new interpretation has been added to the
application of HBOT and NBOT [5].

Table 7.1 Hyperbaric oxygen (HBO) versus normobaric oxygen (NBO) (Colignon & Lamy 1986)
[22]

Hyperbaric facilities COHb>25% HBO
available COHb<25% HBO if symptoms, NBO if none
No hyperbaric facilities COHb>40% Immediate referral to HBO center
COHb<40% no symptoms NBO
COHb<40% with symptoms Referral to HBO center

Table 7.2 Grouping of institutions regarding criteria for HBOT [5]

Items Clinical Clinical Number of items
CO-Hb laboratory exam Clinical | in criteria for
Groups | value | Symptom data findings history HBOT
A >40% | Loss of Showing Abnormal >l h Abnormal
consciousness | organ failure findings in 0-1
item
B >25% | Any symptom | Abnormal Abnormal >30 min | Abnormal
findings in 2-3
items
C >5% Any symptom | Abnormal Abnormal >A few Abnormal
min findings in >4
items

Symptoms: impaired consciousness, headache

Clinical laboratory data: CO-Hb, CPK, lactate, GOT/LDH, white blood cell
Clinical examination: ECG, cardiac echo, CT, MRI, EEG

Clinical history: exposure to CO gas
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7.3 Pathophysiology of CO Poisoning

As oxygen delivery is controlled by inhaled oxygen concentration, Hb level, and
blood flow volume, CO gas reduces the amount of Hb that can transport oxygen
as anemia by combining with Hb at the high affinity (left shift of the oxygen dis-
sociation curve). If the oxygen consumption is not remediated instantly, hypoxia
continues for long term to induce tissue acidosis, and the patient lapses in delayed
neuropsychological sequelae (DNS) of CO poisoning.

In CO poisoning, myelin basic protein (MBP), acetaldehyde, and malondialde-
hyde (MDA) are produced as antigens [6], which has been thought to cause DNS
of CO poisoning as a result of immunological reactions [7]. Therefore, treatment
against immune response has started to be used as the treatment of DNS of CO
poisoning.

7.3.1 CO-NO-0, Competitive Coupling
7.3.1.1 Hemoglobin (Hb)

Since carbon monoxide competitively binds to Hb in red blood cells with 200-250
times higher affinity than oxygen [8], it has been said that CO-Hb indicates the
severity of CO poisoning.

However, CO-Hb level can be easily dropped down by O, inhalation, thus
oxygen inhalation is considered to be a possible effective treatment (both NBO
and HBO). Carbon monoxide diffuses from the alveoli in the body; CO-Hb level
can change due to various factors related with CO uptake and release impacts
(Table 7.3), and a small amount of CO is directly oxidized into CO,. Due to the
factors affecting the Hb level in the body, the average half-life (¢,,) of CO-Hb
varies widely between 27 and 464 min (Table 7.4) [9-11]. NBOT is similar to
HBOT in that it can reduce the level of CO-Hb, but the difference in the thera-
peutic effect between the two treatments is being questioned. Some think NBOT
is sufficient for CO poisoning and it can improve oxygen transport capacity in
the blood. If CO gas remains in peripheral tissues, however, hypoxic state con-
tinues there, which suggests that HBOT would be better indicated in severe CO
poisoning.

CO is taken in from the outside of the body. Also, when heme is degraded by
heme oxygenase into Fe and biliverdin, CO is produced in the body. Although CO
directly up-regulates the activity of nitric oxide synthase (NOS) enzymes, NO radi-
cals (°\NO) compete with CO in the active site at the cellular level. Thus, CO inhib-
its NO from binding to heme protein, which increases the NO concentration both
inside and outside of platelets and also in endothelial cells [12—-14].
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Table 7.3 Laboratory diagnosis of CO poisoning [22]

Various laboratory procedures that may be used in the diagnosis of CO poisoning are as
follows:
1. Determination of CO in the blood
Direct measurement of the CO-Hb levels
Measurement of CO exhaled from the blood

Measurement of CO content of the exhaled air

2. Arterial blood gases and lactic acid levels

. Screening tests for drug intoxication and alcohol intoxication

W

. Biochemistry
Enzymes:creatine kinase, lactate dehydrogenase, SGOT, SGPT

Serum glucose

. Complete blood count

. Electroencephalogram

. Electrocardiogram

. Computed tomography (CT) scan
. Magnetic resonance imaging (MRI)

NeRRe RN RRo RRY)|

10. Neuropsychological testing

Table 7.4 Factors influencing CO release and intake [32]

1. Relation of CO concentration with the partial pressure of O,, CO,, and N,O in respiratory
gas
. Concentration of respiratory mixed gas

. Temperature and humidity of inhaled gas

. Alveolar ventilation

. Concentration gradient of CO in alveola and lungs

. Cardiac output

. Diffusion volume of CO in lungs

. Reaction speed of Hb with CO

. Blood volume and flow in the lung capillary
. Hb and Ht

. Production rate of endogenous CO

[
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. Consumption of metabolic CO

