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1. 발병률(prevalence)



미국

• 미국에서는 연간 5만명 이상의 환자가 급성일산화탄소(carbon monoxide, CO) 중독으로 응급실을

내원

• 매년 1,500명 정도의 환자가 사망

• 2000년대 중반의 연간 2,700명의 사망률에서 2010년대 중반에는 연간 1,319명정도로 사망률은

감소

• 하지만 매년 15,000명 정도의 intentional poisoning 환자가 발생하고 보고되는 사망환자의

2/3이상을 차지



미국

사고로 인한 CO 중독으로 인한 병원비와 소득손실이 연간 1조 2천억원



한국

2019년 국가응급의료진료정보망 (NEDIS) 데이터



2. 원인과 병태생리



원인

• CO는 무색, 무취, 무미한 가스로 일반적으로 탄소성분의 incomplete combustion에 의해 발생

• 흔한 원인

• 화재

• 엔진 배기가스

• 결함이 있는 화구(faulty furnaces)

• 번개탄, 연탄 (charcoal)

• 10ppm정도의 낮은 CO 노출에도 CO-Hb은 약 2%까지 나올 수 있음

• WHO에서는 6ppm이상의 CO에 장기간 노출 시 독성을 가질 수 있다고 이야기

• CO-Hb 진단기준

• 비흡연자: 2%이상

• 흡연자: 10%이상

• Heavy smoke의 경우 3.0%-7.7%까지 정상적으로 CO-Hb이 나올 수 있음



 The injuries caused by CO 

- A hypoxic stress brought on by an elevated COHb level 

- Left shift of the oxyhemoglobin curve
Roughton F, et al. Am J Physi. 1944

Rose JJ, et al. Am J Respir Crit Care Med 2017

However, perivascular and neuronal injuries arise by mechanisms other than hypoxia.
Neuropathology is due to a complex cascade of biochemical events 

- Several immunological and inflammatory pathophysiologic processes 

- Many independent of pure hypoxic stress 



• CO는 cytochrome c oxidase (COX)에 산소보다 3배 이상 더 잘 결합하는 특성

• CO가 COX에 결합하여 mitochondria respiration을 억제
• Oxidative phosphorylation 억제
• Oxidative stress 발생 (superoxide)

• Mitochondria 효과



• 혈소판과 염증 효과

1. CO가 platelet의 heme protein과 결합하면서

platelet에 있던 NO (nitric oxide)가 release

2 & 3. NO와 neutrophil에서 release된 superoxide가

결합하여 platelet-neutrophil을 비정상적으로 결집시

킴

4 & 5. 비정상적으로 neutrophil에서 degranulation

이 발생하면서 myeloperoxidase (MPO)를 미세혈관

의 endothelial에 침착시키고 neutrophil을 혈관

endothelium에 부착시킴

6. Neutrophil에서 나오는 protease들이 혈관 내피세

포에 있는 xanthine dehydrogenase를 xanthine 

oxidase로 변형시키면서 많은 ROS 생성됨



Activation of platelet adhesion molecules and platelet-neutrophil 
aggregation ⇒neutrophil degranulation, release of myeloperoxidase, and 
endothelial cell oxidative stress

Thom SR, et al. Am J Respir Crit Care Med 2006

Conclusion: Acute CO poisoning causes intravascular neutrophil activation due

to interactions with platelets. MPO liberated by neutrophils mediates

perivascular oxidative stress, which is linked to immune-mediated neurologic

sequelae.



Thom SR, et al. Am J Respir Crit Care Med 2006



Weaver LK, et al. N Engl J Med 2009



• Inflammatory 및 immunologic 효과

• Lipid peroxidation

• Myelin basic protein adduct 형성

• Lymphocyte 활성화

• Microglia 활성화



Weaver LK, et al. N Engl J Med 2009



Weaver LK, et al. N Engl J Med 2009



Weaver LK, et al. N Engl J Med 2009



Alteration in the structure of myelin basic protein and subsequent 
lymphocyte proliferation

Thom SR, et al. Proc Natl Acad Sci U S A 2004

Conclusion: These results demonstrate that delayed CO-mediated

neuropathology is linked to an adaptive immunological response to chemically

modified MBP.



