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Abstract  

 

The cognitive impact of chronic low-level carbon monoxide exposure in older 

adults 

 

Beth Cheshire 

 

Evidence of cognitive effects associated with low-level carbon monoxide (CO) is 

limited, but indicates neuropsychological impairments may follow exposure. 

Home exposure to low-level CO may be an unidentified cause of cognitive 

impairment that improved awareness could prevent. This thesis consists of a 

systematic literature review of acute low-level exposure, the development of data 

analysis methods and the cross-sectional and longitudinal study of the cognitive 

effects associated with chronic low-level exposure in older adults, a group 

identified as particularly vulnerable. Effects at a range of extremely low 

concentrations were analysed to determine thresholds of harm.  

 

Results indicated that the cognitive effects follow a trajectory that can be 

represented on a continuum, from extremely low-level exposure and positive 

effects through higher concentrations and negative impacts. The proposed 

continuum can account for reported negative effects, absence of effects, and 

trends towards positive impacts in different cognitive functions, by small 

variations in exposure concentration and duration, providing an explanation for 

inconsistent findings within the literature. This model increases theoretical 

understanding, bridging the knowledge gap between beneficial effects and CO 

toxicity. Findings indicate that particular areas of cognition are more vulnerable, 

and others more resilient, to CO.  

 

Analyses also revealed that the relationship between advancing age and specific 

cognitive functions was moderated by CO exposure, with greater exposure 

related to increased performance in younger older adults (59-74yrs) and 

decreased performance in old older adults (75-97yrs), suggesting that measures 

of frailty, rather than age alone, may be better indicators of CO vulnerability.  

 

The research makes a significant contribution to knowledge, proposing a theory 

that explains the cognitive effects of low-level CO exposure, which could 
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ultimately be used in clinical settings to improve diagnosis and determine 

thresholds of harm. The analysis method presented provides an approach for 

future research that, in turn, may produce new evidence to underpin and inform 

exposure guidelines, policy, legislation and safety technology in order to keep 

those most vulnerable safe. 
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Chapter 1: Main Introduction 
Carbon monoxide (CO) is a colourless, odourless, tasteless, and non-irritable 

gas that is formed by the partial combustion of fuel such as wood, coal, and gas. 

Common sources of CO include motor vehicle exhausts, industrial processes and 

natural sources such as wildfires. CO concentrations can accumulate indoors 

from cigarette smoke and from malfunctioning, inadequately ventilated, and 

poorly maintained heating and cooking appliances (Raub & Benignus, 2002). 

When exposed to high concentrations CO is poisonous. CO poisoning is one of 

the most common causes of accidental and intentional poisoning worldwide 

(Sykes & Walker, 2016), and in the UK causes an estimated 4000 visits to 

hospital emergency departments annually, of which 200 people are hospitalised 

and 30 die (Department of Health (DOH), 2011). However, evidence from 

epidemiological studies suggest that these statistics are likely to be a significant 

underestimate with CO poisoning often being undetected due to its unnoticeable 

properties and non-specific symptoms leading to misdiagnosis (Sykes & Walker, 

2016). In addition to the morbidity and mortality associated with CO exposure, it 

is estimated that CO poisoning may cost the UK up to £178m each year in 

healthcare costs (The All-Party Parliamentary Carbon Monoxide Group 

(APPCOG; 2011). Carbon monoxide exposure therefore not only presents 

significant public health concern but also places a huge economic burden on 

health services.  

 

A large proportion of poisonings and deaths worldwide are caused by accidental 

exposure (Raub, Mathieu-Nolf, Hampson, & Thom, 2000; Hampson, 2016). It is 

commonly agreed that accidental CO poisoning is mostly preventable through 

the correct installation and maintenance of domestic appliances and CO alarms 

(Hampson, 2016; Jones et al., 2016). It is alarming that accidental CO poisoning 

still occurs with many incidents unrecognised in the community, largely due to 

malfunctioning appliances and insufficient ventilation (Wilson, Saunders, & Smith 

1998; De Juniac, Kreis, Ibison, & Murray, 2012). The problem does not appear 

to be related to hospital treatment, with the majority of patients surviving CO 

poisoning (98.6%), but with lack of public education and awareness of the risks 

associated with CO and the use of poorly installed or malfunctioning gas cooking 

and heating appliances (Wilson et al., 1998).  
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The effects associated with severe acute CO poisoning are well described. 

However, whether lower level exposures can result in short or long-term 

neuropsychological impacts is less clear, particularly under chronic exposure 

conditions. The focus of the thesis is to examine the effects of chronic low-level 

CO exposure in an older adult sample, a group identified as particularly 

vulnerable. The thesis consists of four studies: a systematic literature review of 

experimental studies on acute low-level exposure; the development of a CO data 

analysis method; and cross-sectional and longitudinal study of the 

neuropsychological effects associated with chronic low-level exposure in older 

adults. This introduction is divided into two core sections. The majority of 

evidence within the CO literature studies acutely poisoned patients; the first 

section therefore provides a background to severe exposure including 

mechanisms of toxicology, neuroimaging findings and subsequent 

neuropsychological sequelae (NS). Mortality and hospital admission rates, 

alongside factors that increase the risk of NS and poorer prognosis are also 

discussed in order to highlight groups most susceptible to CO. The second 

section focuses on lower-level CO including environmental concentrations and 

endogenous CO production, air quality and exposure guidelines, ambient CO 

levels within the home, the associated health and neuropsychological effects of 

low-level acute and chronic exposure and susceptible groups, particularly older 

adults.  

  

Section 1.1 Severe Acute CO Poisoning 

1.1.1 Epidemiology, Mortality and Hospital Admission Statistics  
In the UK, the number of unintentional CO-related poisonings and deaths has 

decreased since the replacement of town gas with natural gas and the fitting of 

catalytic converters on cars (Wilson, Saunders, & Smith, 1998). However, natural 

gas requires double the amount of oxygen for combustion and when partial 

combustion occurs CO can be produced (Crawford, Campbell, & Ross, 1990). 

Accidental CO poisoning still occurs with many incidents unrecognised in the 

community, largely due to malfunctioning appliances and insufficient ventilation 

(Wilson et al., 1998; De Juniac et al., 2012). In the European Union (EU), a 

substantial number of deaths are caused by CO, with 140,490 CO-related deaths 

reported between 1980 and 2008. Additionally, further information from 11 states 
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revealed that unintentional poisoning accounted for the highest amount of deaths 

(54.7%) (Braubach et al., 2013). In England and Wales, data from the Office for 

National Statistics (ONS) between 1979 and 2012 revealed a total of 28,944 CO-

related deaths, of which 2208 were due to unintentional non-fire-related CO 

poisoning (Fisher, Leonardi, & Flanagan, 2014). Annual mortality rates have 

gradually declined from 166 in 1979 to an average of 44 between 1996 and 2010 

(Fisher et al., 2014) and are highest in individuals aged 25-64 years, accounting 

for 63.2% of cases. However, older adults (Ó65 years) are most affected, 

accounting for 22.3% of all CO-related deaths (Braubach et al., 2013), a 

proportion higher than the proportion of this age group in the general population 

(14.1%), with survival rates decreasing with increasing age (Fisher Bowskill, 

Saliba, & Flanagan, 2013). Data sourced from the Carbon Monoxide and Gas 

Safety Society (COGSS) between 1996 and 2007, also revealed a high 

prevalence of non-fire related CO deaths in older adults aged over 65 years 

(39%). 

 

The prevalence of accidental poisoning is further supported by CO-related 

hospital admissions figures. For example, Hospital Episode Statistics (HES) 

inpatient data between 2001 and 2010, revealed a total of 5,062 non-fire related 

CO poisoning National Health Service (NHS) hospital admissions, of which 

48.7% were related to accidental exposure (Ghosh et al., 2015). These studies 

also highlight those most vulnerable, with higher admission rates observed in 

older adults (Ó80 years) followed by the young (<10 years) (Ghosh et al., 2015). 

Additionally, mortality and hospital admission rates are higher in the winter 

months, potentially reflecting increased use of heating appliances and decreased 

ventilation to conserve heat (Ghosh et al., 2015; Wilson et al., 1998; De Juniac 

et al., 2012; Fisher et al., 2013; Braubach et al., 2013).  

 

In relation to socioeconomic status, higher admission rates for accidental 

poisoning have been reported in areas of deprivation, with the exception of 

extremely deprived areas (Ghosh et al., 2015). Other studies however, have 

found no relationship between non-intentional CO-related poisonings and 

socioeconomic deprivation (Wilson et al., 1998). These findings may reflect a 

higher use of social housing and rented accommodation in extremely deprived 
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areas where previous health promotion work has mainly focused and legislation 

(such as legal requirements of gas safety checks) are in place to protect from CO 

poisoning (Wilson et al, 1998; Ghosh et al., 2015). De Juniac et al., (2012) found 

CO-related deaths to be most prevalent in owner occupied homes (58%). In 

support of this, figures from the EU Injury database (IDB) indicated that 87% of 

CO-related injuries occur in private residential areas (EuroSafe, 2008), with 

domestic fuel reported to be the most common source accounting for 52% of all 

non-intentional CO-related incidents (Wilson et al., 1998). The majority of non-

fire related CO deaths have been associated with domestic appliances including 

heaters (28.4%), boilers (28.1%) and cookers (12.6%) (De Juniac et al., 2012). 

Moreover, data from the UK National Poisons Information service (NPIS) 

between 2014 and 2015 revealed that of 479 CO enquiries, 84% were home 

exposures with 62% due to a faulty appliance (NPIS, 2015). Malfunctioning or 

poorly ventilated domestic appliances appear to be the most common source of 

both non-fatal and fatal accidental CO poisoning incidents (Wilson et al., 1998; 

De Juniac et al., 2012; NPIS; 2015). The Carbon Monoxide and Gas Safety 

Society (COGSS; 1997) warned that all households are at risk of CO poisoning 

regardless of social class and type of residence. 

 

Similar figures have been reported in the UK West Midlands region, the focus 

area of the studies within this thesis, with unintentional poisoning accounting for 

43.2% of all CO-related hospital admissions between 1988 and 1994 (Wilson et 

al., 1998). This data, combined with figures from the Health and Safety Executive 

(HSE), revealed that of all CO-related incidents, 25.2% were non-intentional, and 

domestic fuel was the most common source accounting for 52.3% of cases. The 

West Midlands has also been found to have a higher prevalence of incidents than 

any other region in England (Fisher et al., 2013). Incidents were highly correlated 

with the winter months and high risk groups included older adults (>85 years) and 

the very young (0-4 years). Moreover, older adults had the greatest risk with an 

incident rate twice that of the very young group (Wilson et al., 1998).  