—_
w

. Excretion rate of CO

7.3.1.2 Cytochrome c oxidase (CCO)

Cytochrome ¢ oxidase (CCO) is the final enzyme in a mitochondrial electron
transport chain. CO incorporated into the tissues competitively binds with various
intracellular proteins that use O,, CO, or *NO gases as ligands. CO inhibits mito-
chondrial respiration once it binds to CCO. In the cascade of electron transport for
producing ATP (Fig. 7.1), CO inhibits CCO in the final stage (site III) and stops the
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Fig. 7.1 Respiratory chain in mitochondria [22]. The mitochondrial respiratory chain indicating
sequence of electron transport, three sites of energy coupling (oxidative phosphorylation), and
location of acting CO

cells from functioning [15, 16]. Although the binding capacity of CO to CCO is not
as strong as to O, or *NO, it has great significance when the cells go into the low
oxygen status. Synthesized endogenous CO reduces cellular respiration by 30%
[17]. When CO-Hb level reaches 20%, the injuries due to shock, postoperative ileus,
organ transplantation, and ischemia reperfusion have been reported to be prevented
[18-20]. However, exogenous CO combines with CCO and inhibits mitochondrial
respiration [21], which might selectively induce apoptosis in brain nerve cells [22,
23]. The inflammatory and apoptotic effects of CO occur as a result of the synthe-
sis of stress-dependent protein [24, 25]. Free radicals produced from mitochondria
that are exposed to CO are key stressers to induce necrosis or apoptosis of nerve
cells [26, 27]. On the other hand, stabilization and activation of hypoxia-inducible
factor-la regulates genes involved in cell proliferation, differentiation, and survival
[28], and reduces the organ response to the injury, which is considered to be “pro-
tective” [24].

Since CO gas binds tightly with CCO in the mitochondria, it cannot be easily
released from the peripheral tissues. It disrupts the electron transport chain at the
cellular level, which leads to an excessive production of reactive oxygen species
with disturbance of adenosine triphosphate (ATP) synthesis. Thus, CO stops oxy-
gen metabolism in the mitochondria [22, 29]. Treatment with HBO assists to inhibit
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lipid peroxidation caused by CO exposure [30] and prevents white blood cells from
adhering to small blood vessels (microvasculature) [31], then helps prevent the
injury of central nervous system. If the treatment is inadequate and residual CO gas
continues to remain with the state of low oxygen in peripheral tissues, it results in
an increased permeability of blood vessels and may cause pulmonary and cerebral
edema. Long-term hypoxia may cause an impairment of consciousness and induce
a vicious cycle that worsens the condition after CO exposure. CO also induces
neutrophil-platelet aggregation/activation to deteriorate tissue injuries and may lead
to an intermittent type CO poisoning which is characterized by the dysfunction of
critical organs (Fig. 7.2) [32].

ﬁv

CcO

e

. CO combines with heme protein to prompt *NO-release from platelets competitively.

2. Platelet primed with *NO reacts with neutrophil primed with * O2- to create the
chemical reaction mediator which can activate platelets.

3. As a consequence, platelet-neutrophil aggregation is produced.

4. Reaction between platelets and neutrophils produces an aggregation with molecular
adhesion, and prompt degranulation from neutrophil to release myeloperoxidase
(MPO) into the blood.

5. MPO releasing from neutrophil remains along the vascular wall, and some of MPO

imigrates into substance under the endothelial cell.

6. Productions by reacted with MPO activate endothelial cells, and prompt adhesion of
neutrophils on the vascular wall to degranulate from neutrophils.

Fig. 7.2 Mechanism of perivascular injury by CO [32]. nNOS neuronal nitric oxide synthase, NO
nitric oxide, NO; nitrogen dioxide, HNO, nitrite
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7.3.2 Priming of Blood and Perivascular Injury

After entering the blood vessels through the lungs, CO acts on red blood cells, plate-
lets, and neutrophils. It forms nitrotyrosine around the blood vessels and promotes a
chain of activation and degranulation of polymorphonuclear neutrophils (PMN5s) as
shown in Fig. 7.3 [33]. Accordingly as the walls of blood vessels are injured, capil-
lary leakage may occur around the aorta, lungs, skeletal muscles, and brain [13].
The injury of blood vessel walls can cause tissue edema, circulatory disorders, and
an insufficiency of coagulation system [31]. Infiltrated neutrophils promote a rapid
activation of the synthesis of reactive oxygen species as well as *NO-generating
substances. Oxidative stress has a critical role in neurological injuries [7, 34, 35].
On the other hand, CO has a beneficial role to healthy human bodies because of its
complex functions in metabolism and inflammatory reactions. The physiological
role of CO is becoming more and more clearly [22], thus how to treat CO poisoning
has been reconsidered.

Heart and brain injuries caused by CO are considered as a result from the com-
bination of hypoxic/ischemic stress, damage around the blood vessels, and excito-
toxicity. By acting on the platelets, PMNs, and Hb in the blood, CO gas stimulates
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Fig. 7.3 Cascade of the functional disturbance induced by CO
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N-methyl-p-aspartate (NMDA) excitatory neurons in the brain and activates neural
nitric oxide synthase (nNOS) to increase the concentration of brain nitrite [36-38].
Dysfunction of mitochondria and excessive perivascular oxidative stress caused by
CO inhibit the reuptake of glutamate. Arachidonic acid release in the neurophysi-
ological pathway is also inhibited by CO. Hypoxic/ischemic stress followed by an
increase of reactive oxygen species can cause nervous activation and present its
effect on neurons due to an exacerbation of excitotoxicity [39].

