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Executive Summary 
 

Carbon Monoxide (CO) is one of the most ancient of poisons and yet it is still responsible for 

a large number of deaths each year. CO related incidents in general aviation are relatively 

rare compared to those associated with for example domestic and industrial heating systems. 

However, the possibility for collateral damage should an aircrew become incapacitated can be 

profound.  

Reciprocating engines (used in general aviation (GA) aircraft) produce combustion gases, 

which need to be ejected through the exhaust system. While there are a number of possible 

sources of CO in GA aircraft, issues with the exhaust system are the most common. Over the 

last 20 years the UK government’s Air Accidents Investigation have reported on 24 accidents 

in which the main cause was attributable to CO poisoning.  

This work examines the available data from the UK and other countries, particularly the United 

States which has the largest general aviation fleet.  A wide range of measures are in place to 

prevent CO positioning across the general aviation sector including appropriate legislation, 

inclusion in pilot training programmes, periodic inspection, and maintenance requirements. 

However, despite these measures’ incidents occur.  

A review of the available data allowed identification of a number of important parameters. In 

the UK the data indicates that aircraft equipped with a CO detector have a higher probability 

of a non-fatal outcome when involved in a CO linked incident. Unfortunately, data from the 

other countries reviewed is incomplete and so the effeteness of CO detectors, and more 

specifically that of the various types of detectors, could not be verified. In general maintenance 

and inspection are effective at identifying potential issues. However, the available data 

indicated that these measures alone are not infallible. Some reports indicate that inspections 

failed to identify issues in aircraft which were subsequently involved in CO related incidents. 

All pilots are given training on the dangers of CO poisoning, how to recognise its symptoms 

and what to do in the event of a CO incident. However, while the training has undoubtably 

had a positive effect it is not infallible as demonstrated by the continuation of CO linked 

incidents. 

The work went on to identify a number of questions which could not be answered from the 

review of the available data. These questions were used in the second phase of the study to 

create a survey and collect primary data. Responses from 60 Pilots were obtained. The results 

are summarised below: 

• The results indicate that Cessna and Piper of the most common aircraft types within 

the UKs general aviation community. The observations suggest engagement with 

these manufactures and the companies which make replacement parts for these 

aircraft should be considered in any future work. 

• 91% of pilots indicated that they had a CO detector installed, the presence of detectors 

was linked to favorable outcomes of those aircraft involved in incidents. The majority 

of detectors installed were spot type which has been shown to be less effective than 

other types. Raising awareness of the advantages and disadvantages of the different 

types of detectors and working with manufactures to improve both reliability and the 

alerting capabilities of detectors is an important area for future research.  
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• 40% of respondents indicated that they do not ensure that aircraft has received 

scheduled inspection and maintenance of the exhaust system. This is probably a 

reflection of the significant fraction of rented aircraft within the fleet. Raising awareness 

of the importance of inspection with maintenance personnel, pilots and flight schools 

represents an additional important area requiring additional work. 

• 74% of the pilots stated that they do not carry out pre-flight inspections that include a 

thorough external visual inspection of the exhaust system. This is not too surprising, 

while most pilots will carry out a preflight inspection it is not easy, or even possible, to 

see the complete exhaust system on many general aviation aircraft. Further, work in 

collaboration with aircraft manufactures to improve visibility of key systems on future 

aircraft and parts manufacturers to enhance the robustness of replacement parts that 

cannot be inspected within the current fleet should be considered.  
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1. History Review of CO poisoning 

Carbon monoxide (CO), colloquially named as a silent killer due to its imperceptibility to 

human senses, is responsible for thousands of emergency cases annually, hundreds of 

which ending in the death. The presence of excess CO in the body may lead to rapidly 

to tissue hypoxia and cellular damage (inflammatory or immunological). In addition, CO 

is known to provoke delayed neurological conditions in patients even after they have 

been stabilised [1], [2].  

Carbon Monoxide is claimed to be one of the most ancient of poisons [2] and yet today 

is still responsible for a large number of deaths. The annual number of deaths recorded 

in Japan between 2000-2017 ranged from 2,000-5,000 [3]. In the US, there were over 

50,000 non-fatal and 430 fatal cases [4]. Table 1 summarises CO related death toll within 

EU member states from 1982-2007. CO poisoning is diagnosed in 1 person in every  

100,000 people in the UK annually [5] . A record of the annual confirmed cases of 

unintentional CO poisoning in the UK between 1 September 1995 and 31 August 2019 

has been documented by The Carbon Monoxide and Gas Safety Society [6] .  Table 2 

summarises the number of deaths for each situation. Table 3 shows the number of 

fatalities according to the type of fuel responsible for the CO emission. While Table 4 

reports the percentage of deaths depending on the type of appliance.  

CO is produced mainly as a result of incomplete combustion of the organic compounds 

such as hydrocarbons. It is usually emitted from a variety of sources including  casual 

smoking, fire smoke, engine exhausts, poorly ventilated camp-fires, kerosene/propane 

heaters and faulty and/or mismanaged heating systems [3], [7]. Amongst many others, 

motorsports and aviation industry are critically affected by CO poisoning. In these 

environments, incomplete combustion, leakage of exhaust fumes, compromised 

temperature control systems, fire due to electric failures, etc. have been shown to result 

in exposure.  

The effects of CO (or CO poisoning) depend on the dose; as one might expect the 

symptoms get worse as CO concentration increases, Table 5. Depending on the dosage, 

the symptoms can include chest pain, coma, confusion, convulsion, dizziness, 

gastrointestinal upset, headache, loss of consciousness, nausea, vomiting and general 

weakness. Table 6 lists some of these symptoms. In some cases, delayed effects (more 

than a month after the initial exposure) such as neurological sequelae, cardiovascular 

disease, myocardial infarction, coma and death are seen.. 
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Table 1: Deaths reported by EU member states from 1982-2007 [9] 

Country 
Reporting 

period 
Reporting 

years 

Deaths in  
reporting 

period 

Average No.  
deaths per year 

Annual death rate  
(per 100 000 
population) 

Annual death  
rates in reporting 

period 

Andorra 1994-2007 14 4 0.3 0.41 0-1.56 

Austria 1980-2008 29 922 31.8 0.4 0.15-0.74 

Azerbaijan 1982-2008 27 48 1.8 0.02 0-0.08 

Belarus 1999-2008 10 11 809 1180.9 11.99 8.61-14.64 

Belgium 1995-2008 14 553 39.5 0.38 0.12-0.60 

Bosnia & Herzegovina 2003-2008 6 49 8.2 0.21 0.13-0.44 

Croatia 1998-2007 10 314 31.4 0.7 0.35-0.97 

Cyprus 2005-2007 3 6 2.0 0.25 0.13-0.35 

Czech Republic 1986-2008 23 6203 269.7 2.62 0.87-6.00 

Denmark 1980-2006 27 4458 165.1 3.16 0.76-5.73 

Estonia 2008 1 82 82.0 6.16 - 

Finland 2000-2007 8 917 114.6 2.19 1.66-2.55 

France 85-98, 01-02 16 977 61.1 0.11 0.05-0.21 

Georgia 1999-2002 4 8 2.0 0.04 0.02-0.069 

Germany 1980-2007 28 43 153 1541.2 1.91 0.34-4.38 

Hungary 1996-2004 9 1166 129.6 1.27 0.91-1.61 

Latvia 1996-2008 13 758 58.3 2.48 1.22-3.86 

Lithuania 2000-2008 9 114 12.7 0.37 0.33-0.41 

Luxembourg 1998-2007 10 44 4.4 0.98 0.21-1.81 

Malta 1991-2008 18 20 1.1 0.29 0-1.05 

Republic of Moldova 1991-2008 18 4306 239.2 5.83 3.43-9.93 

Russian Federation 2005-2007 3 54 778 18 259.3 12.81 11.32-14.07 

Slovakia 1992-2008 17 719 42.3 0.79 0.59-1.07 

Slovenia 1980-2007 28 1351 48.3 2.44 1.09-3.48 

Spain 1981-1998 18 1932 107.3 0.28 0.20-0.38 

Sweden 1980-2007 28 5449 194.6 2.24 0.89-3.81 

Switzerland 1995-2007 13 266 20.5 0.28 0.15-0.44 

Turkey 2008 1 84 84.0 0.11 - 

Total   405 140 490 346.9 2.24 0.60-7.05 
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Table 2: Total number of CO unintentional deaths by Situation (1 Sept 1995-31 Aug 2019) [6] 

Situation Deaths Situation Deaths Situation Deaths 

House 397 Boat 33 Tent 17 

Flat 103 Vehicle 31 Workplace 6 

Garage 36 Commercial premises 26 Other 6 

Caravan or mobile home 33 Shed or similar 20 Unknown 4 

(Total number of deaths = 712) 

 

Table 3: Total number of CO unintentional deaths by Fuel Type and CO-Gas year (1 Sept to 31 Aug) [5] 
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Gas (mains) 30 20 18 21 14 15 8 9 8 14 14 9 12 18 4 11 2 5 4 3 5 3 3 - 247 

Gas (portable) 9 8 5 6 10 6 7 7 6 4 6 5 3 7 6 4 3 4 3 2 2 - - - 113 

Solid 22 18 23 13 17 14 4 8 5 7 9 14 11 3 8 7 12 6 6 5 1 1 3 . 217 

Petrol/diesel 6 7 3 9 3 7 6 1 2 3 2 10 6 4 4 7 3 5 4 2 4 10 3 2 113 

Oil - 2 - - - - - - - - - 1 - 1 1 2 - 1 - - 1 - - - 9 

Paraffin - - - 1 1 - - - - - - - 1 - - - - - - - - - - - 3 

Unknown - 1 - - 1 - 2 1 2 1 - - - - - - - - 1 - - 1 - - 10 

Total 67 56 49 50 46 42 27 26 23 29 31 39 33 33 23 31 20 21 18 12 13 12 9 2 712 
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From Table 2, it can be seen that 75% of the UK deaths by unintentional CO poisoning 

occurred within the home (house, flat or garage), which suggests that most of the 

fatalities are related to malfunctioning or incorrect use of domestic appliances. Table 4 

reinforces these observations, the two highest rates of deaths correspond to central 

heating boilers and room heaters and the fuel causing the highest number of fatalities is 

mains natural gas. These statistics propose that as far as unintentional CO poisoning in 

the UK is concerned, home is the most likely place of exposure. 