 

The data indicate that approximately 45% of all CO-related hospital admissions 

in England are due to accidental poisoning (Ghosh et al., 2015; Wilson et al., 

1998). Mortality rates have significantly declined nationally, however, 
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unintentional poisoning still accounts for the highest proportion of all CO-related 

deaths in Europe (Fischer et al., 2014; De Juniac et al., 2012; Braubach et al., 

2013). Annual hospital admission rates for accidental exposure are much higher 

than the associated mortality rate (Ghosh et al., 2015; Fischer et al., 2014; De 

Juniac et al., 2012). The burden of accidental non-fatal CO poisoning is therefore 

greater than the burden from mortality (Ghosh et al., 2015). The figures reported 

in the majority of studies reviewed above however, are based on relatively old 

data and therefore are unlikely to reflect the current situation. Nevertheless, they 

indicate that accidental exposure incidents may be more prevalent in the West 

Midlands region and therefore the studies in the current thesis were based in the 

West Midlands, specifically Coventry. Importantly, these studies highlight 

vulnerable groups within the population that are at greater risk of accidental CO 

exposure with data revealing higher mortality and hospital admission rates 

amongst older adults (>65 years) (Fisher et al., 2013; De Juniac et al., 2012; 

Braubach et al., 2013), particularly those aged Ó80 years (Ghosh et al., 2015; 

Wilson et al., 1998). Older adults as a group were therefore the population of 

study in the current thesis.  

 

1.1.2 Mechanisms of Toxicology 
Prior to examining the effects associated with CO exposure, particularly the 

potential neuropsychological impacts, it is important to understand the underlying 

mechanisms of CO toxicity. This section summarises some of these pathways. 

The toxic effects of CO are primary mediated via hypoxic pathways through the 

binding of CO to haemoglobin (Hb), forming carboxyhaemoglobin (COHb). 

Carbon monoxide has an affinity for Hb around 240 times that of oxygen (O2). 

The formation of COHb decreases the amount of Hb available for O2 transport 

reducing the O2 carrying capacity of the blood, leading to decreased O2 supply to 

the tissues and organs (Haldane, 1895a; Raub & Benignus, 2002). Furthermore, 

COHb formation causes structural changes to Hb molecules leading to more 

stable binding to O2 on the other haem groups (Harper & Croft-Baker, 2004). This 

increase in strength of O2 dissociation from Hb inhibits the release of O2 until very 

low partial pressures of O2 within the tissues are reached. This causes the 

remaining oxyhaemoglobin dissociation curve to shift to the left, further 

decreasing O2 delivery to the tissues (Haldane, 1895b; Raub & Benignus, 2002). 
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In response to reduced O2 availability, compensatory mechanisms such as 

tachycardia and tachypnea are triggered in order to maintain O2 supply leading 

to increased oxygen uptake, coronary and cerebral blood flow (CBF) and O2 

consumption in muscle. These increases in cardiac output and respiratory rate 

also lead to greater CO uptake. At a certain time point the amount of COHb in 

the blood will reach levels at which the heart can no longer produce an output 

that is large enough to compensate for the decrease in O2 (Prockop & Chichkova, 

2007; Raub & Benignus, 2002; Chiew & Buckley, 2014). Cardiac hypoxia and 

decreased cardiac output follows, resulting in the development of severe tissue 

hypoxia (Haldane, 1895a, 1895b; Chiew & Buckley, 2014). At this point death will 

occur unless intervention is initiated (Chiew & Buckley, 2014). The brain and the 

heart are most susceptible to CO toxicity and hypoxic injury due to their high O2 

demand. Increased cranial pressure and cerebral oedema result as a 

consequence of hypoxia resulting in reduced levels of consciousness, seizures, 

coma, and death (Prockop & Chichkova, 2007). Brain hypoxia also results in 

oxidative stress, inflammation, necrosis, and apoptosis causing injury to the 

cerebral cortex (Piantadosi, Zhang, Levin, Folz, & Schmechel 1997). 

  

Other pathophysiological mechanisms have been suggested to account for the 

toxic effects of CO poisoning. CO is known to bind to intracellular haem proteins 

such as myoglobin and neuroglobin causing detrimental changes in cell function 

(Raub & Benignus, 2002). For example, CO binds to intracellular myoglobin in 

the heart and skeletal muscles forming carboxymyoglobin (COMb). The 

formation of COMb impairs oxygen supply to the mitochondria by inhibiting ATP 

production, leading to cellular respiratory dysfunction. This reduction of O2 in the 

tissues impairs heart function (Prockop & Chichkova, 2007; Harper & Croft-

Baker, 2005) and results in ischaemia, oxidative stress and the formation of O2 

free radicals promoting cell death  (Hardy & Thom, 1994; Zhang & Piantadosi, 

1992). Structural alterations to myelin basic protein can also occur triggering 

immunologic responses resulting in progressive demyelination of the cerebral 

white matter (CWM) and inflammation (Weaver, 2009).  
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1.1.3 Neuropsychological Effects 
Carbon monoxide poisoning can be classified according to the exposure 

duration. Acute exposure includes durations up to 24 hours; chronic describes 

longer exposures lasting more than 24 hours (including intermittent exposure); 

and acute-on-chronic includes a combination of both exposures (Sykes & Walker, 

2016). Poisoning severity is dependent upon the exposure duration and other 

environmental factors such as the concentration of CO in the air and ambient 

ventilation (Prockop & Chichkova, 2007). The majority of research on CO 

exposure has studied severe acute poisoning and the effects are well described. 

Initial symptoms are non-specific and include headache, fatigue, nausea and 

vomiting. As the ambient CO concentration and exposure duration increase, 

symptoms such as confusion and dizziness develop which are progressively 

followed by loss of consciousness, seizures and ultimately death (Raub & 

Benignus, 2002). Neuropsychological sequelae (NS) following acute CO 

poisoning can also present, including a wide range of neurological deficits, 

cognitive impairments, and affective changes. Symptoms can arise immediately 

after exposure and persist for an undetermined amount of time (persistent 

neuropsychological sequelae; PNS), or can be delayed in onset following 

apparent recovery of clinical symptoms, with an average latency of around three 

weeks (delayed neuropsychological sequelae; DNS) (Reynolds, Hopkins, & 

Bigler, 1999; Choi, 1983; 2002; Min, 1986; Weaver et al., 2002).  

 

Symptoms can range from subtle changes in personality and mild cognitive 

impairment, detectable only through neuropsychological assessment, to severe 

deficits in cognitive functioning (Min, 1986; Choi, 1983; Hu, Pan, Wan, Zhang, & 

Liang, 2011). Commonly reported sequelae include impairments in memory, 

attention, concentration, executive function, verbal fluency, processing speed 

and visuospatial skills (Parkinson et al., 2002; Dunham & Johnstone, 1999; 

Reynolds et al., 1999; Porter, Hopkins, Weaver, Bigler, & Blatter, 2002; Weaver 

et al., 2002; Gale et al., 1999; Min, 1986; Pepe et al., 2011; Katirci, Kandis, Aslan, 

& Kirpinar, 2010; Yang et al., 2015; Chen et al., 2013; Chen et al., 2015; Chang 

et al., 2010). Memory impairments are most commonly observed, followed by 

deficits in attention, motor skill, processing speed, executive function, and 

visuospatial ability (Hopkins & Woon, 2006). Movement disorders such as 
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Parkinsonism symptoms are also frequently reported including gait abnormalities 

(shuffling gait), increased muscle tone (rigidity), tremor and bradykinesia (slowed 

movement) (Choi, 1983; Choi & Cheon, 1999; Choi, 2002; Min, 1986; Pepe et 

al., 2011; Chen et al., 2015). Affective sequelae often include personality 

changes, irritability, aggressiveness, apathy, depression, anxiety, obsessive-

compulsive behaviour, elated mood, delusions and hallucinations (Jasper, 

Hopkins, Duker, & Weaver, 2005; Katirci et al., 2010; Reynolds et al., 1999; Gale 

et al., 1999; Smith & Brandon, 1973; Dunham & Johnstone, 1999; Min, 1986).  

 

A key limitation of many studies examining the neuropsychological effects 

associated with CO poisoning is the lack of a control group (Weaver et al., 2002; 

Porter et al., 2002; Choi, 1983, 1999, 2002; Pepe et al., 2011; Min, 1986; Gale 

et al., 1999). However, results of more recent studies that included healthy 

controls indicate the presence of cognitive and affective sequelae following 

accidental poisoning (Katirci et al., 2010; Chang et al., 2010; Yang et al., 2015; 

Chen et al., 2013; Chen et al., 2015). Chang et al., (2010) reported impairments 

in visual and verbal memory, verbal fluency, executive function, and visuospatial 

ability which did not significantly improve by 10 months. Higher depression 

scores were also observed in patients at three months but were not present at 

10 months. However, the sample size was small, with only 9 patients studied, 

limiting the generalisability of the results.  

 

Two slightly larger studies by Chen et al., (2013; 2015) compared 22 and 20 

patients respectively, and reported lower levels of cognitive functioning in CO 

poisoned patients initially that gradually improved over time. However, the 

majority of patients with delayed encephalopathy (DE) still presented with 

neuropsychiatric disorders at follow up. Yang et al., (2015) reported impaired 

attention, visual and verbal memory, and executive function in 21 patients with 

significant performance improvements observed at six months, except for in 

executive function (problem solving and concept formation). Katirci et al., (2010) 

studied 30 patients and observed significantly impaired immediate memory, 

spontaneous recall, attention, learning and visual and logical memory in patients 

that remained at six months. The results of these studies indicate a range of 

cognitive sequelae following CO poisoning and that impairments can persist for 
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at least six to 10 months (Chang et al., 2010; Katirci et al., 2010), with executive 

function deficits potentially particularly persistent (Yang et al., 2015). Results 

from a meta-analysis on the short and longer-term neuropsychological effects of 

CO poisoning, indicated significantly worse performance on measures of divided 

and sustained attention and processing speed in patients when compared to 

controls (Watt, Prado, & Crowe, 2017). When patient performance over time was 

examined, significant improvements were observed from the initial testing to 

follow-up (range: 6 weeks to 10 months) on measures of sustained attention, 

visuospatial ability, short-term and working memory. The authors concluded that 

CO poisoning can lead to a range of neuropsychological impairments that 

generally improve over time and therefore may in part, be reversible (Watt et al., 

2017).  