Weaver LK, et al. N Engl J Med 2009



• Brain ischemia 효과

• Glutamate 분비 및 NMDA receptor 
활성화

• Calcium influx

• nNOS 활성화

• 신경세포 파괴



Weaver LK, et al. N Engl J Med 2009



3. 진단



• 최근 CO 노출 history

• CO 중독과 관련된 증상

• CO-Hb의 상승



증상

• 비특이적

• 경증

• 두통, 근육통, 어지러움, neuropsycholoical 장애

• 중증

• Confusion, 의식소실, 사망…



CO-Hb

• 절대적이지 않다.

• 시간이 지나면서 ventilation에 의해 감소

• 많은 산소를 줄 수록 더 빨리 감소

• 이 부분을 반드시 감안

• Laboratory CO oximeter로 확인

• 4 wavelength

• Fingertip pulse CO oximeter

• 이 결과로 CO 중독을 rule-out하지 마라.

• 아직까지 정확도에 대한 검증이 약함

• 보조적으로 만 사용고려



4. 임상적 발현

(clinical manifestation)



Critical illness

• 단기 사망률 (High short-term mortality) 관련 인자
• pH < 7.20
• 화재
• 의식소실
• CO-Hb 상승
• 고압산소치료시 기도삽관의 필요

CO-mediated cardiac death



Neurologic/affective 후유증

• CO 중독 이후 생존자들은 long-term 후유증으로 고통 받는다.

• 증상

• Impaired memory, cognitive dysfunction, depression, anxiety, and/or vestibular 

and motor deficits (굉장히 다양)

• 일반적으로 6주 이내 발생(12-47%)

• 발생 후 50% 정도에서 일부 호전 (1년 정도) 

• 6주 cognitive impairment 위험인자

• 36세 이상

• 24시간 이상 CO 노출

• 초기 증상의 중증도가 long-term neurological 후유증과 꼭 연관된 건 아니다.



심혈관영향

• 고압산소치료가 필요한 moderate to severe CO 중독환자의 2/3에서 myocardial injury가 발생하고

left ventricle의 기능이 떨어짐

• 이 환자들은 long-term mortality가 myocardial injury가 없던 환자보다 의미있게 높음

• The clinical spectrum of heart involvement in patients with CO intoxication is rather broad 

• Typically encompass cardiomyopathy, angina attack, myocardial infarction, arrhythmias and 

heart failure up to myocardial stunning, cardiogenic shock and sudden death

• In autopsy samples, the pathological features of CO intoxication are variegated and may include 

scattered and punctiform necrotic areas, subendocardial hemorrhages in the left ventricle, 

degenerative involvement of papillary and other muscles, as well as focal myocardial necrosis



New report







5. 치료



Short-term management

• Normobaric oxygen therapy (NBOT)

• Nonrebreather reservoir face mask

• CO washout을 빠르게

• 하지만 환자의 cognitive sequelae를 줄인다는 evidence는 없다…

• 하지만 안전하고 쉽게 사용할 수 있고 싸니까 사용한다.

• CO-Hb 5% 미만까지

• 보통 6시간이내



고압산소치료(HBOT)

 Rapid clearance of CO from blood and tissues

 Sufficient dissolved oxygen in blood that O2Hb is unnecessary

 Normalization of tissue oxygenation 



어떻게 좋아지는 것인가?



Reversal of cytochrome binding

Brown SD, et al. J Clin Invest 1992

• Cytochrome oxidation state가 NBOT 90분 후에 80%정도 호전을 보였고
HBOT를 실시한 경우는 완전히 회복되었다. (P < 0.05).