 

Table 4: Appliance type relating to UK deaths from unintentional carbon monoxide poisoning from 01.09.1995 to 

31.08.2019 [5] 

Appliance % Appliance % 

Wood burner 1 Grill 2 

BBQ 3 Machinery 0.3 

Camping appliance 2 Open fire 2 

Central heating boiler 26 Other 1 

Cooker 9 Indoors portable heater 6 

Engine 8 Outdoors portable heater 0.8 

Fridge 0.7 Room heater 18 

Gas fire 8 Unknown 1 

Generator 7 Water heater 4 

Grill 2 Total 100 

Machinery 0.3 Water heater 4 

Total 100 
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Despite considerable knowledge about the risks, the number of cases continues to 

increase. The primary reason cited is due to the lack of awareness in the general 

population. The primary strategy to address this issue is to publicise the risks [10], [11]. 

The above statistics serve to raise awareness that CO poisoning in general is not as 

rare an event in the UK as might be expected and could have serious health 

consequences, including death.  

 

Tables 2, 3 and 4 include the CO poisoning deaths associated with aircraft, coming 

under the classification of vehicles. This category represents 4.4% of the mortalities in 

the last 14 years. CO poisoning in aviation does not represent a large cause of death 

when compared with all others. However, it is vital to explore the circumstances 

surrounding CO issues in aviation, as CO leaks in cockpits can significantly affect the 

pilot’s flying ability, which holds the potential for severe consequences for all onboard as 

well as significant potential for collateral damage [6]. The next section discusses the 

impacts of CO poisoning in General Aviation. 

Table 5: COHb concentrations and their respective symptoms (Kinoshita et al., 2020) 

COHb(%) Clinical symptom 
COHb 

(%) 
Clinical symptom 

< 1 
Normal range (due to 

endogenous production) 
40–50 

Syncope, confusion, 

increased respiration, 

and heart rate 

< 10 
Smoker’s blood (no 

symptom) 
50-60 

Coma, convulsions, 

depressed respiration 

10–20 
Headache, fatigue, ear 

ringing 
60–70 

Coma, convulsions, 

cardiopulmonary 

depression, often fatal 

20–30 
Headache, weakness, 

nausea, vomiting 
70 < 

Respiratory failure, 

death 

30–40 
Severe headache, 

dizziness, nausea, vomiting 
  

 

Table 6: Symptoms Reported to the National Poison Data System by Carbon Monoxide-exposed (unintentional, non-
fire related exposure) Individuals, 2000–09 (n = 68,316) (Sircar and Stearns, 2017) 

 No. of cases Percentage (%) 

Headache 30,845 45 

Nausea 17,653 26 

Dizziness/vertigo 13,363 20 

Drowsiness/ 8966 13 
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lethargy 

Vomiting 7550 11 

Confusion 2083 3 

Syncope 1950 2.9 

Dyspnea 1538 2.3 

Chest pain 1226 1.8 

Other 6548 9.6 

None 21,793 32 

 

2. CO poisoning in General Aviation 

2.1. Sources of Carbon Monoxide poisoning in Aviation 

Generally, in the aviation industry, the common sources of CO exposure are: 

• Aircraft turbine engine exhaust system. 

• Piston-powered aircrafts. 

• Auxiliary power units (exhaust system). 

 

However, majority of the aircraft accidents related to CO exposure are directly linked to 

piston powered aircrafts. The Federal Aviation Administration (FAA) estimates that 

between 1967 to 1993, 360 victims of air crashes suffered from exposure to carbon 

monoxide which impaired their cognitive abilities [11]. Although this report only highlights 

the summary of a few aircraft accidents related to CO poisoning, the majority of the 

reports point out certain areas of concern with piston powered aircrafts. These are listed 

below: 

Exhaust system Obstruction 
Any obstruction in the exhaust muffler or any other components of the exhaust system 

can cause tubes to burn, hot spots in the system, or the weakening of heat transfer pins 

and this could allow CO to leak into the cabin of the aircraft. 

Waste Gate Carbon Accumulation 
The waste gate in an aircraft vents the exhaust to prevent over-pressurization. Excess 

carbon build-up can cause the gate to become inoperable, or the valves to stick. 

Heat Exchanger crack 
Heat exchangers are made of metals that contract while in use. Constant use could 

result in cracks. A crack in the heat exchanger can allow CO to leak from the exchanger 

into the aircraft cabin. This is perhaps the most common CO leakage scenarios. 
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Engine Vibration 
Vibration from the engine at varying rate can cause metal fatigue, this could compromise 

weld areas, joints or even the heat exchanger. 

Exhaust Corrosion  
Thermal fatigue and metal deterioration can compromise the parts of an exhaust system. 

This could be a resultant effect of high temperature and corrosive engine exhaust. 

Reciprocating engines (used in light aircraft) produce combustion gases, which need to be 

ejected from the combustion chamber through the exhaust system[12]. The high 

temperature of these exhaust gases can be used to heat the aircraft cabin through heat 

exchangers. In single-engine aircraft, heat exchangers consist of a muffler, which reduces 

the sound energy of the exhaust through a series of baffles. As a consequence, the 

stainless-steel shroud that surrounds the muffler heat up. Unheated outside air passes 

between the muffler and the shroud, which absorbs some of the heat from the muffler. 

Finally, the heated air enters the aircraft cabin or anti-icing systems (13). 

Figure 1 shows the muffler and shroud of the Cessna models 172 and 175. The muffler 

has knobs, which transfer heat from the muffler to the air space within the shroud [13]. 

When mounted in aircraft, the muffler is inserted into the shroud and fastened with 

screws. 

The design of exhaust systems varies across models and range of manufacturers. 

Nonetheless, the common factor in all of them is a large number of connections that can 

potentially crack or fail [11]. Figure 2 shows the exhaust system of a turbocharged, six-

cylinder, horizontally opposed engine [13]. 

Mufflers and exhaust systems are primary sources of CO poisoning in GA [13]. The 

residual combustion gases and the fresh air that enters the cabin circulate through the 

muffler. Despite flowing in different compartments, any crack or failure in the muffler can 

result in the combination of both types of gases. For exhaust systems, any leakage can 

enter the cabin through defective seals at firewall openings, wing strut fittings, doors, and 

wing root openings Figure 3 shows a simplified scheme of the heating system of a single-

engine aircraft. The muffler (item 10) transfers heat from the exhaust gases to the 

outside air passing between the muffler and the shroud. The heated air flows to the 

defroster outlet (item 7) or the cabin interior (blue arrows). 

Although mufflers and exhaust systems are claimed to be the leading cause of CO 

poisoning in aviation [11], there are other ways CO could enter the cockpit. Some aircraft 
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heat the air flowing into the cabin using combustion heaters instead of using hot flow 

from the exhaust system [13]. The combustion heaters are independent of the aircraft 

engines [14] and work by burning aircraft fuel to generate heat and through a heat 

exchanger they extract the heat to warm up the cabin [13]. Figure 4 presents a scheme 

of a combustion heater used in aircraft  [15]. 

 

 

 

 

 

 

Figure 1: Muffler and shroud of Cessna models 172 and 175 [16]. 

 

 

Figure 2: Example of a complete exhaust system (13) 
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Figure 3: Example of a heating system in piston-driven aircraft. Image extracted and modified from [17]. 

 

Figure 4: Example of an aircraft combustion heater [15]. 