 

Longitudinal studies of neurological and cognitive sequelae following acute CO 

poisoning are limited. The majority of studies have typically included follow up of 

patients for one year durations or less (Jasper et al., 2005; Yang et al., 2015; 

Chang et al., 2010; Porter et al., 2002; Kesler et al., 2001; Katirci et al., 2010), 

therefore information on sequelae and long-term outcomes beyond the first year 

of poisoning is limited (Weaver, 2009). The incidence rate of DNS in CO poisoned 

patients is extremely variable with estimates from around 3% up to 40% (Choi, 

1983; Parkinson et al., 2002; Pepe et al., 2011). Prognosis is also extremely 

variable with studies reporting persistent impairments in memory, attention, and 

executive function at six months in 52% of patients (Porter et al., 2002) and others 

reporting generally good outcomes with 60-80% of patients recovering within one 

year (Choi, 1983; 2002; Min, 1986). However, in some of these patients, mild 

memory deficits and Parkinsonism persisted and in around 25% of cases 

symptoms do not improve, indicating that sequelae can persist and may be 

permanent (Choi, 1983; Min, 1986).  

 

Two studies with longer follow-up times (6-51 months, average 25 months) 

observed gradual improvements in cognitive functioning. However, the majority 

of patients with DE continued to present with neuropsychiatric disorders 

evidencing that symptoms can persist over one year post-exposure (Chen et al., 

2013; Chen et al., 2015). Furthermore, case reports of severely poisoned patients 
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also document long-term cognitive effects, with gradual improvements in 

neuropsychological sequelae observed over three years except for in memory 

function which continued to decline over the time course (Reynolds et al., 1999). 

Cognitive deficits in areas of memory, attention, and executive function have 

been observed in 19% of patients and neurological abnormalities in 37% of 

patients six years after poisoning, indicating that significant long-term 

neuropsychological effects may follow (Hopkin & Weaver, 2008; Weaver, 

Hopkins, Churchill, & Deru, 2008).  

 

Prevalence rates of depression and anxiety in CO poisoned patients are high 

initially, with studies reporting symptoms in 30-95% of patients (Gale et al., 1999; 

Smith & Brandon, 1973; Jasper et al., 2005; Porter et al., 2002; Katirci et al., 

2010). These symptoms appear to be short, lasting a few monthsô post-exposure 

and therefore may be a reaction to the sudden and unexpected trauma related 

to the accident (Chang et al., 2010; Katirci et al., 2010). However, in attempted 

suicide cases where high percentages of pre-morbid psychiatric conditions are 

present, differentiation between pre-existing psychiatric disorders and affective 

disorders following CO poisoning is difficult (Quinn et al., 2009). For example, 

Jasper et al., (2005) found higher prevalence rates of pre-existing psychiatric 

disorders in a group of CO poisoned patients resulting from a suicide attempt 

(77%), compared to accidentally poisoned patients (11%). However, patients in 

the unintentional exposure group were just as likely to have anxiety and 

depression at six and 12 months post exposure. Moreover, Porter and colleagues 

(2002) found no significant differences in levels of depression between attempted 

suicide and accidentally poisoned patients at six months. Thus, affective 

disorders may arise secondary to CO poisoning and may not be fully explained 

by prior psychiatric disease (Jasper et al., 2005).  

 

A further problem with associating neuropsychological impairments following CO 

poisoning is the complex relationship between cognitive impairment and mood 

disorders. For example, the manifestation of cognitive deficits following CO 

poisoning such as impaired memory and attention may contribute to mood 

deterioration. Likewise cognitive impairments may arise as symptoms of 

depression and be mistaken for cognitive decline (Quinn et al., 2009). However, 
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cognitive impairments have been reported in CO poisoned patients who have co-

morbid anxiety and depression (Jasper et al., 2005), and depression following 

poisoning has been reported in patients who do not exhibit cognitive deficits 

(Smith & Brandon, 1973). This indicates that depression and anxiety may be 

associated with CO poisoning irrespective of cognitive outcome (Jasper et al., 

2005). In summary, there is an extensive amount of evidence indicating the 

presence of neuropsychological effects following acute poisoning. However, 

prognosis is extremely variable with some patients making a full recovery, some 

improving significantly and others experiencing severe symptoms that persist for 

years post-exposure. It is likely that variations across studies in poisoning 

severity, population studied, patient selection methods, study designs, 

assessments, criteria used to quantify poisoning severity and follow-up durations 

account for the variation in reported incidence and prognosis rates of NS in 

patients following CO poisoning (Jasper et al., 2005).  

 

1.1.4 Poisoning Severity, Risk Factors and Predictors of Delayed 
Neuropsychological Sequelae 
CO poisoning is variable in its clinical presentation. Symptoms roughly correlate 

with COHb levels, in that symptom severity generally increases with rising COHb 

levels (Quinn et al., 2009; Varon, Marik, Fromm, & Gueler, 1999). Individuals with 

COHb levels below 10% may present with headache but are usually 

asymptomatic; levels around 20% are associated with headache, dizziness, 

confusion, and nausea; at 40% individuals commonly experience seizures, loss 

of consciousness, and coma; and at around 60% and above, death is likely 

(Varon et al., 1999). However, numerous studies have reported that blood COHb 

levels do not correlate with poisoning severity based on clinical symptoms (Sokal 

& Kralkowska, 1985; Dunham & Johnstone, 1999; Yeh et al., 2014). COHb has 

an average elimination half-life of around 320 minutes in young healthy adults 

breathing room air (Peterson & Stewart, 1970). Levels of blood COHb therefore 

fall quickly once an individual is removed from the CO source. The time elapsed 

between exposure and COHb measurement is therefore unlikely to accurately 

represent poisoning severity, with levels likely to have dropped significantly from 

the time of exposure (Sykes & Walker, 2016). Furthermore, COHb levels are not 

strongly associated with the occurrence of persistent symptoms or the 
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development of DNS and therefore prognosis (Chambers et al., 2008; Hampson 

and Hauff, 2008; Ku et al., 2010). Additionally, COHb reflects levels of CO in the 

blood only, not accounting for CO concentrations within tissue, which may further 

explain the reported inconsistencies between symptom severity and COHb levels 

(Messier & Myers, 1991).  

 

COHb levels are therefore useful in the diagnosis of CO poisoning, but the 

absence of raised COHb concentrations does not exclude the possibility of 

poisoning (Sykes & Walker, 2016). The absence of a linear relationship between 

COHb levels and severity of symptoms also indicates the presence of additional 

underlying mechanisms in CO-toxicity, other than tissue and organ hypoxia due 

to hypoxaemia. That is, the well-established COHb hypoxia theory does not 

completely explain the pathophysiology of DNS that typically develop days to 

weeks post exposure after COHb levels have fallen (Roderique, Josef, Feldman, 

& Spiess, 2015; Yeh et al., 2014).  

 

Studies have examined alternative indicators of poisoning severity such as loss 

of consciousness (LOC) (Hampson & Hauff, 2008; Pepe et al., 2011; Ku et al., 

2010; Zou et al., 2015; Weaver et al., 2008; Weaver et al., 2007). Hampson and 

Hauff (2008) found that patients presenting with LOC had significantly higher 

average COHb levels. However, a high number of patients who experienced LOC 

had COHb levels below 10%, and some patients without LOC had COHb levels 

greater than 50%, indicating that LOC is not a reliable marker of poisoning 

severity (Hampson & Hauff, 2008). Other studies have reported that seizures, 

decreased systolic blood pressure (<90 mmHg) (Pepe et al., 2011), and reduced 

levels of consciousness (Pepe et al., 2011: Ku et al., 2010; Zou et al., 2015) are 

associated with the development of DNS.  

 

Longer exposure duration and older age have been identified as potential risk 

factors in the development of DNS and prognosis. Patients aged Ó36 years or 

that had exposure durations of Ó24 hours and COHb levels Ó25% have been 

reported to be at increased risk of developing cognitive sequelae at six weeks 

than patients without these characteristics (Weaver et al., 2007). Pepe et al., 

(2011) also identified longer exposure duration (>6 hours) as a potential risk 
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factor in DNS development. Hu et al., (2011) explored potential risk factors that 

impact prognosis of CO poisoned patients with DE and found older age, shorter 

lucid interval, complications and lower activities of daily living (ADL) scores during 

hospital admission were potential risk factors leading to poorer prognosis. Older 

adults may therefore be at higher risk of developing DE and subsequent DNS 

following CO poisoning and are likely to have poorer prognosis (Hu et al., 2011; 

Weaver et al., 2007). 

 

1.1.5 Neuroimaging Findings 
Neuroimaging plays an important role in both diagnosis and treatment in the 

acute phase and in the assessment of possible NS in the chronic phase. The 

majority of brain imaging evidence comes from the study of severely poisoned 

patients. In the acute phase, lesions to the globus pallidus are commonly 

reported (Varrassi et al., 2017). Atrophy of the hippocampus (Gale et al., 1999; 

Gale & Hopkins, 2004) thalamus (Tuchman, Moser, & Moshe, 1990) and the 

parietal, occipital, and frontal lobe (Uchino et al., 1994) have also been reported 

following CO intoxication. Magnetic resonance imaging (MRI) studies commonly 

report altered signal intensity in the globus pallidus bilaterally (Hedge, Mohan, 

Lath, & Lim, 2011), and subsequent imaging in the chronic stage of CO poisoning 

consistently show white matter hyperintensities (WMH) (Hou et al, 2013). 

 

Severe exposures typically result in immediate injury to the globus pallidus, 

whereas CWM damage occurs within the following hours (O'Donnell, Buxton, 

Pitkin, & Jarvis, 2000; Porter et al., 2002). The immediate neurological deficits 

are therefore thought to be caused by acute anoxic encephalopathy and the 

delayed encephalopathy (DE) and subsequent NS from progressive 

demyelination of the CWM (Chang et al., 1992). This demyelination, in some 

cases, may be reversible with studies reporting correlations between improved 

cognitive function and neuroimaging findings. For example, Wang and 

colleagues (2016) examined the clinical course and MRI of CO poisoned patients 

with DE and subsequent NS. They observed improvements in cognitive 

functioning. However, movement disorders often persisted. The improvements in 

clinical symptoms were correlated with neuroimaging findings with lesions to the 

CWM recovering more than globus pallidus lesions, indicating reversible 
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demyelination rather than irreversible necrosis, which was associated with 

improved cognitive function. These findings suggest that the pathological lesion 

underpinning DE and subsequent NS is the diffuse demyelination of the CWM 

(Wang et al., 2016), with lesions to the CWM more frequently associated with 

DNS than globus pallidus lesions (Gale et al., 1999; Choi, Kim, Choi, Lee, & Lee 

1993).  