Activation of platelets by CO induces the aggregation of PMNs and stimulates a
degranulation to release myeloperoxidase (MPO) into the blood plasma. After the
degranulation, MPO deposits on the blood vessel walls and increases the amount of
nitrite production, where the expression of adhesion molecules on the endothelial
cells is enhanced and PMN adhesion is thus increased. Adhered PMNs activate the
production of xanthine oxidase, thereby increasing the amount of oxidants to cause
brain lipid peroxidation. Products of lipid peroxidation reaction and myelin basic
protein together form additives, denaturing the myelin basic protein into immuno-
logical substances, and consequently lymphocytes are primed to start the immune
response in the brain. As a result, survivors from CO gas intoxication suffer from
learning disabilities because of the brain damage.

CO combines with much of heme proteins (hemoglobin; Hb) with 250-times
higher affinity than oxygen, shifts the oxygen dissociation curve to the left, and
disturbs oxygen supply to the peripheral tissues [8, 40, 41]. CO also combines with
myoglobin in the muscle; however, it is unknown whether its interaction with cel-
lular proteins does any harm in the physiological pathway [42].

7.3.3 Relation with Blood Flow

CO gas permeated into the tissues promotes NO production and increases micro-
circulation of the blood flow by dilatation of blood vessels in the peripheral tis-
sues. It is recognized as a partial compensation for the hypoxic stress [43]. This
vasodilatation breaks the balance of blood flow distribution in the peripheral
tissues, causing a steal phenomenon, which decreases blood flow in an area to
induce another hypoxia. Therefore, aerobic metabolism is hindered, and meta-
bolic acidosis occurs in this area. In each chemical reaction of the pathological
cascade, injuries of nervous system or dysfunction of various organs occur as a
manifestation of the cytotoxic effects of CO as shown in Fig. 7.2 [32], which is
considered to cause late-onset brain injuries. When the CO-Hb level increases to
about 9%, vasodilatation of retina and choroidal vessels occurs [44] along with
the systemic adverse effects, such as tissue hypoxia, kidney failure, heart failure,
coma, and pulmonary edema. Also, the organs which require oxygen the most,
i.e., the brain and heart, fall into dysfunction first and foremost. CO injures the
tissue or nerve surrounding blood vessels, which causes neurological dysfunc-
tion or loss of function in the end (Fig. 7.3).
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7.3.4 Neurotransmitter and Excitotoxicity

CO poisoning increases the activity of NMDA neurons and nNOS. Neurologic
sequelae have been confirmed by using animal models in two processes (blood ves-
sels around MPO deposition and excitotoxicity) [45].

7.3.4.1 Neurotransmitter

Upon, activated heme oxygenase-2 (HO-2) increases endogenous CO synthesis
from heme, and the CO thus produced plays a neurotransmitter role as mediates
nerve signal transduction by activating guanylate cyclase [46]. It has not been
determined, however, whether exogenous CO, one of the sources of environmental
pollution, affects the neurotransmitting function in a similar manner. HO-2/CO
coordinates the secretory stimulation of vasopressin in hypothalamus, which
plays a role on long-term potentiation action of the upper cervical ganglia and
hippocampus [47].

7.3.4.2 Excitotoxicity

In CO poisoning, the excitatory neurotransmitter increases in the brain, and the
receptor is activated by the excitatory amino acid such as NMDA, metabotropic,
D-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, and kainic acid [48]. In
particular, the activation of NMDA receptor causes nervous injuries due to the
excitotoxicity [46]. Then, NMDA receptor antagonism reduces the degeneration of
neurons due to CO in the hippocampus and the lack of memory. The activation of
NMDA induces calcium influx and stimulates nNOS (type I), which means NMDA-
induced excessive NO production causes neuronal damages [45, 49]. Therefore, Ca
channel blocker (nimodipine) is considered to be a treatment candidate drug for
preventing nerve cell death, learning disabilities, and hippocampal pathology [50].

7.3.5 Cardiac Damage

The tissue with high O, consumption has a steep oxygen gradient inside the cells,
which facilitates CO reuptake into mitochondria [51]. In the most O,-sensitive tis-
sues such as the heart, vasoconstriction is a typical disorder easily affected by an
increase of CO-Hb levels. For example, coronary arterial reflux to the systemic cir-
culation is an important factor for heart failure in addition to hypoxia [42, 52]. In the
cases of severe CO poisoning, arrhythmia, cardiomyopathy, myocardial infarction,
and sudden cardiac arrest may occur. Accordingly, CO poisoning could be the cause
of acute cardiac death [53-55].
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The decrease in neutrophil MPO index (MPO/cell) which is the proof of
platelet—neutrophil interaction and the simultaneous increase in intravascular MPO
levels is a high-risk factor for an acute coronary syndrome among the patients with
moderate to severe CO poisoning [3, 56]. The patients who have suffered from
an acute myocardial injury in CO poisoning carry the high risk of cardiovascular
death for 10 years after exposure. To control the myocardial risks, ECG and myo-
cardial marker in the blood plasma are useful monitors. Chest X-ray examination
can be used for the evaluation of myocardial function in the case of emergency. It
enables the evaluation of pulmonary injury by smoke inhalation or pulmonary con-
gestion/alveolar infiltration due to myocardial injury [53]. Since HBOT improves
the hypoxia of myocardial cells in CO poisoning, it is performed not only for the
purpose of the treatment of consciousness disorder but also for the improvement of
cardiac contractility.