Another potential source of CO poisoning in aircraft is related to the fumes that come out 

of the exhaust system and enter the cockpit when the pilot is taxiing or waiting for take-off 

and the windows are open [11]. 
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2.2. Accidents in aviation related to CO poisoning 

According to the UK government’s Air Accidents Investigation Branch (AAIB) report 1- 

2020 [18], between 2000-2020, 24 accidents were reported in the UK, with the main 

cause being CO poisoning. In half of the accidents, a CO detector was installed in the 

cabin. In order to identify the faulty component responsible for the CO leak and establish a 

relationship between the number of fatalities and the presence of a CO detector on board, 

the accident reports were reviewed. Of the 24 reports 8 cases investigated by the AAIB 

[18] were found in the accident database of the Civil Aviation Authority (CAA), a 

summary of which is presented in the Table 7. 

From Table 7,  in six of the accidents investigated evidence was of a  faulty component 

being responsible for the CO leak was the exhaust system. In one case, the fault that 

allowed CO to enter the cabin was a crack in the motor housing. In 1 of the reports no 

information on the faulty component was provided. The observations suggest that the 

exhaust system is the main cause in UK based general aviation accidents. The 

observations are corroborated by accident reports from Transport Canada [13]. 
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Table 7: Summary of CO-related aircraft accidents in the UK between 2000-2020. 

Accident code Aircraft type Date of accident Manufacturer Research findings 

1/2020 [18] Piper 310P N264DB PA-46- 

Malibu 

21-Jan-2019 

Piper Inc. Aircraft 

 

 

 

 

Failure of the part of the exhaust tailpipe containing the heater muff, which 

allowed exhaust gas to mix with the ram air and enter the cabin. In- service 

inspections of exhaust systems do not eliminate the risk of CO poisoning. There 

was no CO detector with an active warning in the aircraft. 2 fatalities were 

reported. 

EW/G2015/06/28 [19] Practavia Sprite Series 2 30-Jun-2015 Practavia 

Large crack in the engine casing, which caused carbon monoxide fumes. CO 

detector installed on board. The aeroplane landed safely with no fatalities. No 

information about the maintenance records provided in the report. 

201416976 [20] Piper P28 06-Dec-2014 

Piper inc. Aircraft 

 

 

 

Exhaust system failed due to fatigue. Cabin fitted with CO detector. Pilot 

landed safely. No fatalities reported. No information about maintenance re- 

cords in the report. 

201415656 [21] Piper PA34 06-Nov-2014 

Piper Inc. Aircraft 

 

 

 

CO detector installed on board. No fatalities reported. No clear information 

about the faulty device. No in- formation about the maintenance re- cords in 

the report. 
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Accident code Aircraft type Date of accident Manufacturer Research findings 

201412816 [22] Partenavia P68 07-Sep-2014 Partenavia 
Exhaust stack is cracked. CO detector installed on board. No fatalities 

reported. No information about the maintenance records in the report. 

201309174 [23] Partenavia P68 19-Jul-2013 Partenavia 
Cracked engine exhaust system. CO detector installed on board. No fatalities 

reported. Muffler had been inspected as per requirements on 5 Jun 2013. 

EW/C2009/09/02 [24] Nord NC8544S 20-Sep-2009 SNCAN 

Exhaust system considerably damaged at the cylinder interface on each 

cylinder. No information about CO detector on board. No information about 

maintenance records. 2 fatalities reported. 

EW/C2001/5/3 [25] 
Piper PA-24-250 

Comanche, G-ARIE 
12-May-2001 

Piper Inc. 

Aircraft 

 

 

Crack fatigue formed in stub pipes. Maintenance records state all inspections 

were performed adequately, but the crack was not detected. No CO detector 

on board. 2 fatalities reported. 
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It is important to note that in Table 7, 6 of the 8 cases a CO detector was installed on 

board and in all 6 cases the pilot was able to land safely after being altered to the danger 

by the detector. In 2 of the 8 cases, the cabin was not equipped with a CO detector, both 

accidents reported fatalities with no survivors. In one of the accidents, the report does 

not provide information on whether a CO detector was available on the aircraft, in that 

case fatalities were also reported. These statistics show that the installation of a CO 

detector in the cockpit plays an important role in surviving a CO leak in the cockpit. 

To explore the causes of CO poisoning in general aviation, recent (2013-2020) accidents 

reported outside the UK, have also been reviewed to widen the available data. Seven 

CO-related aviation accident reports from US National Transportation Safety Board 

(NTSB) and the Australian Transport Safety Bureau (ATSB)are summarised in Table 8. 
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Table 8: Summary of CO-related aircraft accidents between 2013-2019 reported in the USA and Australia 

 

Investigative agency Accident code Aircraft type Date of accident Manufacturer Research findings 

 

NTSB 

 

WPR19FA022 

[26] 

 

Piper PA-28-236 

 

9-Nov-2018 

 

Piper Aircraft, 

Inc 

Examination of the wreckage revealed a crack, in the 

engine’s aft exhaust muffler. 4 fatalities reported. No in- 

formation about the presence of a CO detector on board. 

 

NTSB 

 

N6500W [18] 

 

Cessna P210N 

 

29-Aug-2018 

 

Cessna 

 

Pre-cracked exhaust manifold flange. The pilot had a 

COHb level of 35% which was not thought to have 

occurred because of the fire. 

 

ATSB 

 

AO-2017-118 [27] 

 

DHC-2 

 

31-Dec-2017 

 

De Havilland 

Canada 

Passengers bodies reported high levels of CO. Pre-

existing cracking of the engine exhaust collector-ring, 

which could lead to exhaust leakage into the engine bay. 

Missing bolts used to secure magneto access panels in 

the fire- wall under the instrument panel in the cabin. 6 

fatalities were reported. No information about CO 

detector on board. 
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Investigative agency Accident code Aircraft type Date of accident Manufacturer Research findings 

 

NTSB 

 

CEN17LA101 [28] 

 

MOONEY M20C 

 

2-Feb-2017 

 

Mooney 

Pre-cracked Muffler before flight. CO in pilot’s blood 

during flight: at least 28%. Airplane was not equipped 

with a carbon monoxide (CO) detector. Pi- lot was 

reported with serious injuries. The aircraft did not meet 

the requirement of muffler’s inspection every 100 hours of 

flight. 

NTSB ANC16FA065 [29] 
HEFTY Polar 

Cub 
10-Sep-2016 HEFTY 

Pre-cracked muffler. 1 fatality was re- ported. No aircraft 

maintenance re- cords. No information of the presence of 

CO detector. The toxicology reports also showed 48% 

carbon monoxide in the pilot’s blood 

 

NTSB 

 

ANC15FA032 [30] 

 

Cessna 207 

 

30-May-2015 

 

Cessna 

1 fatality was reported. Review of maintenance records 

revealed that the Winter heat kit had not been installed in 

accordance with Federal Aviation Administration field 

approval proced- ures. No evidence of cracked exhaust 

system. No information about the presence of a CO 

detector on board. 

 

NTSB 

 

CEN14FA024 [31] 

 

BELLANCA 14- 

19-3A 

 

27-Oct-2013 

 

AviaBellanca 

Aircraft Corpor- 

ation 

 

Defective exhaust system that allowed carbon monoxide 

to enter the cabin. 1 fatality was reported. No information 

about the presence of a CO detector on board. 
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From Table 8 6 out of the 7 accidents were associated with in the mufflers or exhaust 

systems were damaged prior to the incidents. Although the reports do not clarify if the 

damage should have been detected by maintenance/inspections/walk around. This data 

supports earlier observations that the exhaust system and muffler failure is the main 

cause of CO poisoning in aviation.  

Unfortunately, 6 of the 7 reports do not give information on whether a CO detector was 

installed on the aircraft. One report mentions that the aircraft involved was not equipped 

with a CO detector, in this case the pilot was seriously injured. Therefore, it is not 

possible to establish any relationship between the presence of a CO detector and the 

survival rate with the information available in the reports. 

The Federal Aviation Administration (FAA) reviewed the National Transportaion Safety 

Board (NTSB) aircraft-accident database for the period of 1962-2007. The research 

focused on CO poisoning in US aviation and allowed the  identification of common 

elements in accidents. The results of the investigation are reported by Cheraghi, 

Jorgensen and Myose [11], from which some were selected and are presented below. 

From the aircraft incidents registered in the NTSB accident/incident database, 62 

cases were related to CO poisoning [11]. The chart in Figure 5 classifies the 62 

accidents by aircraft manufacturer [11]. Clearly, from Figure 5 most of the accident 

aircraft were from the Piper and Cessna manufacturers. According to Cheraghi, 

Jorgensen and Myose [11], this statistic does not necessarily represent a trend to fail from 

this aircraft since they are the most prevalent aircraft models in service. 

Figure 6 classifies the 62 cases according to the source of CO leakage. In most of the 

accidents, the CO source could not be identified (23 cases). Cheraghi, Jorgensen and 

Myose [11] do not mention any reason for the lack of information. Thus, further research 

should analyse this knowledge gap. From the identified sources, the muffler system 

prevailed as the leading cause (22 cases) with the 8 cases being associated with the exhaust 

system. The statistic agrees with data from Transport Canada, who states that mufflers 

and exhaust systems are the primary sources of CO poisoning in GA aircraft [13]. 
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Figure 5: Total number of CO-related accidents by aircraft manufacturer [11]. 

 

Figure 6:  Classification of the 62 accidents by source of CO leakage [11]. 