 

The common treatment for recognised CO poisoning is the administration of 

oxygen either under normobaric or hyperbaric conditions (Buckley, Juurlink, 

Isbister, Bennett, & Lavonas, 2011; Weaver, 2009). The administration of 

normobaric oxygen (100% oxygen at atmospheric pressure) shortens the half-

life of COHb by approximately five-fold, and this is further reduced by the 

administration of hyperbaric oxygen therapy (HBOT; 100% oxygen at higher than 

atmospheric pressure) (Buckley et al., 2011). HBOT has been shown to reduce 

the incidence of cognitive sequelae at six weeks by 46% in CO poisoned patients 

when compared to normobaric oxygen (Weaver et al., 2002).  

 

1.1.6 Misdiagnosis  
CO poisoning is often undetected due to its unnoticeable properties and non-

specific symptoms, consequently leading to misdiagnosis (Sykes & Walker, 

2016). CO-related hospital admission and mortality rates are therefore likely to 

be a significant underestimate. Incidence rates of misdiagnosis in CO poisoning 

have been examined in screening studies of patients presenting with non-specific 

symptoms. For example, a large prospective study of 1758 patients presenting 

to emergency departments in England between January and October 2010 with 

non-specific symptoms found that 4.3% of patients had raised COHb levels 

(Ó2.5% in non-smokers; Ó5% in smokers) (Clarke et al., 2012). Of the 76 

identified patients with raised COHb levels, 82% had levels below 10%. This is 

an important finding as COHb levels of Ó10% are typically used by healthcare 

professionals to indicate CO poisoning due to previous research suggesting that 

healthy individuals with COHb levels of below 10% would be asymptomatic 

(Kales, 1993). Additionally, of the patients identified as positive for CO exposure, 

CO was not suspected in 80% of the cases by either the patients or emergency 

clinicians (Clarke et al., 2012). These findings indicate that a number of patients 
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are potentially misdiagnosed and sent home with the possibility of further 

exposure and that COHb levels below 10% can result in negative impacts on 

health. Lower COHb levels, <10%, therefore should not rule out the possibility of 

CO exposure. Importantly, these studies highlight the need for research that 

investigates lower-level exposures and the potential associated effects, the focus 

of this thesis. 

 

Section 1.2: Low-level CO 

1.2.1 Endogenous and Exogenous CO  
The concentration of CO in the atmosphere ranges between 0.05 and 0.12ppm. 

In large European city traffic environments, average concentrations over 8 hours 

are usually below 17ppm, with short lasting peaks up to 53ppm (World Health 

Organisation (WHO; 1999). Endogenous CO production, predominantly resulting 

from the degeneration of haem, results in baseline COHb levels of 0.4-0.7% in 

healthy individuals (Raub & Benignus, 2002, WHO, 1999). This process 

combined with environmental exposure usually leads to detectable COHb levels 

of 0.5-1.5% in non-smoking individuals (WHO, 1999). Smokers have higher 

COHb levels, which are usually around 4%, but heavy smoking can raise COHb 

readings to as high as 13% (Raub & Benignus, 2002). Generally, levels of <2% 

in non-smokers and <5% in smokers are regarded as normal (Harper & Croft-

Baker, 2004). At these low levels, endogenous CO has known beneficial effects 

playing a vital role in cellular maintenance, protection, regeneration and survival. 

Defined as a neurotransmitter in the central nervous system (CNS) it acts as a 

signalling molecule involved in a range of cellular functions with therapeutic 

actions including vasodilation, proliferation, anti-apoptotic factors and anti-

inflammatory properties (Prockop & Chichkova, 2007). Due to its physiologic and 

cytoprotective properties, the administration of exogenous low-level CO is 

currently being studied for neuroprotection in a range of brain pathologies such 

as traumatic brain injury, hypoxic injury, stroke and epilepsy (for reviews see 

Mahan, 2012; Queiroga, Vercelli & Vieira, 2015). 
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1.2.2 Outdoor and Indoor CO Air Quality Guidelines and CO Alarm Standards 

1.2.2.1 The World Health Organisation 
Levels of COHb depend upon both the ambient air CO concentration and the 

duration of exposure. The Expert Panel on Air Quality Standard of the WHO 

(1999) recommended that ambient air CO levels should not exceed levels that 

would produce blood COHb above 2.5%. According to the WHO guidelines 

(1999), exposures should conform to the following maximum durations of 

exposure at different levels: 87 ppm (100 mg/m3) for 15 min; 52 ppm (60mg/m3) 

for 30 min; 26 ppm (30 mg/m3) for 1 hour; 9 ppm (10 mg/m3) for 8 hours. More 

recently, guidelines have been published for indoor air quality (WHO, 2010) to 

prevent individualsô COHb levels rising above 2%. These recommendations are 

as follows: 87 ppm (100 mg/m3) for 15 min; 31 ppm (35 mg/m3) for 1 hour; 9 ppm 

(10 mg/m3) for 8 hours with the addition of 6 ppm (7 mg/m3) for 24 hours. 

Importantly, longer-term exposures were addressed, with the addition of a 24-

hour guideline in order to protect and minimise any health effects associated with 

low-level chronic exposure.  

 

It is extremely rare that outdoor ambient CO levels exceed these 

recommendations in the UK (The Expert Panel on Air Quality Standards 

(EPAQS; 1994). A more recent report by the Department for Environment, Food 

and Rural Affairs (DEFRA; 2019) on outdoor UK air quality, reported that ambient 

CO levels have been compliant with European limit values for many years, with 

8 hours average concentrations consistently below 10 mg/m3 at all monitoring 

sites. Due to this, relatively few monitoring sites are required to monitor CO 

concentrations, with only seven sites of which six (Belfast Centre, Cardiff Centre, 

Edinburgh St Leonards, Leeds Centre, London Marylebone Road and London 

North Kensington) have operated for at least 10 years.  

 

1.2.2.2 The Health and Safety Executive 
The HSE workplace exposure limits (EH40, 2005) detail workplace exposure 

limits for use of Control of Substances Hazardous to Health. These occupational 

regulations are in place to protect the health and safety of workers from the risks 

associated with exposure to hazardous chemicals. In 2011, new and revised 

workplace exposure limits (WELs) were published in order to assist in controlling 
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exposure to hazardous substances at work. The guidelines for CO were: long-

term exposure limit (8-hr time weighted average (TWA) reference period): 

30ppm; short-term exposure limit (15 minute reference period): 200ppm. 

However, a revised commission directive (EU) was published in 2017 with 

occupational exposure limits for CO amended to: Long-term exposure limit (8-hr 

TWA reference period): 20ppm; Short-term exposure limit (15 minute reference 

period):100ppm.  

 

1.2.2.3 Department of Health (DOH, 2004): Committee on the Medical Effects 
of Air Pollutants  
The department of healthôs committee on the medical effects of air pollutants 

(COMEAP), formally known as The Expert Panel on Air Quality Standards 

(EPAQS), recommended that the WHO (1999) guidelines for outdoor air should 

be applied to both indoor and outdoor environments, recommending the same 

concentrations and durations for indoor air quality.  

 

1.2.2.4 European Alarm Standards (British Standards Institution; BSI) 
The current European standards CO alarms (BSI EN 50291-1; 2018) require the 

actuation of an auditable alarm when CO levels reach 50ppm for between 60 and 

90 minutes, 100ppm for between 10 and 40 minutes and 300ppm within 3 

minutes. Some CO alarms have visual displays indicating the CO level, however, 

they do not alert occupants to low-level or chronic exposure (Shrubsole, 

Symonds, & Taylor, 2017). Furthermore, European alarm standards are not in 

accordance with the WHO (2010) recommendations with levels of 50ppm for 

between 60 and 90 minutes required prior to alarm activation, significantly higher 

than the WHO recommendation of 31ppm for 1 hour. The WHO (2010) exposure 

limits are guidelines only, intended to keep the public safe with limited influence 

as they are not underpinned by legislation and therefore enforcement in domestic 

environments is problematic (Shrubsole, Symonds, & Taylor, 2017; APPCOG, 

2017).  

 

1.2.3 Ambient CO Concentrations within the Home 
Indoor sources of CO, such as gas appliances and smoking habits, contribute 

significantly to CO exposure and raised CO levels (Cox & Whichelow, 1985; 

Myers, DeFazio, & Kelly, 1998; Crawford et al., 1990; Knobeloch & Jackson, 
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1999; Ryan, 1990). Homes without indoor combustion sources typically have CO 

levels similar to atmospheric ranges (WHO, 1999). Non-smoking households 

without gas appliances generally have average CO concentrations up to 3.1ppm 

and with gas appliances up to 5.2ppm. Smoking within the home can raise CO 

levels up to around 4.5ppm in those without gas appliances and 6.7ppm in those 

with (WHO, 1999; Institute for Environment and Health (IEH; 1998). However, 

ambient CO levels up to 38ppm have been found in non-smoking households 

which were attributed to the use of gas appliances, stoves, or open fires (Cox & 

Whichelow, 1985). Furthermore, 21% of the occupants in these homes had 

raised breath CO levels Ó6pmm. Additionally, smoking households without CO 

generating heating appliances did not exceed CO concentrations of 16ppm. 

Individuals may therefore be at risk of home exposure irrespective of smoking 

status, with domestic sources potentially leading to higher CO concentrations 

than cigarette smoking (Cox & Whichelow, 1985). Other studies have reported 

raised CO levels in UK homes that contain gas appliances. Ross (1996) 

measured CO levels for one week and found average concentrations of 2.4ppm 

in kitchens with gas appliances compared to 0.8ppm in kitchens without. 

Furthermore, maximum one minute averages of 43.1ppm and maximum one 

hour averages of 21.4ppm were recorded whilst gas cookers were in use. 

Moreover, the use of malfunctioning appliances caused one-minute average 

concentrations to rise to 106ppm and one hour averages to 49.8ppm, significantly 

exceeding the WHO one hour guideline of 25ppm (Ross, 1996). Stevenson 

(1985) also found that use of poorly installed or maintained kitchen gas 

appliances can raise 15-minute average levels to 160ppm, significantly higher 

than the WHO 15 minute recommendation of 87ppm. Increased COHb levels 

were also found in the residents of these homes (Stevenson, 1985). However, 

both of these studies were small, with only five and 14 homes examined 

respectively (Stevenson, 1985; Ross, 1996). The data therefore does not reflect 

CO levels in UK homes more generally. 