Preservation of adenosine triphosphate production

• 초기 HBOT가 apoptosis도 예방하고 신경학적 기능회복도 증진시켰다. 이것
은 mitochondrial ATP-sensitive K channel 의 improvement를 가져와서
neuroprotective 효과를 보였다.

Lou M, et al. Brain Res Bull 2006



Adaptive/protective oxidative stress response through 
increased heme oxygenase-1

Rothfuss A, et al. Carcinogenesis 2001



Upregulation and modulation of various antioxidant 
enzymes

Godman CA, et al. Ann N Y Acad Sci 2010



Induction of heat shock protein, which protects against 
oxidative stress

Globus MY, Busto R, Lin B, Schnippering H, Ginsberg MD. Detection of free radical activity during 

transient global ischemia and recirculation: effects of intraischemic brain temperature modulation. 

J Neurochem 1995;65:1250-6.

Shyu WC, Lin SZ, Saeki K, Kubosaki A, Matsumoto Y, Onodera T, et al. Hyperbaric oxygen 

enhances the expression of prion protein and heat shock protein 70 in a mouse neuroblastoma 

cell line. Cell Mol Neurobiol 2004;24:257-68.

Dennog C, Radermacher P, Barnett YA, Speit G. Antioxidant status in humans after exposure to 

hyperbaric oxygen. Mutat Res 1999;428:83-9.



Ayvaz S, Kanter M, Aksu B, Sahin SH, Uzun H, Erboga M, et al. The effects of hyperbaric oxygen application 

against cholestatic oxidative stress and hepatic damage after bile duct ligation in rats. J Surg Res 2013;183:146-55.

Zhang Y, Lv Y, Liu YJ, Yang C, Hu HJ, Meng XE, et al. Hyperbaric oxygen therapy in rats attenuates ischemia-

reperfusion testicular injury through blockade of oxidative stress, suppression of inflammation, and reduction of 

nitric oxide formation. Urology 2013;82:489.e9-.e15.

Reduced myeloperoxidase activity

Miljkovic-Lolic M, Silbergleit R, Fiskum G, Rosenthal RE. Neuroprotective effects of hyperbaric oxygen treatment in 

experimental focal cerebral ischemia are associated with reduced brain leukocyte myeloperoxidase activity. Brain 

Res 2003;971:90-4.



Decrease in hypoxia-inducible factor-1 expression

Calvert JW, Cahill J, Yamaguchi-Okada M, Zhang JH. Oxygen treatment after experimental 

hypoxia-ischemia in neonatal rats alters the expression of HIF-1alpha and its downstream target 

genes. J Appl Physiol (1985) 2006;101:853-65.

Li Y, Zhou C, Calvert JW, Colohan AR, Zhang JH. Multiple effects of hyperbaric oxygen on the 

expression of HIF-1 alpha and apoptotic genes in a global ischemia-hypotension rat model. Exp 

Neurol 2005;191:198-210.

Ostrowski RP, Colohan AR, Zhang JH. Mechanisms of hyperbaric oxygen-induced neuroprotection 

in a rat model of subarachnoid hemorrhage. J Cereb Blood Flow Metab 2005;25:554-71.



Reduction of necrosis and protection against accelerated apoptosis

Calvert JW, Zhou C, Nanda A, Zhang JH. Effect of hyperbaric oxygen on apoptosis in neonatal 

hypoxia-ischemia rat model. J Appl Physiol (1985) 2003;95:2072-80.

Brvar M, Luzar B, Finderle Z, Suput D, Bunc M. The time-dependent protective effect of hyperbaric 

oxygen on neuronal cell apoptosis in carbon monoxide poisoning. Inhal Toxicol 2010;22:1026-31.

Rosenthal RE, Silbergleit R, Hof PR, Haywood Y, Fiskum G. Hyperbaric oxygen reduces neuronal 

death and improves neurological outcome after canine cardiac arrest. Stroke 2003;34:1311-6.