The NTSB reports information regarding the maintenance and inspections of the 62 

aircraft involved in CO-related accidents [11]. Maintenance and inspections are 

categorised as "inadequate maintenance" indicating that the repair of a component was 

not according to documentation, "inadequate inspection" meaning that the inspection 

missed an already-existing problem, "inadequate maintenance and inspection" involving 

inspections and maintenance that were not performed adequately. Finally, the group 

"missed inspection" refers that the aircraft did not receive the annual or 100-hour revision.  

Figure 7 presents the classification of the quality of maintenance and inspection for the 62 

cases. It shows that 21 out of the 62 aircraft involved in CO-related accidents received 

the programmed maintenance and inspection. However, the available information reveals 

that the revision did not meet the required standards. One aircraft missed the inspection 

and there is no information regarding the other 40 aeroplanes. Therefore, some relation 

between deficient maintenance-inspection practices and CO leakage is suggested. 
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However, due to the lack of information, no meaningful conclusion can be established. 

Further research on the procedure of capturing information in the maintenance sessions 

may be suggested to improve the number of records. 

 

 

Figure 7: Quality of the maintenance or inspection [4] 

Information from the FAA [11] report and tables 7 and 8 suggest that failure of mufflers or 

exhaust systems is the leading cause of CO poisoning in the aviation. Some of those faults 

already existed before the fatal flight. According to Figure 7, these types of failures could 

have been identified if the maintenance had met the required standards. 

Doubts arise as to whether the maintenance of exhaust systems and mufflers is 

standardised by any regulator. If so, what are those requirements? Are they sufficient to 

detect and then prevent any failure of the exhaust system components during flight? 

Furthermore, we are interested in determining whether the use of an onboard CO 

detector is an airworthiness requirement, as some pilots involved in CO poisoning failed 

to equip the cockpit with such a device, and the statistics appear to benefit survival when 

there is a CO detector on the plane. 

The following section addresses the literature review and discussion of the current 

regulations of CO-related maintenance/inspection practices in general aviation, along with 

the requirements of carbon monoxide detectors in piston-driven aircraft. 
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3. Overview of CO-related regulations in General 
Aviation 

This section aims at reviewing the UK’s mandatory requirements and recommendations 

applicable to piston-driven aircraft and aircraft equipped with combustion heaters intended 

to avoid CO poisoning. These regulations are then compared with their counterparts in the 

United States, Canada, and the European Union. The purpose is to analyse whether the 

current rules and suggestions issued by the aviation authorities are in accordance with 

the main causes of CO poisoning on board. 

 

3.1. UK regulation 

The Civil Aviation Authority (CAA), the UK aviation regulator whose work aims to oversee 

that the aviation industry meets the highest standards, has published Mandatory 

Airworthiness Requirements CAP 747 [32], establishing the mandatory requirements for 

Aircraft registered in the United Kingdom. In the Generic Requirement (GR) No. 11 

"Maintenance of cabin and cabin combustion heaters and their associated exhaust 

systems" of CAP 747, the CAA states that combustion heaters and exhaust systems must 

be completely dismantled, inspected, restored, and the  combustion chambers must be 

pressure tested. It requires that all inspections, reviews, and maintenance be carried out 

as indicated by the corresponding manual services issued by the manufacturer. Finally, it 

provides a guide on the use of CO detectors. However, it states that the use of CO 

detectors is not mandatory. 

In the document CAP 562 Civil Aircraft Airworthiness Information and Procedures, Leaf- let 

B-190 “Carbon Monoxide Pollution” [33], the CAA lists all components that must be 

inspected to prevent CO leaks in aircraft. The lists include not only the exhaust system 

and combustion heaters, but also includes the engine bulkheads, heater jackets, doors, 

windows, and all seals and gaskets in the engine and exhaust compartments. However, 

the recommendations expressed in Leaflet B-190 are not mandatory. 

The 2020/003 Safety Advisory [34] states that the CAA will evaluate the performance of 

passive and active CO detectors, and the results will be used for further decision making 

and possible rulemaking. Active detectors are those that attract the pilot’s attention 

through audible or visual alarms when CO is detected. Passive detectors do not attract 

the pilot’s attention; therefore, the pilot must constantly monitor the device. The use of CO 

detectors is not mandatory in aircraft under the CAA regulation [35]. 
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3.2. USA regulation 

The Federal Aviation Administration (FAA) is the regulator of aviation in the United 

States. The FAA provides detailed suggestions on how to examine exhaust system 

components, including mufflers, turbochargers, seals, and gaskets in the Advisory 

Circular AC-43-13 [36] and the Advisory Circular 20-106 [37]. To prevent muffler failure, 

the FAA suggests that mufflers should be replaced after 1000 hours of use, and it should 

be examined by a thorough visual inspection and air pressure [11]. 

The FAA has noted in the report "Detection and Prevention of Carbon Monoxide Exposure 

in General Aviation Aircraft" [11] that mufflers may fail during the next flight after the 

annual maintenance session, although no damage was found during the service. In 

response to this fact, the FAA in the Advisory Circular 91-59A [38] recommends daily 

pre-flight inspections that include a complete external visual inspection of the exhaust 

system using a flashlight, mirror, pick, or other tools that serve that purpose. 

The FAA has conducted research to determine which type of CO detector available on 

the market offers the best accuracy, response time, false alarm immunity, and low power 

consumption [11]. From the most common types of CO detectors, including biomimetic, 

semiconductor, infrared, and electrochemical. The latter appears to be the most suitable 

for use in a GA environment, with the instrument panel being the optimal location for the 

CO detector to detect above 50 ppm somewhere in the cabin. However, the use of CO 

detector on board is not a directive airworthiness for the FAA [34]. 

 

3.3. European regulation 

The European Union Aviation Safety Agency (EASA) is the European Union agency 

responsible for specific regulatory and executive tasks in the field of civil aviation security 

and environmental protection. 

In the Safety Information Bulletin 2020-01 [33], the EASA states that the heating and 

ventilation systems, exhaust manifolds and fuselage access panels must be inspected 

following the aircraft manufacturer’s instructions. In addition, it suggests the use of active 

CO detectors in aircraft with internal combustion engines or combustion heaters. However, 

the use of CO detectors is not mandatory [33]. 
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3.4. Canada regulation 

Transport Canada, through the Airworthiness Directive (AD) CF-90-03R2 [39], requests 

the visual inspection of heat exchangers used as a source of cabin heat every year or 

150hour period, whichever applies first. In case of a suspect damaged area, the inspector 

should perform a pressure test. Notice that this AD applies only for heat exchangers, it 

does not include mufflers and exhaust systems, which are the primary source of CO 

poisoning in aviation [11]. 

Transport Canada published the Civil Aviation Safety Alert (CASA) 2019-07 [13], in which 

recommends pressure/leak tests in addition to the visual inspections in all cases, instead 

of only when suspect areas raised from the visual examination. Additionally, the CASA 

suggests the use of a CO detector while operating aircraft, but the on-board installation 

is not mandatory. 
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Without a doubt, it has been established that CO poisoning is a major causal factor in 

accidents and major incidents involving piston aircrafts. There is a chance of more cases 

and events that have gone undetected and this is primarily because the detection relies 

on toxicology reports and sometimes the evidence can be masked if there is a fire after 

the crash [40]. Determining the exact extent of the risk of CO exposure is also very 

difficult as it relies heavily on pilots (private) providing an occurrence report for a hazard 

that cannot be seen or perceived.  Also establishing the frequency of failure of key 

components that make up the exhaust system (e.g. mufflers) is impossible because 

there is currently no requirement for the collation of such information. The collation of 

such information will aid in increasing the efficiency of maintenance as it will mandate 

changes of certain components after a specific time interval. Regulatory bodies have 

given two possible barriers for the prevention of CO poisoning: initial design and in-

service inspections[41]. The European Union aviation safety agency (EASA) release a 

certification specification for standard changes (CS-STAN) document to encourage the 

installation and replacement of CO detectors through standardized changes, and many 

manufactures have adopted this to fit detectors in new aircrafts. However, the 

requirement is not mandatory and more importantly it does not address the enormous 

fleet of ageing piston powered aircrafts.  

The second barrier which is regular inspections is not also totally effective. Gathered 

reports show that it is extremely difficult to carry out a thorough inspection of all the 

components of the exhaust system in a crowded engine compartment. This difficulty 

makes it easy for the mechanic to miss signs or cracks that could cause possible cause 

leaks into the cabin. This was noted in service difficulty reports where exhausts systems 

passed physical inspection but failed pressure tests. Also, corrosion and erosion 

occurring inside the exhaust will be extremely difficult to see without totally dismantling 

the entire system[41]. Although some accident reports have revealed CO poisoning as 

the cause of the air crash even immediately after inspection, the minimum requirements 

for maintenance, inspection and servicing of the exhaust system of an aircraft needs to 

be properly reviewed. 