 

Two larger reports found that 23% of vulnerable homes (13/56) across the UK, 

and 18% (50/270) in East London, had higher CO levels in the ambient air than 

those recommended by the WHO (Croxford et al., 2005a; Croxford et al., 2005b). 

Homes were classed as vulnerable if the occupants were over 60 years of age 
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or single parent families in receipt of income support. In their first report Croxford 

et al., (2005a) collected CO readings every 15 minutes for between one and five 

weeks. Of the 13 homes that exceeded the WHO guidelines, all had 8 hour 

average concentrations over 9ppm, six had 1 hour concentrations above 26ppm 

and three had 30 minute concentrations exceeding 52ppm (Croxford et al., 

2005a). In their second report, CO measurements were recorded every minute, 

with averages stored every 15 minutes for 7-32 days (Croxford et al., 2005b). Of 

the 50 households found to have concentrations exceeding the WHO guidelines, 

all exceeded the 8-hour average recommendation, 26 exceeded the 1 hour 

guideline and 10 exceeded the 30 minute recommendation (Croxford et al., 

2005b). The elevated CO concentrations in both studies were found to be 

frequently caused by problems with gas appliances such as gas fires and 

cookers. A further study of 597 homes in London and South East England 

reported that 22% of homes had at least one appliance that was deemed at risk 

(AR) or immediately dangerous (ID) (Croxford, Leonardi, & Kreis, 2008). 

Furthermore, the prevalence of self-reported neurological symptoms such as 

headache, confusion and nausea were reported at a higher rate in individuals 

whose homes had a least one appliance deemed AR or ID (15%), compared to 

those that did not (7%). McCann et al., (2013) examined the prevalence of 

community CO exposure in London homes over six months with CO alarms 

installed in 22, 831 local authority homes between November 2011 and April 

2012. A total of 106 alarm incidents were recorded, of which 104 were 

investigated. Of all investigated incidents, over a third (35%) were due to a 

problem with a gas appliance and 11% due to misuse of cooking method 

(McCann et al., 2013).   

 

Other studies however, have found no evidence of raised CO levels with 

concentrations reported to be within the 8-hour average guideline of 9ppm in 830 

UK homes (Raw, Coward, Brown, & Crump, 2004). However, mean 

concentrations were measured using Draeger color-metric diffusion tubes, which 

do not provide information on short-lasting peaks in CO levels, as opposed to 

continuous monitoring (Raw et al., 2004). Henderson, Parry, and Mathews (2006) 

measured CO levels in 44 homes in South Wales and reported mean CO 
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concentrations below 1ppm; although short-lasting peaks were observed, none 

exceeded the WHO guidelines.  

 

In summary, the results of these studies reveal that ambient CO concentrations 

in a number of UK homes exceed the WHO guidelines, particularly when gas 

appliances are in use. Therefore, a substantial number of individuals may be 

exposed to CO within the home at levels higher than those considered safe, 

potentially resulting in detrimental health impacts. The studies also highlight that 

increases in ambient CO levels can be transient, making the practice of taking a 

single measurement inaccurate. That is, elevated levels may not be identified 

using a single reading and therefore such practices fail to accurately reflect 

exposure concentrations over time. Repeated readings are therefore necessary 

to gain awareness of the true nature of the problem (Abelsohn, Sanborn, 

Jessiman, & Weir, 2002), an approach used in the studies of this thesis.  

 

Previous studies measuring CO levels within the home have typically reported 

the exposure levels, proportion of homes with low-level ambient CO, and the 

percentage of homes exceeding the WHO guideline limits. These studies provide 

data on the magnitude of the problem within UK homes and offer invaluable 

insight into the number of individuals that are potentially at risk from low-level 

exposures and are therefore extremely informative. They also offer information 

of the types of properties and appliances that present the highest risk and 

highlight geographical and socioeconomic factors that likely affect exposure 

vulnerability. A few studies have collected health information from occupants 

such as current symptoms and illnesses. However, detailed health and 

neuropsychological data are typically not included and therefore evidence of any 

associated exposure effects is extremely limited. It is clear that further 

investigation is warranted as the data, although limited, represents significant 

public health concern (IEH; 1998; Shrubsole, Symonds, & Taylor, 2017). 

Additionally, data analysis methods need developing that enable examination of 

any resulting neuropsychological and health effects at various CO concentrations 

in order to determine thresholds of harm. This is addressed in Study 3 of the 

thesis (see Chapter 4).  
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1.2.4 Low-level Acute CO Exposure and Associated Neuropsychological Effects 
Low-level or óless severeô poisoning has been defined by studies using various 

COHb levels including Ò10% (Sadovnikoff, Varon, & Sternbach, 1992), 10% 

(Crawford et al., 1990), 1%-11% (Amitai, Zlotogorski, Golan-Katzav, Wexler, & 

Gross, 1998) and <15% (Chambers et al., 2008). It is generally agreed that COHb 

levels of below 15% represent less severe poisoning (Chambers et al., 2008). 

Evidence on the effects associated with acute low-level exposure is limited and 

the neuropsychological and health impacts that follow are unclear. Experimental 

studies indicate that slightly raised COHb levels, between 2 and 5%, are 

associated with adverse cardiovascular effects in both patients with 

cardiovascular disease and healthy individuals. In patients with coronary artery 

disease, the onset time of angina was significantly reduced during exercise when 

exposed to either 50ppm or 100ppm of CO raising COHb levels to between 2.9 

and 4.5% (Anderson, Andelman, Strauch, Fortuin, & Knelson, 1973). Patients 

with cardiovascular disease have been shown to be affected by COHb 

concentrations as low as 2% during exercise (Allred et al., 1989). An increase of 

9% in COHb levels has also been shown to reduce walking distance in patients 

with chronic bronchitis and emphysema (Calverley, Leggett, & Flenley, 1981). In 

healthy individuals, COHb levels of below 4% have been reported to decrease 

exercise performance indicated by a reduced mean exercise time before 

exhaustion (Aronow & Cassidy, 1975).   

 

Neuropsychological sequelae have also been reported in experimental studies 

of acute low-level CO exposure at COHb levels of 5-7% (Putz, 1979; Schulte, 

1963; Gliner, Horvath & Mihenic 1983; Horvath, Dahms, & OôHanlon, 1971; 

Ramsey, 1972). Exposures to CO concentrations as low as 50ppm have been 

reported to significantly decrease the number of correct responses in an auditory 

discrimination task (Beard, & Wertheim, 1967). Exposure to 100ppm, raising 

COHb levels to around 5%, have been reported to impair choice discrimination 

of colours and letters indicated by increased errors and completion time (Schulte, 

1963). Decreased vigilance to visual stimuli has been observed at COHb levels 

of 6.6% (Horvath et al., 1971) and impaired tracking ability, slowed processing 

and psychomotor speed and deficits in sustained attention at COHb levels of 

around 5% (Ramsey, 1972; Putz, 1979; Gliner et al., 1983). However, other 
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studies have reported no CO-related effects in areas of sustained attention at 

COHb levels of 5-13% (Roche, Horvath, Gliner, Wagner, & Borgia, 1981; Wright 

& Shephard, 1978; Benignus, Otto, Prah, & Benignus, 1977), divided attention, 

psychomotor function and speed at COHb levels of 13-16% (O'Donnell, Chikos 

& Theodore 1971; Benignus, Muller, Smith, Pieper, & Prah 1990). The majority 

of these experimental studies have typically used CO concentrations of around 

100ppm and durations have been short, lasting around four hours.  

 

Amitai and colleagues (1998) reported significantly impaired memory, learning 

ability, attention, visuomotor skills, abstracting thinking, and visuospatial planning 

and processing in a group of students exposed to 17-100ppm (1-11% COHb) 

compared to controls. The results indicate that acute exposure to low-level CO 

can result in impairments across a range of cognitive domains, similar to those 

observed in more severe poisoning (Amitai et al., 1998). However, a measure of 

intelligence prior to exposure was not included and although the participants were 

University students, the disciplines studied varied widely. Therefore, there was 

no control for baseline variability in cognitive performance. Additionally, ambient 

CO concentrations were used as a marker for COHb level, previously criticised 

by Bleeker (1999) who highlighted probable misinterpretation. A further study 

examined the prevalence of cognitive sequelae, depression, and anxiety in 

patients with less severe (<15% COHb without LOC) compared to more severe 

poisoning (Ó15% COHb or LOC) (Chambers et al., 2008). A high prevalence of 

cognitive sequelae was observed in both groups at six weeks (37%) six months 

(33%), and 12 months (31%) with no significant differences between the groups 

at any time point. Significant group differences were not present in education 

level or prior psychiatric history, so it is therefore unlikely that pre-morbid 

psychiatric conditions contributed to the observed sequelae (Chambers et al., 

2008).  

 

In relation to affective sequelae, patients who experienced less severe poisoning 

were found to be twice as likely to have depression compared to those with 

severe poisoning at six months (19%; 11%), despite the fact that severely 

poisoned patients had higher rates of intentional poisoning (Chambers et al., 

2008). However, at 12 months, depression rates declined in both groups to levels 
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observed in the normal population. Anxiety levels were also initially higher in the 

less severely poisoned patients at six weeks, with levels decreasing over time to 

levels comparable to those observed in the normal population by 12 months 

(Chambers et al., 2008). However, a control group of healthy individuals was not 

included nor a measure to estimate pre-morbid functioning (Chambers et al., 

2008). Nevertheless, similar results have been reported in studies of patients with 

traumatic brain injury, in that patients with mild injuries often report higher 

depression and anxiety than those with moderate to severe injuries, possibly due 

to an increased awareness in these patients of their cognitive sequelae and the 

trauma associated with the incident (Uomoto & Fann, 2004; Chambers et al., 

2008).  

 

In summary, the literature on the effects associated with acute low-level CO 

exposure is inconsistent, with some studies reporting negative impacts on health 

and neuropsychological function, and others finding no evidence of CO-related 

effects. The inconsistencies within the CO behavioural literature have previously 

been addressed by meta-analyses and reviews, all of which reached similar 

conclusions; the evidence is inconsistent, studies lack successful replication and 

reported results may be due to Type I errors, blinding procedures and publication 

bias (Benignus, 1993; 1994; Benignus, Muller, & Malott, 1990; Stewart, 1975). 

