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Carbon monoxide 
is a colorless, 
odorless, and 
tasteless gas 



Leading cause of poison-related 
mortality in the United States 
 

 20,000 ER visits/year 
 > 2000 hospitalizations/year 
 ~ 6000 deaths/year 

Carbon Monoxide  

Kao LW, Nañagas KA. (2005). Med Clin N Am 89:1161–1194. 
Iqbal S, Clower JH, Hernandez SA, Damon SA, Yip FY. (2012). Am J Public Health. 102:1957-63 
Centers for Disease Control and Prevention (CDC). (2008). MMWR Morb Mortal Wkly Rep. 
57:896-899. 



Generated by incomplete combustion of 
carbonaceous fuels 

Exogenous CO 



Environmental Sources 
Outdoor sources 
 Vehicle exhaust 
 
Indoor sources 
 Tobacco 
 Gas cooking ranges 
 Space heaters 
 Coal and wood burning stoves 
 Generators 



WebMD.com 
Ernst A et al. NEJM 1998 

60% COHb 

  Air          



Queiroga CSF et al. Biochemistry Research International. 2012 



Coburn-Forster-Kane Model 



http://www.theaa.com/insurance/carbon-monoxide-gas-safety.html 



Outdoor environment - Law 
 1970 US Clean Air Act 
 1971 EPA National Ambient Air Quality Standard 
  9 ppm CO for 8 hours 
  35 ppm CO for 1 hour 
 
Indoor environment - Guidelines 
 OSHA 
  50 ppm CO for 8 hours 
 NIOSH 
  35 ppm CO for 8 hours (ceiling of 200 ppm) 
  

CO Policy 

US Environmental Protection Agency, 2012 



CO production within 
 anesthesia breathing circuits 

was first reported in 1990  

Moon RE, el al; Anesthesiology. 1990;73:A109.  







C. KEIJZER, et al. Acta Anaesthesiol Scand 2005; 49: 815-818 



Fang ZX, el al; Anesth Analg 1995;80:1187-93 



Levy RJ et al. Anesth Analg. 2010 Mar;110(3):747-53.  



Levy RJ et al. Anesth Analg. 2010 Mar;110(3):747-53.  



Levy RJ et al. Anesth Analg. 2010 Mar;110(3):747-53.  

r=0.62 
P<.02 



CO is produced endogenously as well 





Nasr et al. BJA. 2010 105(6):836-41.  



Nasr et al. BJA. 2010 105(6):836-41.  



Nasr et al. BJA. 2010 105(6):836-41.  



Nasr et al. BJA. 2010 105(6):836-41.  



Low dose CO has cellular protective properties 

Bauer I. Crit Care. 2009;13(4):220 





Neuronal death and patterning 
in the developing brain 

Vanderhaeghen P, Cheng HJ. Cold Spring Harb Perspect Biol. 2:a001859, 2010 



Vanderhaeghen P, Cheng HJ. Cold Spring Harb Perspect Biol. 2:a001859, 2010 
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*P<.05 vs. 0 ppm  
# P<.05 vs. 5 ppm  
†P<.01 vs. 0 ppm 

Cytochrome c peroxidase activity 
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*P<.05 vs. 0 ppm 
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Cytochrome c release into cytosol 

cytosol 
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*P<.05 vs. 0 ppm 
†P<.02 vs. 0 ppm 
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Mechanism of anesthesia-induced neurotoxicity 

Olney JW, et al. Anesthesiology. 101:273-5, 2004. 



Can inspired CO prevent  
anesthesia-induced neuronal apoptosis in 

the developing brain? 



Cheng Y and Levy RJ. Anes Analg 2014; 118(6):1284-92 

*P < .05 vs. 0 ppm CO –isoflurane, P < .001 vs. 5 ppm CO –isoflurane, vs. 100 ppm CO –
isoflurane.  †P < .01 vs. 0 ppm CO -isoflurane.  ‡P < .001 vs. 0 ppm CO –isoflurane.  ^P < .05 
vs. 5 ppm CO –isoflurane.  @P < .01 vs. 5 ppm CO –isoflurane.  #P < .05 vs. 100 ppm CO –
isoflurane.  ?P < .01 vs. 0 ppm CO +isoflurane.  $P < .01 vs. 5 ppm CO +isoflurane.   %P < 
.001 vs. 0 ppm CO +isoflurane.  

Cytochrome c peroxidase activity 



Cheng Y and Levy RJ. Anes Analg 
2014; 118(6):1284-92 

*P < .05 vs. 0 ppm CO –isoflurane.  †P < .01 vs. 0 
ppm CO –isoflurane.  #P < .05 vs. 5 ppm CO 
+isoflurane.  ‡P < .001 vs. 0 ppm CO –isoflurane.  
^P < .01 vs. 0 ppm CO and 5 ppm +isoflurane.  @P 
< .01 vs. 5 ppm CO –isoflurane.  

cytosol 



Activated caspase-3           Isoflurane 

Cheng Y and Levy RJ. Anes Analg 2014; 118(6):1284-92 
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Cheng Y and Levy RJ. Anes 
Analg 2014; 118(6):1284-92 

*P < .05 vs. 0 ppm CO -isoflurane.  †P < .01 vs. 
0 ppm CO -isoflurane.  ^P < .001 vs. 0 ppm CO 
–isoflurane.  @ P < .05 vs. 0 ppm CO 
+isoflurane.  ‡P < .01 vs. 0 ppm CO 
+isoflurane.  # P < .001 vs. 0 ppm CO 
+isoflurane.  $P < .05 vs. 5 ppm CO 
+isoflurane.  



TUNEL Isoflurane 

Cheng Y and Levy RJ. Anes Analg 2014; 118(6):1284-92 
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Cheng Y and Levy RJ. Anes 
Analg 2014; 118(6):1284-92 

*P < .05 vs. 0 ppm CO -isoflurane.   
†P < .01 vs. 0 ppm CO -isoflurane. 
^P < .001 vs. 0 ppm CO –isoflurane.  @ P < .05 
vs. 0 ppm CO +isoflurane.  ‡P < .01 vs. 0 ppm 
CO +isoflurane.   
% P < .05 vs. 5 ppm CO –isoflurane.  &P < .01 vs. 
5 ppm CO –isoflurane.   
$P < .05 vs. 5 ppm CO +isoflurane.   
?P < .05 vs. 100 ppm CO –isoflurane.  







Inspired CO may limit and prevent isoflurane-
induced neuronal apoptosis in the developing 
brain and may prevent anesthesia-mediated 

effects on memory and learning 



PANDA cohort (Sun LS, et. al.)  

10 patients underwent general inhalational 
 anesthesia for urologic surgery 
   
Identified with detailed OR records 
 FGF (oxygen, nitrous oxide, air) 
 TV, RR (minute ventilation) 
 
9 males, 1 female 
5 mo – 2 years of age 
6.9 – 13.6 kg 



† P<.01 
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r = 0.82 

IQ difference from sibling related to FGF:Ve 
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r  = 0.41 
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r = 0.74 



Low-flow anesthesia targeting  
mild CO-rebreathing and  
subclinical CO exposure 
may prevent and inhibit  

anesthesia-induced neurotoxicity  



“Goldilocks” Scenario 

Pro-apoptosis Anti-apoptosis Just Right! 
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