CO detectors fall in the third barrier for the prevention of CO poisoning. These detectors 

should alert to the presence of CO in the cabin in time, so that the proper actions can 

be taken to minimize or prevent a fatality. Regulators have provided specifications for 

the design of CO detectors. These CO detectors are of different types and prices with 

their different capabilities. Ideally every pilot should have the electronic CO detector 
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which is alarm enabled. An important point to note however, is that these devices are 

not mandatory for pilots to carry during flights. Most accident reports have only spoken 

about safety recommendations when it is related to CO detectors, however with the 

amount of accidents, deaths and hazards caused by CO, it should be a mandatory 

requirement for pilots during flights. 
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4. Interaction of CO with the body 
CO has a much higher affinity to bind to haemoglobin than oxygen. Upon inhalation, CO 

binds with the haemoglobin in the red blood cells and forms a stable complex, i.e. 

carboxyhaemoglobin (COHb). As a result, the blood’s ability to carry oxygen throughout 

the body is reduced. Presence of COHb impairs cellular utilisation which can cause 

ischaemia of vital tissues, including the extrapyramidal system, cerebral cortex and 

myocardium [8]. CO incidents have been reported in general aviation as mentioned in 

previous sections, Tabl 9 links CO saturation with specific incidents. 

4.1. Carboxyhaemoglobin Theory 

Following the discovery of CO’s structure in 1800, a series of studies in 1857 proposed 

that toxicity in fire vapours pointed towards the presence of CO. Later in 1912, Douglas 

and Haldane identified that an intrinsic sigmoid dissociation curve is possessed by 

oxygenated haemoglobin and this curve shifts downwards and to the left in the presence 

of CO. Hence, this reduces haemoglobin’s oxygen-carrying capacity [42]. Based on 

these results, and Haldane’s further observations with Lorrain Smith,  proposed that the 

toxic nature of CO interfered with haemoglobin’s oxygen transport mechanism, affecting 

its oxygen-carrying and off-loading capacity, resulting in lack of oxygenation at the tissue 

level, i.e. tissue hypoxia [43]–[49].  

Table 9: Incidents due to CO poisoning [50] 

Incident 
Time 

COHB 
Saturation 

% 
Comments 

March 1983 - The pilot passed out, emergency landing by passenger 

February 
1984 

24-44 Four dead, including the pilot who went unconscious 

November 
1988 

22.1 Emergency Landing 

July 1990 - Pilot and passenger dead 

August 1990 21 Pilot and passenger dead 

July 1991 20 
Pilot and passenger dead due to headache, confusion, 
dizziness and visual disturbance 

October 
1992 

- Pilot seriously injured due to crash 

April 1994 - 
Blurred vision, headaches, nausea, laboured breathing, 
and difficulty staying awake. Traces of COHb found even 
after 11 hours of oxygen therapy 

March 1996 -   Pilot and passenger hospitalised for COHb 

August 1996  - 
Headache, nausea, and difficulty in walking. Treatment 
required over 5 hours of 100% oxygen therapy 

January 
1997 

43 Pilot dead, along with his mother 

December 
1997 

27 
The pilot passed out; aircraft glided until tank rand dry, 
pilot was slightly injured on landing 
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4.2. Pathophysiology of CO poisoning and its toxicity 

Studies show that the main toxic effect of CO poisoning is tissue hypoxia. On the binding 

of CO to the haemoglobin subunit, the affinity of the oxygen molecule increases towards 

the other binding sites. Hence, the oxygen-haemoglobin dissociation curve shifts to the 

left (Figure 8), hindering the oxygen dissociation in the oxygen lacking region, causing 

tissue hypoxia [51]–[54]. This also means that the CO poisoning is more toxic at high 

altitudes and in the presence of anaemia [7].   

A dysfunctional tissue oxygen transport is also caused due to the binding of CO with the 

myocardium, resulting in cardiac dysfunction [55], and inhibits the activity of enzymes 

such as cytochrome c oxidase. Thus, impairment in cardiac and neurological functions 

can be an implication of CO poisoning.  

Furthermore, tissue hypoxia increases the effect of vascular permeability and increases 

interstitial fluid accumulation (haemoconcentration), which affects multiple organs.  

Some of the effects are heart failure, renal failure, decreased myocardial contractility, a 

disorder of consciousness, pulmonary edema and brain edema with neurological 

symptoms [52], [55]. 

Majority of the emissions in the aviation occur at altitude, with a split of 10% and 90% at 

ground level operations and at altitudes respectively. The other factor to be taken into 

account, at altitudes, is the incomplete combustion of the fuel [56]–[58]. The toxicity of 

CO is increased at high altitude due to the physiological changes occurring at the higher 

altitudes. The reduction in partial pressure can cause the half-life of COHb to increase 

as they are inversely proportional. At high altitudes, oxygen is delivered to the tissues 

by a rise in 2,3-diphosphoglycerate (DPG) and a right shift in the dissociation curve 

shown. However, the presence of CO shifts the dissociation curve unfavourably towards 

the left shift and decreases 2,3-DPG, creating a more toxic environment [59].  
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Figure 8: Oxygen–haemoglobin dissociation curve. 𝑃𝑂2 is the partial pressure of oxygen in arterial blood[7] 

4.3. The Gasotransmitter Theory  

Following the discovery of the role that small gaseous compounds played a role as 

signalling and regulatory molecules, more complex targets for CO were identified. The 

action of heme-oxygenase on heme produced CO was first discovered by in 1968 [60]. 

Naturally the body produces CO to serve as a cellular protectant by nearly every cell 

under the conditions of oxidative stress or injuries [61]–[65]. 

Following the contradictions to the carboxyhaemoglobin theory, studies were conducted 

to investigate the “gasotransmitter” theory further. The hypothesis was that, like cyanide, 

CO might “bind to mitochondrial cytochromes and halt the electron transport chain. In 

this scenario, even if oxygen delivery to the tissue was adequate, the cells would be 

unable to utilise that oxygen to produce Adenosine triphosphate ATP, which are a 

source of energy in the body” [66]. However, numerous attempts to demonstrate 

poisoning of mitochondria due to CO have failed, under the conditions that would be 

experienced in real life.  This showed that it is unlikely that CO interferes with the 

production of ATP in the mitochondria as suspected. Nevertheless, there is a growing 

evidence that CO plays a vital role in production of reaction oxygen species (ROS).  

Following on from the “Gasotransmitter theory”, there is another current hypothesis on 

the mechanism of CO poisoning. According to this, the oxidative injury is caused by 

reactive oxygen species, neuronal nitric oxide and free radicals. Cell’s decreased ability 

of detoxification may increase the oxidative stress in organs. Studies propose that 

oxidative stress can be the main element for neuronal injuries related to CO poisoning. 

A study with 88 patients (submitted to emergency rooms for CO poisoning) was 

conducted for total oxidative stress and oxidative stress index of blood serum and 

increase of 100.3% and 92.5% respectively was seen for both the parameters compared 

to healthy controls. Table 10 details some proposed pathways for ROS in carbon 

monoxide poisoning [67].  
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The direct effect of CO on intracellular targets remains poorly understood. There is still 

room for further investigation as there are contradictory studies present to highlight the 

presence of COHb is not enough for CO poisoning. Other areas that can be explored 

within ROS are: 

- 4-Hydroxy-2-nonenal in CO toxicity 

- Lipid peroxidation and glutathione in CO toxicity 

- NO and OH radical in CO toxicity 

- Mitochondrial electron transport chain in CO toxicity 

- Vitamin C and other antioxidants in CO toxicity 
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Table 10: Proposed pathways for ROS in CO poisoning with in vivo/in vitro studies and their outcomes [67]  

Proposed pathway 
In vivo/ 
in vitro 

Cells/animal/patient 
materials used 

Type of ell/organ Parameters studied 
Reported 

outcomes/situation/administration 

Apoptosis In vivo Wistar male rats Brain GSH, GSH-Px, GR Decrease 

Neuronal damage       MDA Increase 

Apoptosis Neuronal damage In vivo Sprague-Dawley rats 
Brain (cortex, globus 
pallidus, cerebellum) 

ROS production, DNA 
fragmentation, glutamate 

release 
Increased 

Glutamatergic system In vivo Sprague-Dawley rats Brain striatum OH, 2,3-DHBA, dopamine Increased, stimulated 

Oxidative stress In vivo Pregnant Sprague-Dawley rats Brain (cerebellum, Purkinje 
SOD, HO, iNOS Increase 

nNOS Decrease 

ROS In vivo Male Wistar rats Front-parietal cortex 
Eosinophilic neurons with 

pyknosis 
Increase (39°C) Decrease (32°C) 

Extracellular AA 
In vivo Male Sprague-Dawley rats Striatum Extracellular 2,3-DHBA 

Increase (inactivated AAO) 

Chelatable iron Decrease (active AAO, DFO) 

Oxidative mitochondrial damage In vivo Male Sprague-Dawley rats 
Cortex Catalase Decrease 