7.4 Symptoms of CO Poisoning

Symptoms of CO poisoning include redness or cherry-red color of the skin, which
is not specific to the disease, and some various cold-like symptoms, such as slight
fever, tachycardia, tachypnea, mild headache, nausea, and coma (Table 7.5).
Without knowing the fact of CO exposure, differentiating a disturbance of con-
sciousness from other diseases such as cerebrovascular disease, diabetic coma, or
drug poisoning is difficult. It may cause considerable delay in identifying the source
of CO contamination or correctly diagnosing for treatment [23], which means status
hearing is crucial.

Although correlation between clinical symptoms and CO-Hb levels (2-10%) is
well known (Table 7.6), CO-HbD levels do not always match with the severity due
to various factors including oxygen insufflations during transportation, duration of
exposure, or medications which the victims take [10, 11]. Even CO exposure at
5-10% or lower CO-Hb level may cause some subtle changes in visual or auditory
function, level of consciousness, occupational or learning ability [57, 58], and there
may be some abnormality identified in higher brain functions by objective test such
as auditory evoked potentials. These nonspecific initial symptoms appear in the
course of time after the CO exposure, and as the CO-Hb level increases, it leads to
respiratory insufficiency or consciousness disturbance, and finally to a circulatory
collapse followed by death. Patients exposed suddenly with high concentration of
CO, however, lose the consciousness immediately.

Table 7.5 Clinical features Headache Collapse convulsion

of CO poisoning Visual disturbance Changes in electrocardiogram
Mental confusion Comatose
Anxiety Angina
Dyspnea/Tachypnea Psychological deficit symptoms
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Table 7.6 Severity of CO poisoning, CO-Hb levels, and clinical features [22]

CO-Hb
Severity level Clinical features
Occult >5% No apparent symptoms
Psychological deficits on testing
5-10% Decreased exercise tolerance in patients with chronic obstructive
pulmonary disease
Decreased threshold for angina and claudication in patients with
atherosclerosis
Increased threshold for visual stimuli
Mild 10-20% Dyspnea on vigorous exertion

Headaches, dizziness
Impairment of higher cerebral function
Decreased visual acuity

Moderate | 20-30% Severe headache, irritability, impaired judgment
Visual disturbances, nausea, dizziness
Increased respiratory rate

30-40% Cardiac disturbances, muscle weakness
Vomiting, reduced awareness

Severe 40-50% Fainting on exertion
Mental confusion

50-60% Collapse convulsions

Paralysis
Very 60-70% Coma, frequently fatal within a few minutes
severe Over 70% | Immediately fatal

Respiratory and cardiac arrest

The patients with coronary artery disease may decrease exercise capacity and
have early myocardial contraction frequency and symptoms of myocardial ischemia
at the low CO-HD level of 2-6% [55, 59]. In addition, exercise tolerance decreases
in patients with chronic obstructive pulmonary disease [60], and complications such
as angina, pulmonary edema, gastrointestinal bleeding, and acute renal failure may
occur.

7.5 Laboratory Test of CO Poisoning

Measurement of blood CO-HbD level is a standard diagnostic test, but due to the
similar optical absorption characteristics among O,-Hb, CO-Hb, and fetal hemoglo-
bin (HbF), CO exposure cannot be identified by pulse oximetry [61, 62]. In recent
years, it became possible, however, to diagnose CO poisoning before arriving the
hospital using new models which can detect CO-Hb. On the other hand, metabolic
acidosis and lactic acidosis, which reflects the decrease in oxygen transportation
capacity, are indicators to evaluate the severity. Especially in the case of conscious-
ness disturbance, metabolic acidosis with wide anion gap, or unexplainable lactic
acidosis, it is important to suspect CO poisoning regardless of the CO-Hb levels.
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In the case of acute myocardial injury showing circulatory depression due to CO
exposure, both the ECG which reflects myocardial ischemia and cardiac marker
levels (troponin and creatine kinase: CK-MB fraction) which reflect organ ischemia
are good monitoring tools (Table 7.7). In addition, the echocardiography which is
able to sensitively detect myocardial wall motions is also a useful examination tool
for diagnosing myocardial injury in CO poisoning. Chest X-ray can be one of the
best examinations to urgently evaluate pulmonary edema or alveolar infiltration due
to smoke inhalation or myocardial injury [53].