Prevention of brain lipid peroxidation

Thom, S. R. 1990 Toxicol Appl Pharmacol



Reduced leukocyte adhesion & Blocking XD conversion to XO & 
Inhibition of immune response!!! 

Thom, S. R. 1993 Toxicol Appl Pharmacol



Muted adduct formation and blocked inflammatory response to 
altered myelin basic protein & Inhibition of immune response 

Thom, S. R., et al. Toxicology and applied pharmacology 2006

Conclusion: Lymphocytes from HBO2-treated and control rats do not become activated

when incubated with MBP, immunohistological evidence of microglial activation is not

apparent, and functional deficits did not occur, unlike untreated COexposed rats. The

results indicate that HBO2 prevents immune-mediated delayed neurological dysfunction

following CO poisoning.



Weaver LK, et al. N Engl J Med 2009



CO pathophysiology Effects of HBO2

Formation of COHb Rapid clearance of CO from blood and tissues

Increased Hb affinity for oxygen and leftward shift of oxyhemoglobin 

dissociation curve

Sufficient dissolved oxygen in blood that O2Hb is

unnecessary

Tissue hypoxia Normalization of tissue oxygenation

Binding to cellular proteins [i.e., cytochromes, myoglobin] and 

increased steady-state concentration of nitric oxide

Reversal of cytochrome binding

Inhibition of cellular metabolism Preservation of adenosine triphosphate production

Oxidative stress [i.e., due to mitochondrial production of reactive 

oxygen species and free radical production from heme degradation]

- Adaptive/protective oxidative stress response through increased 

heme oxygenase-1

- Upregulation and modulation of various antioxidant enzymes 

- Induction of heat shock protein, which protects against oxidative 

stress

Elevation of microparticles

Activation of platelet adhesion molecules and platelet-

neutrophil aggregation, resulting in neutrophil degranulation, release 

of myeloperoxidase, and endothelial cell oxidative stress 

Reduced myeloperoxidase activity 

Neutrophil adherence to vasculature, leukocyte immune response, 

and conversion of xanthine dehydrogenase [XD] to xanthine oxidase 

[XO]

Reduced leukocyte adhesion 

Inhibition of immune response

Blocking XD conversion to XO 

Lipid peroxidation Prevention of brain lipid peroxidation

Alteration in the structure of myelin basic protein and subsequent 

lymphocyte proliferation

Muted adduct formation and blocked inflammatory response to 

altered myelin basic protein 

Excitatory neurotransmitter toxicity

Activation of hypoxia-inducible factor-1alpha Decrease in hypoxia-inducible factor-1 expression

Neuronal necrosis and apoptosis Reduction of necrosis and protection against accelerated apoptosis



현재까지가장중요한 기전은…

Thom SR, et al. Am J Physiol. 1997;272



KEY POINT!!!



또한중요한기전…

• 고압산소치료는 human, mouse, rat 모두에서 pro-inflammatory cytokine 생성을
줄인다.

• 그 증거는 너무 많다…

• 최근 연구
• 고압산소 치료는 hippocampal neurogenesis를 촉진시킨다..

Liu WC, et al. Crit care med. 2016;44(1):e25-39.



Recent study

Preservation with HBOT

CO 중독 후
Proliferating cell 소실



6. Evidences for HBO2 in CO poisoning



Rose, J. J., et al. Am J Respir Crit Care Med 2017









25% VS. 46%HBOT



 Not clear which patients should receive hyperbaric-oxygen therapy

 Additional uncertainties 

- The optimal chamber pressure

- The optimal number of hyperbaric-oxygen sessions

- The maximal interval after poisoning during which hyperbaric oxygen may still 

have a favorable effect

 Most clinicians do not administer hyperbaric oxygen if more than 24 

hours has elapsed since carbon monoxide poisoning

- Case reports describe improvement of sequelae with a series of hyperbaric-

oxygen sessions beginning days after poisoning, although mechanisms of 

possible benefit are unknown.
Myers, R. A., et al. Ann Emerg Med 1985



 A single-center, double-blind clinical trial (Clinical Trials. gov number, 

NCT00465855) is under way to determine the effect of one or three 

hyperbaric oxygen sessions on rates of cognitive sequelae at 6 weeks 

among accidentally poisoned patients presenting less than 24 hours 

after exposure.