CM compartment GSH/GSSG Decrease 

        2,3-DHBA; 2,5-DHBA Increase 

Brain lipid peroxidation In vivo Wistar male rats 

Brain Triplet NO signal, nitrotyrosine Increase 

Brain microvessels 
Xanthine oxidase, conjugated 

dienes 
Increase 

Lymphocyte membranes 
oxidative damage 

In vivo Human Lymphocytes 
Lipid peroxidation, inhibition of 

cox activity 
Increase 

Oxidative stress In vivo Human Venous blood TOS, OSI Increase 

Oxidative stress In vivo Wistar male rats 

Plasma GSSG, TBARS Increase 

Isolated RBC Release of GSH Increase 

Isolated RBC Release of GSH 
Decrease (incubated with glucose, maltose, or 

cytochalasin B) 

NO system In vivo Male Sprague-Dawley rats Rat striatum .OH generation Decrease (with o-Arg) Decrease (with L-NMMA) 

NO-derived oxidants In vivo Wistar male rats Aortic homogenates LDL oxidation Increase 

Treatment of selenomethionine In vivo Wistar male rats Brain homogenates 
Myeloperoxidase, nitrotyrosine Elevation 

Myeloperoxidase, nitrotyrosine Inhibition (with selenomethionine) 

Oxidant production In vivo Male Sprague-Dawley rats Heart tissue HR and CK release Strong association 

Free radical generation In vivo Pigmented guinea pigs Cochlear function Auditory threshold sensitivity Impairment 

In vitro Cell extracts Caspase 3-like activity Increase 
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Mitochondria-mediated 
apoptosis 

The mouse hippocampal cell 
line HT22 and the human cell 

line D384 astrocytoma 
HT22 and D384 cells 

Percentage of condensed or 
apoptotic nuclei 

Decrease (with pan-caspase inhibitor or the 
calpain inhibitor 

NOS activity In vivo Male Sprague-Dawley rats Striatum 

Extracellular Cit, L-Arg levels Decrease 

Extracellular NO2 levels Decrease(with L-Arg or L-Cit) 

Extracellular NO2 levels Increase (with L-Arg or L-Cit after reoxygenation) 
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5. Who is susceptible to CO poisoning? 

Generally, everyone is at risk of CO poisoning. Certain factors make some people more 

susceptible to its effects than the others. Although everyone has low traces of CO in 

their blood (<5%), heavy smokers may reach levels of 10% or more. Similarly, people in 

certain job types, e.g. such as truck drivers, forklift operators, welders, police 

officers/traffic wardens, industrial painters, bike riders, firefighters, and warehouse 

workers may reach 10% saturation. Moving away from everyday jobs, several other 

sectors are at risk of unnoticed CO poisoning in any form of accidents or equipment 

malfunctions (Table 11 & Table 12).  

Individuals belonging to the following groups may be at an increased risk for CO 

poisoning: 

• Foetuses and infants are likely to have developmental disorders, due to their small 

size, as a result of CO poisoning 

• People who have a heart condition or respiratory issues which may predispose 

them to more severe CO poisoning 

• CO poisoning is especially harmful to people sleeping or are under the influence 

of alcohol as they may inhale toxic amounts of CO without recognising the 

symptoms.  

• Airport personnel, as the aviation fuel contains carbon and is a ready source of 

carbon monoxide when burned. Similarly, track personnel and pit crew in 

motorsports races are at a greater risk of CO poisoning. Table 11 briefly indicates 

the sources which contributed to CO fatalities in the United States, where motor 

vehicles contributed toward 25% of the fatalities (Table 11).  

• Pilots, flying at high altitudes, due to lower oxygen concentration. 
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Table 11: Sources of Occupational CO Fatalities Reported in US Bureau of Labour Statistics’ Census of 
Fatality and Occupational (n = 374), 1992–2008 [68] 

CO source 
CFOI fatalities 
(%) 

Motor vehicle 92 (25) 

Furnaces, heaters, boilers 53 (14) 

Generators 48 (13) 

Heating and cooking machinery and appliances 14(4) 

Powered tools 13(3) 

Boats 12(3) 

Pumps 12(3) 

Tractor 9 (2) 

Forklift 9 (2) 

Air compressors 8 (2) 

Tanks, bins, vats 8 (2) 

Engines, turbines, except vehicle 7 (2) 

Mines, caves, tunnels 5(1) 

Other 59 (16) 

Missing 25(6) 

 

Table 12: Registered deaths in UK and Wales with CO mention [69] 

CO Cause 
Registered 

Deaths 

Exposure to 
uncontrolled fire in 
building or structure 

222 

Exposure to 
controlled fire in 
building or structure 

12 

Exposure to ignition 
of highly flammable 
material 

10 

Exposure to other 
specified smoke, fire 
and flames 

17 

Accidental poisoning 
by and exposure to 
other gases and 
vapours 

168 

 

“Limited research suggests that Hispanic and Black populations may be at greater risk 

for CO poisoning than White populations. A study conducted in Washington State 

revealed that Hispanic and Black populations experienced more unintentional CO 

poisoning-related morbidity than White populations. Similarly, a study conducted in 

California found that males and Black populations experienced the highest unintentional 

deaths due to CO poisoning” [70]. 



38 

 

6. Prevention 

General awareness and education of dangers are essential to reduce morbidity and 

mortality due to CO poisoning. There are governmental regulations and suggestions 

available which are easily accessible to the general population. Examples are the 

Toxicological Overview and Incident Management report generated by Public Health 

England. Table 13 highlights the relation of CO concentration in air to the COHb in blood, 

determination of which would require the duration of exposure, pulmonary ventilation 

and baseline COHb levels [71].  

Table 13: Correlation between CO concentration in air and blood COHb [71] 

Carbon monoxide concentration 
(ppm) 

Equilibrium carboxyhaemoglobin 
concentration (%) 

10 1.6 

15 2.4 

20 3.2 

25 3.9 

30 4.7 

40 6.1 

50 7.6 

100 14.0 

 

In the aviation industry, to reduce CO exposure of the aircraft refuelling crew, National 

Institute for Occupational Safety and Health (NIOSH) made early recommendations in 

the late 90s. The organisation recommended using diesel-powered machines, which 

generate less CO and provide an early warning due to the strong smell of diesel exhaust. 

The report generated by FAA in 2009 highlighted the importance of the exhaust systems’ 

inspection. Following triggers were identified to inspect the exhaust systems for the 

prevention of CO poisoning:  

• “Annual/100-hr inspection 

• Engine backfire, sudden loss or reduction of engine power 

• Noisy engine/exhaust system compared to normal, higher than normal fuel burn, 

rough engine run 

• Smell of the exhaust inside the cabin 

• Insufficient heat from the heating system 

• Crew experiencing light headedness, headache, or watery eyes 

• Darkened or flaked colour on the cowling, exhaust gas coming out of the cowling 
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• Excessive amount of sooty, black material on the exhaust system 

• Bright reddish or orange residues on the exhaust system parts” [11]. 

Familiarity with these signs can facilitate the identification and prevention of the CO 

exposure-related failures. Accompanied by thorough inspection, use of checklists and 

questionnaires for pilots and mechanics can aid in the identification of these failures at 

early stages.   

Protocols were also made for in-flight operations e.g. if CO is detected or suspected 

during a flight, the pilot should follow some or all of the following suggestions to ensure 

safety of everyone on board as well as the aircraft and anyone on ground: 

• “Turn the cabin heat fully off. 

• Select maximum rate of fresh air ventilation to the cabin. 

• Open windows if the environment, flight profile and operating manual permit. 

• Consider using supplemental oxygen if available and if doing so would not introduce 

another safety or fire hazard. 

• Land as soon as possible/practicable. 

• Inform Air Traffic Control of your concerns and intentions. 

• Select a leaner fuel mixture if possible. 

• After landing seek medical attention as soon as possible. 

• Before continuing the flight, have the aircraft inspected by a certified mechanic.”[72] 

Other regulations and recommendations were made to mitigate risks of CO inside the 

aircraft cabin, a summary of which is presented in Table 14 

. 
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Table 14: Summary of the regulations and recommendations issued by the aviation authorities. 

Aviation 
authority 

Maintenance suggestions 
Operating hours for 

maintenance 
Components to be 

inspected 
CO detectors 

Permitted CO 
levels 

CAA 

Preventive maintenance is 
the first line to prevent CO 
poisoning [34]. 
Combustions heaters and 
exhaust systems shall be 
completely dismantled, 
inspected, and restored. 
Combustion chambers 
shall be pressure tested 
[32]. All inspections and 
any repairment shall be 
performed as indicated by 
the manufacturer [33] 

No more than 500 heater 
operating hours or 2 years 
[32] 

Exhaust system, 
combustion heaters,  
bulkheads, clips, slip-
joints, clamps, expansion 
joints, heater jackets, 
doors and windows [33] 

They represent the second 
line of defence against CO 
poisoning [28]. Their use is 
not mandatory [32]. 

50 parts/million by 
volume for any 
period exceeding 5 
minutes [33] 

FAA 

All repairs must meet the 
manufacturer's 
specifications. Extra care 
should be taken for turbo-
superchargers [36]. 
Mufflers should be 
replaced after 1000 hours 
of use. It suggests 
examining the exhaust 
system by a thorough 
visual inspection and air 
pressure test [11]. 
Recommends daily 
preflight inspections which 
include a thorough visual 

Conduct engine run up tests 
with cabin heat on and check 
for CO in the cabin with a 
hand-held CO detector for 
100 hour and annual 
inspections [73]. 