The degree of brain damage is determined by how much a victim has been
exposed to the CO gas. And consciousness disturbance or abnormal findings in
CT or MRI results are considered due to the following two situations; “an initial
brain injury on exposure”’; and “a late-onset brain injury caused by CO residues
in the tissues (delayed neuropsychological sequelae (DNS) of CO poisoning).”
In brain CT (computed tomography) and MRI (magnetic resonance imaging),
abnormalities of low density or high intensity are found in the wide area includ-
ing the globus pallidus, putamen, thalamus, the caudate nuclei, substantia nigra,
fornix, hippocampus, corpus callosum, and cortex [63—65]. These clinical symp-
toms do not always reflect abnormal findings on the images, and the nerve inju-
ries by CO are not much completely with anatomic areas. However, since these
changes are observed in the regions where oxygen required in the brain blood
stream and the nerves in CO poisoning [66, 67], the neurotoxicity of CO can
be assumed to coincide with the pathophysiology around the surrounding blood
vessels. It is a fact that symptoms and radiographic findings disappear by the
repeated HBOT. It is interesting that the prognosis is bad in a case with identified
abnormality in acute CO poisoning. But, it is not clear whether HBOT is neces-
sary until they disappear.

From research using EEG, it is said that EEG is also deeply related to the course
of the CO poisoning, and EEG is a test to detect the characteristic findings of isch-
emic lesions in cerebral basal ganglia. As EEG test is a good prognostic indicator
[3, 68], it is suggested that consciousness disturbance and the duration of CO gas
exposure must be emphasized as the criteria of severity and selecting treatment
methods.

Table 7.7 ECG
abnormalities due to CO
poisoning [22]

. Arrhythmias, extrasystoles, atrial fibrillation

. Low voltage

. Depression of S-T segment

W IN =

. Prolongation of ventricular complex, particularly the Q-T
interval

5. Conduction defects

¢ Increased P-R interval
¢ A-V block
¢ Branch bundle block
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7.6 Diagnosis of CO Poisoning

As the symptoms of CO poisoning are similar to that of a cold, CO poisoning is
sometimes overlooked from unawareness of the exposure to CO gas [23]. Thus,
emergency doctors should always bear the possibility of CO poisoning in their
minds, and it is important to obtain the information necessary to grasp the situations
such as “the family in the same house had a headache at the same time,” “the car was
idling in a small garage,” or “to inhale the smoke at the fire scene” for the diagnosis.
To diagnose CO poisoning, the situation of the scene will be the most important
basis in addition to the CO-Hb levels and clinical signs. The classical cherry-red
findings on the face and trunk are never specific, and in the case of consciousness
disturbance, it is necessary to differentiate it from cerebrovascular disease, diabetic
coma, or drug poisoning.

Although clinical symptoms of headache and dizziness have a constant relation-
ship with CO-Hb levels (2-10%), it is important to keep in mind that its relationship
is different in reality. Because the blood CO-Hb level declines in the course of time
or due to oxygen insufflations during transportation, the case of CO-Hb levels less
than 10% on arrival could be a severe CO poisoning case [69].

Since a CO-Hb level in the arterial blood is almost same as that of the venous
blood, the CO-Hb level should not necessarily tested with the arterial blood. When
an increase in oxygen partial pressure of venous blood is confirmed, it is expected
that respiratory enzyme is inhibited due to CO poisoning. It is important to make
note in the outbreak situations and the clinical symptoms. In the case of fire, it may
be complicated with the symptoms of hydrogen cyanide [22], and there are more
cases of mixed gas poisoning accompanying chemical choking by other gas such as
hydrogen cyanide, carbon dioxide, or hydrogen sulfide. Therefore, the blood mea-
surement of CO-Hb is important in the diagnosis.

Brain CT (computed tomography)/MRI (magnetic resonance imaging)/SPECT
(the single photon emission computed tomography) have been reported in wide
areas of lesions [63, 65], which is evidence in those tests (Table 7.8). CT can’t cap-
ture the changes of cerebral blood flow, but it is to detect abnormalities like edema
of the basal ganglia and white matter. While MRI can detect those abnormalities in

Table 7.8 Comparative value of brain imaging studies in CO poisoning [22]

CT MRI SPECT
Basal ganglia lesions + ++
White matter lesions + 4+
Both white and gray matter + ++ +++
Cerebral edema + ++
Cerebral perfusion 4+
Predicting late sequelae + ++ ++
Assessing response to HBOT + ++ +++
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more sensitive than CT, SPECT is more sensitive to changes in white/gray matter
and detection of delayed change, and better in cerebral blood flow than CT or MRI.
The effect of HBOT can be assessed, with increasing sensitivity, by using CT, MRI,
SPECT, respectively [22]. However, these CO-associated findings do not reflect
nerve injuries and anatomical area [64]. These findings are suggested to match with
pathophysiology of the blood vessels surrounding.

7.7 Treatment for CO Poisoning

Treatment for CO poisoning is based on general management of poisoning and is
special to CO poisoning.

7.7.1 General Management of CO Poisoning
7.7.1.1 Primary Treatment for CO Poisoning

As to direct treatment for CO poisoning, pure oxygen insufflations, artificial respi-
ration, and HBOT are used to: [1] prevent its invasion; (2) eliminate from the body;
and (3) antagonize the toxins absorbed (Table 7.9). The oxygen insufflations are
basic treatment, and the methods are separated into atmospheric pressure and high
pressure. CO poisoning is one of the most common indications for HBOT, HBOT
quickly increases the oxygenation in tissues and at the same time rapidly isolates
CO from the hemoglobin, which is the most theoretical treatment.