1 VS 3 double blinded sham controlled RCT

Weaver LK, et al. UHM ASM 2018 SESSION D: CLINICAL HBO2 THERAPY



결과

Sham 50% VS. HBOT 52%





Subject

01



Current evidences + Expert opinions

Hampson NB, et al. Am J Respir Crit Care Med. 2012.



UHMS indications (14th edition)

1. CO poisoning = CO exposure + Symptoms

2. May be acute or chronic

3. CO-Hb and SpCO may be elevated or normal due to time from and oxygen 

administration.



다른치료법들…



저체온치료

Kim SJ, et al. Crit care med. 2020.





7. 객관적예후마커들



NATRIURITIC PEPTIDES

Davutoglu, et al. Inhalation Toxicol. 18: 155, 2006

Pach, et al. Przeglad. Lekarski 62: 465, 2005

Benaissa, et al. Intensive Care Med. 29: 1372, 2003

PLASMA LACTATE

PLASMA S-100β/NEURON SPECIFIC ENOLASE

Cakir, et al. Am. J. Emerg. Med. 28: 61, 2010

Brvar, et al. Resuscitation 61: 357, ’04 

Rasmussen, et al. Acta Anaesth. Scand. 48:469,’04

Thom et al. Am. J. Resp. Crit. Care Med. 174: 1239, ‘06 

Thom, et al. Clin. Toxicol. 48: 47-56, 2010

PLASMA INFLAMMATORY MARKERS (99 !)

NEUTROPHIL β2 INTEGRINS

Akelma, et al. Am. J. Emerg. Med. 31: 524, 2013

HEART-TYPE FATTY ACID BINDING PROTEIN

Erenler, et al. Am. J. Emerg. Med. 31: 1165, 2013

PLASMA COPEPTIN (Pro-vasopressin fragment)

Pang, et al. Peptides in press, 2014



Myelin Basic Protein





급성기 brain MRI

Jeon SB, et al. JAMA neurology. 2018;75(4):436-43.



Dr. Weaver의 의견



Dr. Thom의의견



Take home messages

I. Basic pathophysiology: CO-Hb 형성에 의한 hypoxia 이외에도 여러 기전이 존재.

II. 진단
I. 증상: 비특이적. 흔한 증상은 두통, 어지러움, 오심/구토, 의식변화, 피로, 흉통, 호흡곤란, 

의식소실…
II. CO-Hb 역할: 임상적 진단을 confirm한다. 하지만 증상 또는 예후와 상관성이 떨어진다.

III. 치료
I. NBOT: 100% 산소를 nonrebreather facemask 또는 intubation tube로 CO-Hb 3%미만까지

준다. 그리고 환자가 증상이 없을 때까지…(보통 6시간 이내)
II. HBOT selection

I. 현재까지 완벽한 Ix은 없다.
II. LOC, ischemic cardiac change, neurologic deficits, 중증의 metabolic acidosis, 또는

CO-Hb>25%
III. 위에 포함되지 않더라도 의사의 결정에 따라… (증상이 있다면 하자.)

III. HBOT의 목표: neurocognitive sequelae의 예방
IV. Optimal HBOT protocol

I. 아직 모르지만 Weaver protocol이…(현실적으로 어렵다.)
II. 그래서 Thom의 RCT protocol을 많이 사용한다.

IV. Follow-up
I. Cognitive sequelae의 screening을 위하여 4-6주는 실시
II. Intentional poisoning: 정신과
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