External surfaces of the 
exhaust system, turbo-
supercharger, muffler, 
heat exchanger, manifold, 
welds, clamps, supports, 
bracing, slip joints, stack 
flanges, gaskets, flexible 
couplings, shrouds, heat 
blankets [36]. 

Electrochemical sensors 
appear to be the most 
suitable for use in a GA 
environment due to their 
relatively high accuracy, 
quick response time, 
inherent immunity to false 
alarms, and low power 
consumption. The 
instrument panel appears 
to be the optimal location 
for the CO detector to 
detect above 50 ppm 
somewhere in the cabin 
[11]. 

No more than 50 
parts per million 
(ppm) [11]. 
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Aviation 
authority 

Maintenance suggestions 
Operating hours for 

maintenance 
Components to be 

inspected 
CO detectors 

Permitted CO 
levels 

external inspection of the 
exhaust system [38]. 

EASA 

All inspections and 
maintenance should be 
performed as indicated in 
the applicable manual/ 
equipment manufacturer 
[39]. 

As specified by the aircraft 
manufacturer and equipment 
manufacturer [39]. 

Heating and ventilation 
systems, exhaust 
manifolds, bulkheads, 
access panels in the 
fuselage, windows, 
windscreens [39]. 

Suggests to pilots and 
operators of aircraft with 
internal combustion 
engine, combustion 
heaters to install active CO 
detectors [39]. 

Carbon monoxide 
concentrations 
more than one 
part in 20 000 
parts of air 
are considered 
hazardous. 

Transport 
Canada 

Disassembly of exhaust-
type heaters followed by 
detailed visual inspection 
and suggests pressure 
testing when considered 
necessary. Conduct engine 
run-up tests with cabin 
heat on and check for CO 
in the cabin with a hand-
held CO detector during 
100 hour and annual 
inspections [13]. 

Every 1 year or 150 hours air 
time [13] 

Exhaust-type heaters [13] 

Suggests that CO 
detectors will provide 
reliable, early warning of 
elevated levels of CO. CO 
detectors can enhance the 
effectiveness of aircraft 
maintenance actions [13] 

__ 
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The outlined suggestions can only be followed if the ingress of CO is detected by the 

pilot or any other personnel. To get an insight into the possible ways of CO poisoning 

prevention in aircrafts, let us look at aircrafts in two broad classifications: 

• Piston Powered Aircrafts 

Piston powered aircrafts carry the highest risk of CO in the cabin during flight. They 

produce relativity high concentrations of CO. These aircrafts heat up the cabin by 

collecting air over the engine muffler. Poorly fitted components, cracks or holes in the 

exhaust can cause exhaust gases that are rich in CO enter into the cabin.  

Effective maintenance of these aircrafts with best practices and compliance with 

regulations can greatly reduce the risk of CO poisoning. Particular attention should be 

paid to the heating and exhaust components of these aircrafts. Old aircrafts pose a 

greater risk as they are more susceptible to corrosion which can also cause leakages. 

The severity of risk and consequences associated with CO poisoning suggests the need 

for CO detection and warning system. Pilots should be properly trained to enable them 

notice systems of CO ingress and react immediately with the emergency procedures as 

guided by the aviation authorities. 

• Turbine Powered Aircrafts 

Large aircraft have sophisticated ventilation systems. Filters in the systems remove 

particles, bacteria and other organic compounds.  This makes it highly unlikely that CO 

can enter the cabin except if there was a fire inside the cabin. However, when the 

aircraft is on the ground and the doors and hatches are open, CO might get into the 

cabin. Eventually the CO will be excahgned once the doors and the hatches of the 

aircrafts are closed, and the ventilation system started. With large aircrafts, there are 

no mandatory requirement for a CO detection system because there is a low risk of CO 

ingress into the cabin. In large aircrafts cabin air could become contaminated with 

lubrication oils, de-icing and anti-icing fluids etc. When these leaking oils are subjected 

to high temperatures, they can degrade into different compounds including CO. This is 

known as pyrolysis [74].  However, laboratory tests have shown that CO production 

from pyrolysis are too small in concentration to cause health challenges; they are 

typically 3.5ppm which is in the normal human metabolic range of 0 to 10ppm [75]. 

Proper maintenance in accordance with the industry best practices should be carried out 

on large aircrafts to ensure quality assurance and safety. This will further reduce the 

chances of CO contaminants in the cabin. Recent investigations into air accidents has 

also shown the need to enforce the use of CO detectors on all kinds of aircrafts. This 
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will add a second layer of protection and also reduce the risk of CO poisoning. 

For prevention, CO alarms (meeting standards, e.g. BS Kitemark or EN 50291 for 

Britain/Europe) should be installed, and individuals should remove themselves 

immediately from the site where CO is detected. The appliances with the possibility of 

producing CO should be regularly serviced. Some of the methods of detection of CO are 

detailed as follows: 

 
Chemical Spot Detectors 

This is the cheapest method of detecting CO poisoning. Chemical spot detectors are 

disposable, and they cannot detect low levels of CO (<100ppm). These detectors are 

relatively cheap; however, they are not very accurate and can sometimes give false 

readings from aircraft maintenance chemicals[76]. They also do not give an actual 

indication of the CO level and they have no audible alarm. The performance of chemical 

spot detectors cannot be verified (No self-test mechanism). 

Biometric Detectors 

These have a better capability when it comes to detecting CO in extremely low levels 

unlike the chemical spot detectors. They however are still vulnerable to false readings 

from common aircraft maintenance chemicals [76].  Biometric detectors give cumulative 

measurements of the CO level and do not reset when the levels go back to normal. 

Electronic Detectors 

These detectors have no interference from aircraft maintenance chemicals. They give a 

real time value of the CO concentration. Electronic detectors can be tested and 

calibrated for optimized performance. They also have visual and audible alarms 

configured for heightened levels of CO poisoning. The readings on these detectors are 

non-cumulative and thus reset to zero when there is no CO concentration in the air. 

They support long term operations without the need for frequent maintenance. 

Electronic detectors are the best option in terms of CO detection.
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7. Treatment & Recovery 

The majority of the incidental or accidental cases of CO poisoning are brought in to the 

emergency departments. In accidental cases, especially those involving fire, the 

respiratory status of the patient should be monitored closely (as incubation may be 

required).  Following the assessment of severity, normobaric (NBO) or hyperbaric 

oxygen (HBO) is the usual choice of treatment in extreme cases. The high concentration 

of oxygen competes at the binding sites of haemoglobin and shortens the half-life of 

carboxyhaemoglobin while improving tissue oxygenation. The half-life of 

carboxyhaemoglobin under room conditions is 4-6 hours; however, it drops down to 40-

80 minutes with inhalation of 100% oxygen and further down to 15-30 minutes under 

hyperbaric conditions [43]. Furthermore, HBO increases the partial pressure (𝑃𝑎𝑂2) of 

the oxygen in plasma. 

Hypoxic stress (due to the formation of carboxyhaemoglobin) has been considered the 

principal cause of acute mortality; however, this does not explain the pathophysiology 

of delayed neuropsychologic sequelae (DNS) as the symptoms appear after the levels 

of COHb have fallen.  

According to [77], most of the patients recovered without any complications. However, 

10-30% (with a wide variance) of the patients revisited the hospital with delayed 

neuropsychiatric sequelae, within 3-240 days of the initial exposure. Amongst the 

affected, 50-75% recovered within a year. Another study highlighted the onset and 

resolution of DNS in the patients after the initial exposure (Table 15). In this study, 

comparative trials of HBO with a pressure of 2.8ATA for 30 minutes followed by 2.0ATA 

for 90 minutes, and NBO (100% oxygen until resolution of symptoms) were also carried 

out. Though an apparent effect of duration of CO poisoning could not be apparent here, 

a 23% incidence of DNS was seen in this study, which was significantly reduced through 

the HBO treatment (Figure 9). Since these results differed from the study conducted by 

[78], it was hypothesised that a successful HBO treatment might require its 

administration within 6 hours [1]. 
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Figure 9: Duration of CO exposure and course of treatment 

 

In time, some controversies have developed for HBO and NBO treatments. In a study 

conducted by Weaver et al. found no difference in the outcome was seen when 

comparing NBO and normal room air. They concluded in their study by admitting that 

“clinicians need to be aware that HBO, not necessarily 100% normobaric oxygen, 

reduces cognitive sequelae” [79]. 

Another study questioned the magnitude of the benefits from HBO and NBO therapy 

and highlighted that NBO treatments should provide measurable benefit (based on the 

HbCO theory), but that was not the case. It also highlighted the hurdles to HBO 

treatments, including and not limited to treatment protocols, patient selection, and 

availability. Following CO exposure, is it feasible to transfer a high-risk patient to a centre 

with HBO capabilities and within time, to ensure recovery? The study commented that a 

lack of evidence for HBO’s efficacy meant that it should be reserved for selected patients 

at specific facilities under careful administration until more substantial evidence 

becomes available. Some newer alternate treatments mentioned also include 

antioxidants, NO binding agents, ion channel therapy and combination of some or all of 

these with oxygen-based therapies. [7], [66], [67]. 