7.7.1.2 Intensive Care for Life Support
As the CO poisoning complicate various diseases, in severe CO poisoning cases,

the treatment includes improving or preventing cerebral edema and activating cere-
bral metabolism. In addition, the multimodal treatment is required to address DIC

Table 7.9 Guidelines for the 1. Remove patient from the site of exposure
management of CO 2

Lol . Immediately administer oxygen, if possible after taking a
poisoning [22] blood sample for CO-Hb

3. ndotracheal intubation in comatose patients to facilitate
ventilation

4. Removal of patient to HBO facility when indicated

5. General supportive treatment; for cerebral edema,
acid-base imbalance, etc

6. Keep patient calm and avoid physical exertion by the
patient
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or circulation failure, and so on. HBOT improves cardiovascular diseases, reduces
the mortality rate, and prevents autoimmune neurological sequela [70]. It is said
to reduce the mortality rate further when using hypothermia therapy together with
HBO after CO exposure, however, it is unlikely that HBOT helps to improve the
prognosis when the brain has been injured by hypoxia [27].

7.7.2 Treatment by HBO

Since HBOT has the two effective points: (1) high oxygen partial pressure promot-
ing the exclusion of CO from the body, and (2) high dissolved oxygen increasing
oxygen supply. HBOT is used for recovery from CO poisoning and prevent inter-
mittent-CO poisoning. HBOT or NBOT is selected according to the triage criteria
by Colignon and Lamy (1986) [4], and for patients presenting with any symptoms,
HBOT is performed instantly. Even if the consciousness is recovered or the elec-
troencephalogram (EEG) are normalized, it is recommended to continue every day
for 1-2 weeks to prevent late-onset of brain damage [22, 71] (Table 7.1). The thera-
peutic effects of HBOT have been discussed for many years; the combined treat-
ment of HBO with thyrotropin-releasing hormone (TRH) or Ca channel blocker
(Nimodipine) inhibits neuronal degeneration, learning disabilities, and hippocam-
pal neuronal cell death caused by CO, and is meaningful as a method for treatment
of acute CO poisoning [51, 72, 73]. However, there are reports that both confirm and
deny the HBOT from the standpoint of evidence-based medicine.

7.7.2.1 Effects of HBOT

In a retrospective multicenter comparison study of HBOT and NBOT, it is diffi-
cult to unify (1) background of the patient, (2) evaluation of patient, and (3) man-
agement of HBOT (pressure, duration, and times). Effectiveness of HBOT is not
determined in acute CO poisoning because evaluation criteria for therapeutic effect
is unequal between each center (Fig. 7.4) [74-76]. As evaluation of the treatment
effects differ according to the HBOT practices and implementation criteria, com-
parative research is never an ideal method. The prognosis and treatment of acute CO
poisoning cases in Japan was surveyed by Kusuba et al., and the institutions were
divided into three groups: FULL RECOVERY (where symptoms or abnormal find-
ings disappeared completely); IMPROVED (where symptoms or abnormal findings
were improved; and UNCHANGED (where any changes in symptoms or abnormal
findings were confirmed), by using their own HBOT implementation criteria for
acute CO poisoning. Consequently, it is concluded that HBOT is more effective
than NBOT [5] (Fig. 7.5). Interestingly, it is reported that there was no difference in
ratio of effective to ineffective between each rank (group) in HBOT cases, however
in NBOT cases, the ratio of ineffective cases was higher than that of HBOT cases
[5] (Fig. 7.6). This report minimized the difference between the comparison groups
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Fig. 7.4 Comparison of prognosis between types of treatment administered among institutions
with and without an HBOT chamber [5]. (Pearson’s Chi-Square Test, n = 1667)
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Fig. 7.5 Prognosis of cases included in the study [5]. (Pearson’s Chi-Square Test, n = 1667)

by simplifying the evaluation criteria and comparing within the same institutions,
which makes it the large retrospective comparison test (RCT) with the highest reli-
ability in the world. Hyperbaric oxygen administration has been proven to relieve
the symptoms of poisoning in animal experiments [77], and it was reported that
oxygen administration, brain anti-edema therapy, and brain activation therapy for
recovery of consciousness were the therapeutic effects of HBOT [22, 73, 78, 79],
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Fig. 7.6 Comparison of prognosis between groups A, B, and C among institutions equipped with
HBOT chambers [5]. (Cochram-Armitage test, n = 967)

whose active implementation was discussed. From these things, it needs to be pro-
moted that HBOT should be prioritized over NBOT in treating severe acute CO
poisoning.

HBOT reduces the acute mortality and decreases the occurrence of neurological
sequelae and the neurological injuries due to immunity; however, it does not reduce
the injuries caused by hypoxia [27, 70]. Therefore, there is another idea that HBOT
is effective in the patients with CO poisoning who fall under one of the follow-
ing categories: with consciousness disturbance; with the CO-Hb level of more than
25%; or more than 36 years old. Considering the mechanism of hypoxia in tissue,
just because the CO-Hb level decreases does not mean that it has been cured. Since
a small amount of residue of the CO gas in the tissue can cause a various injuries,
HBOT is considered to be a reasonable choice for severe CO poisoning.