Furthermore, the majority of experimental studies were published over 40 years 

ago and would not adhere to current ethical standards. Additionally, experimental 

studies examining the neuropsychological effects of acute low-level CO exposure 

have typically included healthy young adults, who as a group have maximal 

physiological reserve to compensate for decreases in oxyhaemoglobin 

availability, and therefore are least likely to show any adverse effects on the CNS 

(Otto et al., 1979). However, the majority of existing evidence of the effects 

associated with less severe acute exposures is provided by these early 

experimental studies, with evidence from other sources extremely sparse. These 

studies, although extremely dated and unethical, are informative in that they 

examine and provide evidence of the potential effects associated with low-level 

acute exposure. Therefore, a review of the experimental literature on acute low-

level exposure forms part of this thesis.  
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The most recent reviews and meta-analyses published in this area are over 25 

years old and no clear synthesis exists that evaluates assessments by both 

primary and secondary cognitive domains. The majority of experimental studies 

have measured cognitive functioning using a series of extremely dated 

unstandardised tasks presenting issues with reliability and validity. Furthermore, 

tasks are often designed to measure a specific primary function, however they 

invariably measure additional cognitive functions. The impact of these secondary 

functions has not been previously examined. Contemporary synthesis and 

detailed examination of the literature by both primary and secondary functions is 

warranted and may provide further explanation to the inconsistencies within the 

CO behavioural literature. Therefore, a comprehensive systematic review of the 

experimental literature on acute low-level exposure was undertaken and forms 

Study 2 of the thesis (see Chapter 2).  

 

1.2.5 Low-level Chronic CO Exposure and Associated Neuropsychological 
Effects 
Chronic exposures to CO can range from several weeks to years in duration, with 

intermittent exposure commonly occurring (Weaver, 2009; Myers et al., 1998; 

Ryan, 1990). Evidence on the health and neuropsychological effects associated 

with less severe chronic exposure to CO is limited. Present within the literature 

are numerous anecdotal reports that detail a range of effects that follow such 

exposures (Knobeloch & Jackson, 1999; Gilbert & Glaser, 1959; Crawford, 

Campbell, & Ross, 1990; Ryan, 1990; Myers et al., 1998). Ryan (1990) described 

a case of a 48 year old woman who had been exposed to CO from a 

malfunctioning furnace with CO levels recorded at 180ppm. The patient 

experienced headaches, periods of depression, lethargy, and memory problems 

over a course of three years. Three months after the furnace was replaced, 

neuropsychological testing revealed deficits in new learning ability and memory, 

and the patient reported depression and anxiety (Ryan, 1990). Myers et al., 

(1998) followed seven individuals who were exposed to low-moderate levels of 

CO from malfunctioning and improperly ventilated domestic appliances for 

periods ranging from three weeks to three years. Consistent symptoms were 

reported, including headaches, fatigue, nausea and dizziness and personality 

changes, and affective disorders, such as depression and anxiety, were high. 
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Neuropsychological assessment revealed memory impairments and motor 

slowing in all cases. Improvements were observed with some patients making a 

full recovery, however mild deficits such as slowed processing speed remained 

in some cases. Self-reported symptoms also remained high in a few patients, and 

anxiety and depression commonly persisted (Myers et al., 1998).  

 

Exposure to chronic low-level CO is particularly hard to diagnose due to the non-

specific and often subtle symptoms (Harper & Croft-Baker, 2004). Consequently, 

this often leads to continued CO exposure (Kirkpatrick, 1987; Crawford et al., 

1990; Gilbert & Glaser, 1959; Myers et al., 1998; Ross, 1990). Symptoms are 

similar to those observed in acute poisoning including headache, dizziness, 

fatigue, nausea, vomiting, confusion, difficulty sleeping and personality 

disturbance (Myers et al., 1998; Crawford et al., 1990; Kirkpatrick, 1987; Hopkins 

& Woon, 2006; Gilbert & Glaser, 1959; Knobeloch & Jackson, 1999; Ryan, 1990). 

These symptoms, in addition to being non-specific, are easily misdiagnosed as 

viral illnesses, headaches, gastroenteritis, chronic fatigue syndrome, and 

depression (Knobeloch & Jackson, 1999; Myers et al., 1998; Ryan, 1990). Case 

reports of patients with chronic CO poisoning evince that reaching the correct 

diagnosis can be difficult and can subsequently lead to delayed diagnosis and 

prolonged exposure (Webb & Vaitkevicius, 1997; Myers et al., 1998; Gilbert & 

Glaser, 1959; Knobeloch & Jackson, 1999). A case report of a 73 year old woman 

who experienced transient cognitive impairments in the winter months underwent 

clinical investigations for four months prior to reaching the correct diagnosis 

(Webb & Vaitkevicius, 1997). Knobeloch & Jackson (1999) document occupants 

of three homes who had been experiencing symptoms including headaches, 

dizziness, nausea, and fatigue. Diagnoses included chronic fatigue syndrome, 

depression, and flu-like illnesses, with CO exposure only considered when 

contractors reported that the gas appliance ventilation systems had serious 

problems (Knobeloch & Jackson, 1999). The devastating impact of misdiagnosis 

is highlighted in a case series of 14 family members who experienced various 

symptoms over a few months. One patient was admitted to hospital on a few 

occasions and diagnosed with cerebral transient ischaemic attacks and 

discharged home. Nine individuals were later found unconscious at the residence 
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and were subsequently admitted and diagnosed with CO poisoning (Crawford et 

al., 1990).  

 

However, determining the degree of exposure in case reports is difficult due to 

the lack of information relating to exposure concentration and duration 

(Knobeloch & Jackson, 1999; Gilbert & Glaser, 1959; Crawford, Campbell, & 

Ross, 1990; Ryan, 1990). Furthermore, individuals are commonly exposed to 

short periods of acute poisoning as well as chronic low-level CO. Therefore, 

ascertaining which type of poisoning is responsible for any resulting health effects 

is problematic (Townsend & Maynard, 2002). Clinical assessment tools, such as 

the carbon monoxide neuropsychological screening battery (CONSB; Messier & 

Myers, 1991) have been developed for screening in more severe acute CO 

exposure but are of little use in the assessment of patients with chronic exposure 

(Myers et al., 1998). Detailed neuropsychological evaluations sensitive to subtle 

changes in cognitive functioning, that would otherwise potentially be missed, are 

vital in the assessment and follow up of individuals exposed to CO (Myers et al., 

1998; Amitai et al., 1998; Ernst & Zibrak, 1998). Furthermore, research aimed at 

identifying specific neuropsychological deficits, or patterns of impairment, 

associated with less severe exposures is vital in order to increase knowledge and 

identification. One of the main aims of the systematic review undertaken in this 

thesis, although focused on acute low-level exposure, was to ascertain whether 

there exists an identifiable pattern of observable deficits associated with less 

severe exposures (see Study 2, Chapter 2).  

 

Studies examining the effects associated with chronic low-level home exposure 

are extremely sparse. Volans et al., (2007) collected neuropsychological data 

from 71 occupants (M=53 years) of 270 homes in East London where CO 

monitoring had been undertaken (Croxford et al., 2005b). Of the subsample 

selected for neuropsychological testing, ambient CO concentrations exceeded 

the WHO guidelines in 14 homes, however the majority had mean 15-minute 

average CO concentrations Ò5ppm (M=1.89). These levels therefore represent 

extremely low-level exposure, when considered in accordance with the WHO 

(2010) 15 minute exposure guideline of 87ppm and 24 hour guideline of 6ppm. 

No significant negative CO-related effects were observed. Instead, trends 
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towards increased cognitive performance were found on seven of the 11 tasks, 

with standardised neuropsychological measures revealing test scores >.05 SD 

above the mean for a 1ppm increase in mean CO level. These were present in 

areas of auditory working memory, immediate and delayed visual memory recall, 

visuospatial ability and problem solving (although all non-significant). It is 

acknowledged that these deviations are small, with the authors reporting no clear 

evidence of neuropsychological effects (Volans et al., 2007). However, the 

exposure concentrations were extremely low and the resulting COHb levels were 

likely similar to, or slightly higher than, normal baseline levels. The authors 

reported that of the 39 participants that completed CO breath testing, none had 

levels exceeding 10% COHb. Extremely low-level exposure to CO may therefore 

result in similar beneficial effects to those associated with endogenous 

production and this may explain the slight increases in cognitive performance. 

However currently this is unknown.  

 

Further evidence on the effects associated with chronic low-level exposure is 

provided by epidemiological studies that have examined outdoor air pollution 

levels in relation to hospitalisation and mortality rates. With reports indicating that 

UK air quality has been consistently within limit values for many years (DEFRA; 

2019), it would appear that environmental CO levels would have little to no effect 

on the health of the UK population. However, higher air pollution levels have been 

related to increased risk of stroke mortality, with mortality rate ratios found to be 

1.26 and 1.32 times higher in the highest and second highest CO pollution areas 

respectively, when compared to the lowest (Maheswaran et al., 2005). 

Systematic reviews and meta-analyses also report significant associations 

between air pollution and heart failure indicated by a 3.52% increase in 

hospitalisations or mortality rates per 1ppm CO increase (Shah et al., 2013) and 

risk of MI indicated by an increase of 1.048 per 1mg/m3 CO increase (Mustafic et 

al., 2012). Associations between air pollution exposure, including CO, and 

increased dementia risk have also been reported indicated by an incidence rate 

ratio 1.36 times greater in the highest CO pollution area compared to the lowest 

(Chang et al., 2014). Importantly, air pollution has recently been identified as a 

dementia development risk factor in later life (>65) (Livingston et al., 2020). 

These studies provide invaluable insight on the health effects associated with 
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chronic outdoor exposure at the population level, however indoor exposures at 

the individual level also present significant concern, particularly within the home 

where higher CO concentrations have been recorded. To our knowledge, the few 

observational home exposure studies present within the literature have not 

included longitudinal follow-up of participants, and therefore the longer-term 

impacts on cognitive functioning over time have not previously been examined. 

The potential longer-term effects associated with chronic low-level home 

exposure are explored in Study 4 of this thesis (Chapter 5).  