 

  



46 

 

Table 15: Onset and resolution of DNS [1] 

Patient No. Age/ Sex 
Admission 

COHb 
(%) 

Time to 
Treatment  

(hr) 

Duration 
of 

Treatment 
(hr) 

Source of CO 
Day of DNS 

Onset & 
Resolution 

Symptoms 

1 17/F 12 0.5 8 Furnace 8/31 

Headache, 
fatigue, ataxia, 

difficulty 
concentrating 

2 22/F 9 0.2 6 Automobile 3/25 

Headache, 
malaise, 
difficulty 

concentrating 

3 26/F 20 0.2 4 Furnace 10/33 

Irritability, 
emotional 

lability, difficulty 
concentrating 

4 49/F 7 0.5 4 Fire 3/76 

Headache, 
dizziness, 
difficulty 
following 

5 63/M 14 0.5 6 Furnace 7/42 

conversations, 
tremor 

Headache, 
nausea/vomiting, 

dizziness 

6 65/F 31 5 8 Furnace 9/77 
Headache, 
confusion, 

fatigue 

7 78/F 37 0.8 8.5 Automobile 2/42 
Fatigue, malaise, 

difficulty 
concentrating 
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Due to severity of the risks involved, the pilots need to be examined thoroughly after the 

treatments before they are deemed fit to fly again. Studies highlight that COHb levels of 

3-4% and 10% an above can be considered outside the healthy physiological regime for 

non-smokers and smokers respectively. There are regulations in place, such as those 

from UK’s Civil Aviation Authority to obtain a medical certificate before flying an EASA 

aircraft. An example of part of the medical application form is shown in Figure 10 can 

help in identification of underlying CO-related symptoms. 

 

 

Figure 10: Extract from CAA Aviation Medical  Certificate Form [80] 

 
 

8. Primary data 
 

To define the further research lines in the carbon monoxide poisoning in general aviation, 

a technical questionnaire was posted on social media, addressing questions to identify 

the most common piston aircraft in the UK fleet and pilots' habits to avoid CO leaks. A 

total of sixty pilots answered the questionnaire, from which 75% operate in the United 

Kingdom. Figure 11 most the aircraft models most used. 
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Figure 11. Most common aircraft models within the interviewed pilot community. 

  
From the figure 11, the Cessna and Piper are the most common aircraft models within 

the interviewed aviation community. This trend is consistent with the statistics published 

by Cheraghi, Jorgensen, and Myose [11], in which Piper and Cessna stand out in the 

general aviation fleet. 

 

91% of pilots declared to have installed a carbon monoxide detector on board, from which 

the biomimetic spot detector is the most used with 45% and in second place is the 

electrochemical CO detector with 26%. This statistic raises an area of opportunity withing 

the General Aviation community, since according to the FAA [11], the spot detectors are 

the less accurate of CO sensors available on the market, while the electrochemical 

sensors have proved to be the most reliable.   

 

40% of pilots stated that they do not ensure that their aircraft has received scheduled 

inspection and maintenance of the exhaust system, muffler or combustion heater. Since 

the maintenance of the exhaust system and related components is established by aviation 

authorities as the first line of prevention of CO poisoning, the culture of examining 

inspection documentation by pilots must be disseminated to ensure the optimum 

condition of the components of the exhaust system. 

  

73.7% of the pilots stated that they do not carry out pre-flight inspections that include a 

thorough external visual inspection of the exhaust system. It is important to note that the 

Civil Aviation Authority does not mention this type of recommendation but the Federal 

Aviation Authority does [38]. Therefore, the CAA should consider suggesting UK pilots to 

carry out daily pre-inspections of the exhaust system and heat exchanger. 
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7 pilots, all from UK, reported to have experienced carbon monoxide leaks during flight. 

The faulty device mentioned were:  

• Gaps in the firewall. 

• Cracked exhaust system. 

• Loose seals on floor. 

• Internal corrosion in the muffler. 

  

Of these 6 out of the 7 aircraft involved in the incidents had a CO detector installed 

onboard, which provided timely alert to the CO presence, as reported by the pilots. No 

damages to the airplanes were reported nor any casualties.  

 

The 7 pilots stated that they did not alert any aeronautical authority to the incident, did 

not receive any medical evaluation, and resumed their pilot operations without any 

medical authorization. Clearly, pilots need to be instructed to follow a post-CO poisoning 

protocol to ensure that the authority documents the incident, proceeds with the 

appropriate investigation, and allow the pilots to resume operations after medical 

evaluation. 



50 
 

9. Conclusions and points for further research 
 

Exhaust systems and mufflers are the leading cause of CO poisoning in aviation [13], 

Table 5 and Reference [11]. However, other sources of CO leaks exist including 

combustion heater failure, poor insulation between the engine compartment and the 

cabin due to lose or defective seals, and CO entering the cabin while taxiing or awaiting 

take-off through the canopies or open windows. 

 

Aviation authorities such as CAA, FAA, EASA and Transport Canada have published 

many recommendations on best practices to ensure the good condition of exhaust 

systems, mufflers, combustion heaters, bulkheads, gaskets, seals, doors and windows 

to prevent CO entering in the cabin. All authorities reviewed recommend following the 

maintenance instructions from the manufacturer. Despite these publications and 

recommendations, around 87 air accidents related to CO poisoning have been reported 

in the UK, US and Australia in the last 20 years. 

 

As for UK aviation, when the aircraft was equipped with a CO detector, the pilot was 

able to land safely and avoid any fatalities. For the reported accidents in the US and 

Australia, information is lacking to determine whether CO detectors prevented a fatal 

outcome. 

Statistics provided by the FAA [11] suggest that one third of the aircraft involved in CO 

related accidents reported between 1962-2007 complied with scheduled maintenance. 

However, the inspections did not meet the expected standards and failed to find damage 

in the exhaust systems or mufflers. 

From the information presented, questions arise as to whether piston-driven aircraft 

manufacturers’ service manuals provide adequate and comprehensive guidance on the 

procedures for inspecting components. The failure to adequately inspect could lead to CO 

entering the cabin. Table 7 presents the statistics found by the FAA on hours of operation 

when exhaust systems, mufflers, and combustion heaters have failed. Are the intervals 

between maintenance as indicated by the manufacturers in agreement with those 

statistics? Are UK pilots and maintenance technicians aware of the CAA and FAA 

recommendations for preventing CO poisoning? 

Some accident reports indicated that the exhaust system failed although the aircraft 

complied with the annual inspection and no exhaust system failure was detected. Is it 
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possible to improve maintenance practices to avoid these incidents? Are UK pilots 

following the suggestion of a daily inspection of exhaust systems, mufflers and seals? Are 

the pilots aware of the symptoms of CO poisoning? Do UK pilots comply with the 

recommendation to carry a CO detector on board and are they trained to act in case of CO 

detection? Why has the CAA has rejected the recommendation to issue an airworthiness 

requirement to fit CO detectors in piston-driven aircraft? 

Other questions regarding the exhaust systems and heating systems involve the possibility 

to enhance the fatigue, corrosion and crack resistance of the materials used in these 

devices. 

The questions raised above should be addressed in the next phase of the investigation, in 

which collaboration with various stakeholders such as, regulatory authorities, 

maintenance technicians, CO sensor manufactures, aircraft operators, pilots and design 

engineers from both aircraft and parts manufacturers could lead to an overall reduction 

in CO related incidents. 
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11. Glossary 

 
Airworthiness Possession of the necessary 

requirements for flying in safe 

conditions, within allowable limits. 

Civil Aviation Authorities (CAAs) Organisms responsible for the oversight 

and regulation of civil aviation with a 

focus on aviation safety, security, 

airspace policy, economic regulation, 

efficiency, sustainability, consumer 

protection and respect for the 

environment 

General Aviation (GA) Those flight activities not involving 

commercial air transportation or aerial 

work. 

Ischaemia Restriction in blood supply to tissues, 

causing a shortage of oxygen that is 

needed for cellular metabolism 

Convulsion A condition in which muscles contract 

and relax quickly and cause 

uncontrolled shaking of the body 

Hypoxia A condition in which the body or a 

region of the body is deprived of 

adequate oxygen supply at the tissue 

level 

Anaemia A decrease in the total amount of red 

blood cells (RBCs) or haemoglobin in 

the blood, or a lowered ability of the 

blood to carry oxygen 

Edema A medical term for swelling 

Mitochondrial cytochromes A part of the electron transport chain 
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11. Appendix 
 

Table 16: Top10 Occupational CO Fatality Rates by Industry Reported in BLS’ CFOI (n = 374), 1992 - 2008 
[68] 

 

 

Table 17: Occupational CO Fatalities by NORA Sector Reported in BLS’ CFOI (n ¼ 374) and OSHA’s IMIS 
(n = 111), 1992 - 2008 [68] 
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