7.7.2.2 Prognosis in the NBOT Group

As described in the implementation criteria for HBOT by Colingnon and Lamy [79],
HBOT group is more severe than NBOT group. It is suggested that the patients with
mild acute CO poisoning tend to be transported to the facilities without a HBOT
instrument, and the patients with any severity, severe to mild, to the facilities with
a HBOT system. Therefore, the installation of HBOT equipment makes difference
in the patients’ severity. Also, according to the Cochrane review, the implementa-
tion of HBO to an acute CO poisoning only shorten the half-life of CO and is not
recommended as a routine treatment [80]. Even the clinical policy of American
College of Emergency Physicians, HBOT has no high-quality evidence but is just
one of the choices [81]. HBOT was believed to have the same therapeutic effect as
NBOT [9-11]; however, Kusuba et al. [5] observed the difference in the percentage
of non- effectiveness by NBOT among the facilities (Fig. 7.6). To be assessed, on
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the other hand, no differences in both therapeutic effects of HBOT and NBOT group
cannot negate the effect of HBOT therapy, which can show the prognosis of severe
and mild acute CO poisoning patients could be the same. Consequently, it means the
marked therapeutic effects of HBOT.

7.7.3 Historical Transition of HBOT
7.7.3.1 Efficacy of HBOT

Many clinical experiences were reported about effectiveness of HBO for CO poi-
soning [82-84]. In 1895, Haldane showed preventive effect of HBO for CO poi-
soning in animal experiments [32]. Since Smith reported the effective results of
HBO in 1962 [85], HBOT became to be used for acute CO poisoning. Although
HBO was recognized then as only and absolute treatment by this poisoning case,
tissue damage due to CO poisoning had not fully elucidated yet, and HBOT was
not generalized as an effective treatment. The HBOT triage criteria (Table 7.1)
for CO poisoning was first published by Colignon and Lamy (1986) [4], which
has generalized HBOT as a treatment for CO poisoning. In 1995, Ducasse et al.
[74] and Thom et al. [86] reported in their two RCTs that HBO was more effec-
tive treatment than NBO in mild cases. Although one RCT was reported in 1999
[72] which denied the effect of HBO for acute CO poisoning, it had the problems
that there was no consideration for the involvement of alcohol and medication
and that the duration of oxygen administration was short as 60 min, even at 2.8
ATA [32]. In 2002, Weaver et al. [73] reported that HBO suppressed DNS of
CO poisoning and improved its neurological prognosis better than NBOT, and
reported in the RCT that HBOT has positive treatment effects for higher order
functions.

After these reports, there were a report recommending HBOT [87], and other
studies were conducted to compare the neuropsychological functions between the
HBO groups (which received HBO treatment three times within 24 h from the dis-
covery) and the NBO groups (which received NBO two times for 125 min as con-
trol). Compared to the NBO, it was found that HBO inhibited the intermittent-CO
poisoning and improved the neurological prognosis, which has changed the under-
standing of the treatment in Japan, and the idea has become popular that HBOT is
an effective treatment for an acute CO poisoning. This RCT was internationally
valued as the most designed clinical trial in acute CO poisoning, and Sheridan et al.
[88] stated that HBOT could be a prospective treatment for severe CO poisoning.
However, at this time, it suggests that it is important to let experienced specialists
make the judgment of effect and to accumulate the results of clinical treatment
to determine the effectiveness of HBOT. The high CO-Hb level and the sustained
cerebral ischemia in the early stage of acute CO poisoning may induce a delayed
neuronal apoptosis, and thus it might be possible to determine the early transition to
an intermittent-CO poisoning.
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7.7.3.2 Unnecessary-Theory of HBOT

The randomized comparative test (RCT) in 1989 by Raphael et al. [89] was the
very first relevant trial report. However, in the patients without consciousness dis-
turbance there was no difference found between the NBO group (with 6-h pure
oxygen inhalation) and the HBO group (1-h treatment under 2 ATA) in the outcome
of the neurological function one month after treatment. And, in the patients with
consciousness disturbance, there was no difference shown in its therapeutic effect
between the patients who received the HBO treatment once and twice. In addition,
Scheinkestel et al. [90] reported that about half of the CO poisoning patients who
had been treated with HBOT received an additional treatment, and they considered
that HBOT was not necessary but NBOT was sufficient. According to these argu-
ment which designated HBOT unnecessary, it was considered that “there is no evi-
dence that HBO is more effective than NBO groups (22) in CO poisoning,” and also
in Japan, the theory designating HBOT unnecessary became the majority. However,
in the discussion about HBOT, it was shown that treatment procedures of each indi-
vidual were so different that the randomized controlled trial was difficult. As HBOT
was performed in only once or twice, which means the severity of patients was mild
in this RCT, it seemed to be difficult to estimate the effect of HBOT [89]. According
to the reports, those articles which question the evaluation of the effect of HBOT
could not be the conclusion [79, 91, 92].