 

1.2.6 Susceptible Groups within the Population 
Poisoning severity depends not only on environmental factors, such as the 

concentration of CO and exposure duration but also human factors such as age, 

pre-existing disease and the rate of gas exchange between the environment and 

the lungs (Sykes & Walker, 2016). The health effects associated with CO are 

most likely to be present in individuals who are physiologically stressed, resulting 

in increased susceptibility to CO at low-levels (Raub & Benignus, 2002). The 

brain and the heart are most susceptible to CO toxicity and hypoxic injury due to 

their high oxygen demand (Prockop & Chichkova, 2007). High risk groups within 

the population include the unborn and very young, and older adults, particularly 

those with pre-existing disease (Raub & Benignus, 2002). Individuals with pre-

existing disease such as cardiovascular, respiratory, or hematologic conditions 

whose ability to adequately regulate oxygen supply or metabolism is 

compromised, are more susceptible to raised COHb levels. These individuals are 

likely to develop severe toxicity from lower COHb levels due to their already 

reduced ability to compensate for decreases in the oxygen carrying capacity of 

the blood (Raub & Benignus, 2002; Chiew & Buckley, 2014). Older adults as a 

group may also be more susceptible to CO exposure due to reduced 

physiological reserve (Harper & Croft-Baker, 2004). Misdiagnosis may also be of 

particular concern within older adults as they often present with a range of 

conditions that can account for their symptoms, making it less likely that CO 

poisoning would be suspected (Harper & Croft-Baker, 2004).   

 

The ageing process is associated with structural and functional cerebral and 

vasculature changes that can influence cognitive functioning in older adults. For 
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example, endothelium-dependent vasodilatation and cerebral blood flow (CBF) 

are known to decline in healthy ageing (Belohlavek et al., 2009; Rodriguez-

Manas et al., 2009). Age-related changes to blood vessels can lead to impaired 

vessel function, including endothelial dysfunction, arterial stiffness and hypo-

perfusion, resulting in vascular dysfunction (Xu et al., 2017). These age-related 

alterations to the vasculature can lead to suboptimal CBF and hypo-perfusion 

which have been identified as precursors for mild cognitive impairment (MCI) and 

reported to accurately predict the development of Alzheimerôs disease (AD) 

(David & Taylor, 2004; Belohlavek et al., 2009; Jerskey et al., 2009; Jefferson et 

al., 2007; Forti et al., 2006). Furthermore, cardiovascular risk factors, such as 

heart failure, coronary artery disease and atrial fibrillation are more common in 

older adults and lead to greater decreases in CBF and chronic hypo-perfusion, 

further compromising the already reduced CBF that is present in ageing (de la 

Torre, 2012; Leenders et al., 1990; Zhao et al., 2007; Bentourkia et al., 2000; 

Parkes, Rashid, Chard & Tofts, 2004; Heo et al., 2010).  

 

In summary, older adults may be particularly vulnerable from exposure to 

substances that further compromise cerebral oxygen supply, such as CO, placing 

them at a greater risk of damage and cognitive decline, especially those with pre-

existing disease. CO may further increase risk of cognitive decline above that 

associated with the biological and physiological changes related to ageing and 

disease. However, currently this is unknown. In addition, other factors such as 

greater time spent at home also increase exposure risk in this group. Older adults 

are more likely to be retired and some may have restricted mobility resulting in 

increased time at home, which places an already vulnerable group at higher risk 

of accidental exposure from domestic appliances (Harper & Croft-Baker, 2004).  

 

Section 1.3: Overview of the Research 
Evidence of raised CO concentrations within UK homes is accumulating 

indicating that a large percentage of homes may have higher levels of CO than 

those recommended to be safe, with many individuals possibly unknowingly 

exposed to potentially harmful levels of CO. There is clearly cause for concern 

as a percentage of the population may be at risk from low-level CO exposures 

within the home from malfunctioning or poorly ventilated gas appliances or solid 
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fuel heating devices (Townsend & Maynard, 2002). Furthermore, individuals may 

be unaware that they are being exposed to low-levels of CO consequently 

leading to chronic exposure. The exposure may continue for weeks and 

potentially years until a diagnosis of CO poisoning is suspected in symptomatic 

individuals or the source of CO is detected. Furthermore, the problem may be of 

particular concern in the UK as gas appliances are widely used for heating and 

cooking and homes are often old and therefore contain older appliances 

(Townsend & Maynard, 2002). 

 

Chronic low-level exposures may be responsible for significant widespread 

morbidity, but are commonly overlooked not only due to the associated non-

specific symptoms but also lack of awareness of the problem (Myers et al., 1998). 

It is likely that a high number of subacute CO poisonings occur within the 

population that never come to the attention of medical practitioners (IEH, 1998), 

and that a proportion of symptomatic patients attending general practitioners are 

being exposed to CO in the home (Townsend & Maynard, 2002). The APPCOG 

published a report highlighting the urgent need for research into the effects and 

prevalence of CO in order to ascertain the magnitude of the problem, people 

affected, and to improve identification (APPCOG; 2011). Studies aimed at 

ascertaining the proportion of individuals who are exposed to low levels of CO in 

the home, and examining the short and long-term effects of chronic exposures, 

are needed in order to determine whether such exposures are a problem in the 

UK and, if so, the magnitude of the problem (Townsend & Maynard, 2002; 

McCann et al., 2013).  

 

Experimental and epidemiological studies, alongside case reports, indicate that 

adverse physical health and neuropsychological sequelae can follow acute and 

chronic low-level exposure that can persist after exposure has ceased resulting 

in long-term impacts. In some cases, complete recovery is achieved. However, 

symptoms and neuropsychological impairments can remain ranging from mild to 

severe, that prevent individuals from making a full recovery. These are often 

overlooked leading to inappropriate and incomplete treatment which can 

significantly impact upon the lives of patients and families longer term (Myers et 

al., 1998). However, other experimental studies on acute low-level exposure 
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report no associated CO-related effects and results from an observational study 

on chronic exposure present conflicting findings that indicate trends towards 

slightly increased cognitive performance (Volans et al., 2007). The literature on 

low-level CO exposure is inconsistent and dated with both experimental studies 

on acute exposure and case reports of chronic exposure presenting several 

limitations. It is currently unclear as to whether less severe exposures can cause 

short or long lasting effects on the brain. Further research is needed in this area 

where there is a significant knowledge gap.  

 

This thesis examines the presence of low-level CO within a sample of older adult 

homes in Coventry and aims to determine the short and long-term cognitive 

effects of chronic low-level exposure in older adults, a group identified as 

particularly vulnerable. Specifically, the thesis examines whether positive 

cognitive effects can result from extremely low-level exposure and the thresholds 

at which detrimental impacts occur, knowledge that is currently unknown.  The 

research was developed from initial concerns from West Midlands Fire Service 

who often report high levels of confusion in older residents who may be at risk of 

exposure at levels not sufficient to trigger a CO alarm, but that may still be 

detrimental to health. CO exposure may therefore be a significant unidentified 

cause of cognitive impairment that improved awareness, identification and 

treatment could prevent.  

 

The thesis consists of four studies. Study 1 (Chapter 2) comprises a systematic 

review of the experimental studies on acute low-level exposure with aims to 

further explain the inconsistencies within the literature and identify potential 

cognitive domains most affected by low levels of CO. Study 2 (Chapter 3) 

consists of the development of a CO outcome measure that permits examination 

of any resulting neuropsychological effects at different exposure levels. The 

primary aim in developing this measure was for use in identifying the levels at 

which potential neuropsychological effects occur. The second aim was to permit 

the examination of chronic exposure to extremely low-level CO in order to 

determine whether the beneficial effects associated with endogenous CO, can 

result from exogenous exposure. Study 3 (Chapter 4) is a cross-sectional 

observation study of the cognitive effects associated with chronic low-level CO 
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exposure in older adults. Study 4 (Chapter 5) builds on the findings from Study 3 

by examining the long-term cognitive impact of chronic exposures. Of particular 

interest was whether the relationship between age and cognition is moderated 

by CO exposure. Finally, Chapter 6 provides a general overview and discussion 

of the research findings, theoretical and clinical implications, directions for future 

research, and main limitations.  

 

The main questions addressed in this thesis are: 

¶ Are acute low-level CO exposures associated with cognitive impairments; 

and if so, is there an identifiable pattern of observable deficits? 

(Systematic literature review). 

¶ Is chronic exposure to extremely low-level CO associated with positive 

cognitive impacts? 

¶ Is chronic low-level CO exposure associated with impaired cognitive 

function, and if so, what are the thresholds of harm? 

¶ Can chronic exposure to low-level CO lead to longer term negative 

impacts on cognition? 

¶ Does the relationship between CO exposure and cognitive function 

increase with advancing age? 
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Chapter 2: Study 1 

A Systematic Review of the Experimental Literature on the Cognitive 
Effects of Acute Low-level Carbon Monoxide Exposure.  
 

 

2.1 Introduction  
Carbon monoxide (CO) poisoning is one of the most common causes of both 

accidental and intentional poisoning worldwide (Sykes & Walker, 2016). When 

inhaled, CO enters the bloodstream where it binds to haemoglobin (Hb) forming 

carboxyhaemoglobin (COHb). The formation of COHb decreases the O2 carrying 

capacity of the blood, reducing the availability of O2 to the tissues and organs, 

leading to hypoxia (Haldane, 1895a; Raub & Benignus, 2002). The levels of blood 

COHb formed are dependent upon the concentration of CO, duration of exposure 

and ambient ventilation (Prockop & Chichkova, 2007). Poisoning severity also 

depends upon human factors such as age, pre-existing disease and the rate of 

gas exchange between the environment and the lungs (Sykes & Walker, 2016). 

The brain and the heart are most susceptible to CO toxicity and hypoxic injury 

due to their high O2 demand. Increased cranial pressure and cerebral oedema 

result from hypoxia (Prockop & Chichkova, 2007). Brain hypoxia also results in 

oxidative stress, inflammation, necrosis, and apoptosis (Piantadosi et al., 1997). 

Other pathophysiological mechanisms, not related to hypoxia, may also play a 

role in CO toxicity. For example, CO binds to intracellular haem proteins, such as 

myoglobin, causing detrimental changes in cell function (Raub & Benignus, 

2002). Structural alterations to myelin basic protein can also occur triggering 

immunologic responses resulting in progressive demyelination of the cerebral 

white matter (CWM) and inflammation (Weaver, 2009). Demyelination of the 

CWM can alter connectivity between separate brain areas disrupting 

communication between them (Nickel & Gu, 2018).  

 

2.1.1 Neuropsychological Effects of Acute High-level CO Exposure 
The majority of research on CO exposure examines severe acute poisoning, the 

effects of which are well described. Symptoms are non-specific and include 

headache, fatigue, nausea and dizziness, which are progressively followed by 

loss of consciousness and ultimately death (Raub & Benignus, 2002). 