7.7.4 HBOT Procedure

Weaver et al. (2002) [73] reported that three times of HBOT within 24 h (3 ATA
for 60 min at the first time, and 2 ATA for 100 min at second and third times) could
suppress the incidence of neuropsychological (cognitive) failure, and had recom-
mended the implementation of HBOT. However, it is still unknown which proce-
dure of HBOT is the most effective for acute CO poisoning, which is one of the
causes making it questionable for the effectiveness of HBOT. As a result by Weaver
et al. [73], the Pan-European Committee in 2004 had put out the treatment guideline
for CO poisoning. If a patient has a history of neurological symptoms or impaired
consciousness, HBO (at 2.5 ATA for 90 min) treatment should be carried out for
1 to 3 times as soon as possible. If a patient is a pregnant woman or a child, also
HBO is recommended even in a mild case, otherwise NBO for more than 12 h is
recommended. In addition, the treatment pressure of 2.5-3.0 ATA is recommended
also in the United States. In Japan, HBO for 60 min at 2 ATA is a standard HBOT
procedure, which was introduced by Raphael et al. as mentioned earlier (1989) [89].
In contrast, Weaver et al. [73] insisted that it is important to perform long-running
HBO with high pressure multiple times within 24 h in the early phase. This points
the characteristics of their treatment procedure.

HBOT procedures for acute CO poisoning vary in Japan [55, 57-59], and
even the combination of the therapeutic pressure and duration of HBO is not
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standardized internationally. In the first 24 h on the first day of arrival to hospital,
HBOT is performed 1-3 times at 2.5-3.0 ATA for 60 min, and for the following
days it is continuously performed at 2.0 ATA for 60 min for 7-14 times referring
to clinical symptoms (Fig. 7.7). As the prognosis becomes worse, the frequency
of HBOT increases. HBOT had no significant effect even when the frequency
increased over 14 times. In contrast, as the frequency of HBOT of cases with com-
plete recovery (full recovery) is as low as seven times, the rationale for HBOT fre-
quency for acute CO poisoning is 7—14 times (Table 7.10). To address the sequelae
from CO poisoning after the acute phase, patients have been followed up including
high-order neurofunctional evaluation by the multidisciplinary team formed with
the department of Neurosurgery, Neurology, and Rehabilitation.

7.7.5 Investigating Issues in the Treatment

HBO treatment method has some investigating issues. As HBOT is often performed
for 7-14 times in Japan, there is expectation that the ongoing HBO might suppress
the occurrence of DNS of CO poisoning. In the treatment of acute CO poisoning,
HBOT has still many issues right now. It is worthy of attention as to whether HBOT
can prevent DNS of CO poisoning, what can be the procedure criteria, based on

(times)
60 -

22.0+27.8

6.8 +8.1

Times of HBOT

20 43+7.8

o T |

Completely Improved Unchanged

Prognosis after treatment

Fig. 7.7 Prognosis and proceeding time by HBOT. (Multiple comparison test, n = 407)
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Table 7.10 Summary of the management for acute CO poisoning in Japan

1. Proceeding protocol of HBOT
Removal of patient to HBO within 24 h after CO exposure

* First: One man hyperbaric chamber...2.0 ATA for 60 min
(Multiplace hyperbaric chamber...2.8 ATA for 60 min)
e Second: 2.0 ATA for 60 min within 24 h
* Third: 2.0 ATA for 60 min within 24 h after second
* Total frequency is 7-8 times of HBOT basically (on some day, 2 times/day)

o After 7-8 times of HBOT, HBOT must be proceeded continuously until the abnormal signs
disappear fast (HBOT is discontinued after 10 times if signs disappear)

2. Indication for HBOT
(a) HBOT if one of them observed
¢ CO-Hb >10%
* or some symptoms

 or some abnormalities in the laboratory tests
(b) CT/MRI before/after HBOT

* Before HBOT procedure

o At the discharge

* At 2-3 weeks after CO exposure

Table 7.11 Remarkable signs expecting the worse prognosis

¢ Metabolic acidosis or deep coma at arriving...severe

* Complication of lung or/and kidney in a early phase...poor prognosis with
neuropsychological symptom

¢ Disturbance of consciousness

If recovered in 2—4 h...sequela may be almost disappeared

If recovered after 72 h...neuropsychological symptom may be appeared

e Conscious level after first HBOT...it could reflect the prognosis

 If wide low density area (LDA) in the globus pallidus or/and white matter appears in CT at
the early stage, it will be poor prognosis

e If brain blood flow decreases in SPECT at the early stage, it will be poor prognosis

what criteria the treatment can be terminated, whether the half-life of CO-Hb level
or improvement of the results of CT/MRI can be the criteria, or whether NBO is
inadequate as a treatment. Also, it is still unknown whether neurological sequelae
can occur even if a patient is without consciousness disturbance in acute poisoning,
even if the patient receives a rapid and appropriate emergency treatment [73, 86], or
whether the pathological apoptosis similar to a late-onset neurological necrosis can
occur by an transient cerebral ischemia [78]. As the expectations of HBOT involve
the evaluation of the acute poisoning, clinical findings to guess the prognosis by
many clinicians have been known empirically (Table 7.11). In the accumulation of
evidence, the issues would be solved scientifically in the near future.
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