50 

 

Neuropsychological sequelae (NS) can also present including a wide range of 

neurological deficits, cognitive impairments, and affective changes. Symptoms 

can present immediately after exposure and persist for an undetermined amount 

of time or can be delayed in onset following apparent recovery of clinical 

symptoms (Reynolds, Hopkins, & Bigler, 1999). Longer duration of CO exposure 

(>24 hours) and age (>36) have been found to be potential risk factors in the 

development of delayed NS (Weaver, Valentine, & Hopkins, 2007). Severe 

exposures usually result in immediate damage to the globus pallidus (part of the 

basal ganglia), whereas CWM damage occurs within the following hours 

(OôDonnell et al., 2000; Porter et al., 2002). The immediate neurological deficits 

are thought to be caused by acute anoxic encephalopathy and the delayed 

encephalopathy (DE) and subsequent NS from progressive demyelination of the 

CWM (Chang et al., 1992). This demyelination may in some cases be reversible 

with studies reporting correlations between improved cognitive function and 

neuroimaging findings (Wang et al., 2016).  

 

2.1.2 Low-level CO Exposure 
Environmental exposure combined with endogenous CO production leads to 

detectable baseline COHb levels of <2% in non-smokers and <5% in smokers 

(Harper & Croft-Baker, 2004). The Expert Panel on Air Quality Standard of the 

World Health Organisation (WHO; 1999; 2010) published exposure guidelines for 

both outdoor and indoor air quality which aim to prevent individual COHb levels 

rising above 2.5% and 2% respectively (see Chapter 1). According to a report by 

the Department for Environment Food and Rural Affairs (DEFRA; 2019) on UK 

air quality, outdoor ambient CO levels have been within European limit values for 

many years with 8 hour average concentrations consistently below 10 mg/m3 at 

all UK monitoring sites. However, these guidelines have been exceeded 

internally in a number of UK homes with 13/56 (23%) across Manchester, 

Birmingham and Liverpool and 50/270 (18%) in East London reported to have 

ambient CO levels above the guidelines (Croxford et al., 2005a; Croxford et al., 

2005b).  
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2.1.3 Neuropsychological Effects of Acute Low-level CO Exposure 
The WHO (1999; 2010) guidelines are recommendations based on the results of 

studies revealing that acute low-level CO exposures, resulting in COHb levels of 

2-5%, were associated with adverse cardiovascular effects in both patients with 

cardiovascular disease and in healthy individuals (Allred et al., 1989; Anderson, 

et al., 1973; Aronow & Cassidy, 1975). Evidence of the neuropsychological 

impacts associated with acute low-level exposure is inconsistent, with some 

studies reporting effects at COHb levels of 5% (Gliner et al., 1983; Putz, 1979; 

Ramsey, 1972) and others reporting no effects at COHb levels as high as 16% 

(Benignus, Muller, Smith, Pieper, & Prah 1990). However, results from recent 

studies suggest that both CO-poisoned patients and those chronically exposed 

to lower level CO are at a higher risk of dementia development (Lai et al., 2016; 

Nakamura et al., 2016; Wong et al., 2016). Associations between air pollution 

exposure, including CO, and increased dementia risk have been reported (Chang 

et al., 2014; Peters, Peters, Booth, Mudway & Anstey, 2019). It is clear that 

further research into the relationship between lower level CO exposures and the 

effects on brain function is warranted.  

 

2.1.4 Previous Reviews and Meta-analyses 
The most recent reviews and meta-analyses on the behavioural effects of acute 

low-level CO exposure are over 25 years old (Benignus, 1993; 1994; Benignus, 

Muller, & Malott, 1990; Stewart, 1975). Stewart (1975) found that the evidence of 

CO-related cognitive effects, including psychomotor ability, vigilance, arithmetic 

tasks and driving skill was inconsistent. He surmised that COHb levels below 

10% would not be associated with performance deficits on tasks involving 

judgement and motor coordination due to mechanisms that can efficiently 

compensate for reductions in the oxygen carrying capacity of the blood. The 

author concluded that the reported performance deficits in participants with 

COHb levels of below 5% should be viewed with caution. Benignus et al., (1990) 

reviewed the behavioural effects of low COHb saturations and, like Stewart 

(1975), found the evidence to be inconsistent. They reported that none of the 

studies reporting CO-related effects on behaviour had been successfully 

replicated, and concluded that COHb levels below 20% would not produce 

behavioural effects, and if they did, they would be small and not occur 
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consistently (Benignus et al., 1990). In his 1994 meta-analysis and 1993 review, 

Benignus reached similar conclusions noting that the behavioural effects were 

not replicable or reported in studies using higher COHb levels. He suggested that 

the reported significant results may be due to Type I errors and publication bias. 

Additionally, meta-analysis results of 43 studies on the behavioural effects of CO 

revealed that single blind studies were significantly more likely to find CO-related 

effects than double blind studies (Benignus, 1994). The author concluded that 

evaluating the literature without consideration of the blinding procedure ñimplies 

a much more prevalent effect of CO than is warrantedò (page 47).  

 

2.1.5 The Current Review 
The literature on the impact of acute low-level CO exposure on cognitive 

functioning is ambiguous and it is unclear as to whether low-level exposures can 

cause short term or long lasting effects on the brain. Previous experimental 

studies have measured cognitive functioning using a series of tasks. These tasks 

are often designed to measure a specific primary function. However, they 

invariably measure additional cognitive functions, for example, a visual 

monitoring task may measure sustained attention (the primary function), but 

might also assess inhibition (secondary function). The impact of these secondary 

functions has not been previously examined. Therefore, the current review 

evaluates the impact of acute low-level CO exposure on cognitive function with 

all cognitive domains underlying tasks examined. These are evaluated by primary 

and secondary functions, rather than by primary function only. It is hypothesised 

that the inconsistencies within the CO behavioural literature may, in part, be due 

to differences in the areas of cognition assessed. Although task descriptions may 

only vary slightly, these differences can lead to substantial variations in the 

underlying cognitive functions required for task completion.  

 

2.1.6 Aims 
The aims of the review were twofold: to ascertain whether acute low-level CO 

exposures are associated with cognitive impairments; and if so, whether there 

exists an identifiable pattern of observable deficits.  

 



53 

 

2.2 Method  

2.2.1 Literature Search 
The experimental literature investigating the relationship between acute low-level 

CO exposure, COHb levels and cognitive functioning in adults was searched. 

The search was completed in December 2020. Articles were sourced and 

identified through searching electronic databases: Academic search complete, 

PsycInfo, PubMed, SAGE Journals, Scopus, and Web of Science. The search 

terms are presented in Table 2.1.  

 

 

 

 

 

  

 

 

 

 

2.2.2 Inclusion and Exclusion Criteria 
The inclusion criteria were: human studies with participants aged 18 years or 

above; studies published between the years 1960 and 2020; studies that 

exposed participants to CO, with exposure concentrations and durations 

resulting in COHb levels below 15%. It is generally agreed that COHb levels of 

below 15% represent less severe poisoning (Chambers et al., 2008). Studies that 

used COHb saturations above 15% were included only if lower levels were also 

examined to enable evaluation of reported effects at the lower concentrations.  

 

Animal studies were excluded along with articles not published in English, case 

reports, and conference abstracts. Studies examining the neuropsychological 

effects of acute severe CO poisoning including those investigating efficacy of 

treatment and neuroimaging findings (defined by one or more of the following: 

hospital admission, failed suicide attempt, loss of consciousness or a COHb level 

that would indicate more severe poisoning >15%) were excluded. Additionally, 

studies investigating other CO-related health effects not relating to cognition 

(such as cardiac, respiratory and peripheral neuropathy), those examining the 

effects of smoking, mechanisms of CO toxicology, effects of prenatal CO 

Table 2.1. Boolean search terms and combinations 

Boolean search term 

ñCarbon monoxideò 
AND 
Subacute OR mild OR chronic OR low OR occult 
AND 
Neuro* OR cogniti* OR psych* 
NOT 
Animal OR rat OR mice 



54 

 

exposure in the developing foetus and the effects of CO exposure on paediatric 

and adolescence development were excluded.  

 

2.2.3 Identification and Selection Procedure 
The titles and abstracts of studies were initially screened for eligibility based on 

the above criteria. Full text articles were then screened and excluded based on 

the additional criteria: studies not including neuropsychological testing, those 

investigating severe acute CO poisoning in the óchronicô or ósubacuteô phase, 

studies where exposure levels were not measured or reported, and multiple 

reports of the same data set. Article references were also screened and 

additional articles identified.   

 

2.2.4 Quality Appraisal and Risk of Bias 
A quality appraisal was carried out on full text articles for inclusion eligibility using 

the Mixed Methods Appraisal Tool (MMAT; Hong et al., 2018), by three authors 

independently (B.L.C., C.A.H. and T.J.C.). Any discrepancies were discussed 

and agreement reached. Included studies were appraised using the two initial 

screening questions followed by either Section 2 (quantitative randomised 

controlled trials) or Section 3 (quantitative non-randomised trials). Each criterion 

was marked as yes, no or canôt tell (if unclear). Non-randomised studies were 

then assessed using the risk-of-bias in non-randomized studies of interventions 

tool (ROBINS-I; Sterne et al., 2016) and randomised studies using the Revised 

Cochrane risk-of-bias tool for randomized trials (RoB 2; Sterne et al., 2019). From 

the results, an overall risk of bias is calculated. Studies were not excluded on the 

basis of quality or bias risk permitting lower quality papers to contribute to the 

analysis. However, quality and bias were considered when synthesising the 

results and drawing conclusions.  

 

2.2.5 Data Extraction and Synthesis  
Study methods (experimental design, sample size, age and sex of the 

participants studied, exposure type, level and duration, mean COHb levels before 

and after exposure, and the acquisition technique used to measure COHb levels) 

were initially collated and examined. The studies were then grouped according 

to the various cognitive domains measured by the tasks. Allocation of the tasks 
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into their cognitive domains was reviewed and any discrepancies discussed and 

agreed by all three authors. Following critical appraisal, the results from each of 

the studies were synthesised and a narrative analysis undertaken. Statistical 

meta-analysis of the combined data was not possible due to insufficient 

information in many studies. Effect sizes were calculated for studies where 

possible.   

 

2.3 Results 
The search identified 495 articles. After removal of duplicates, 322 articles 

remained. Titles and abstracts were reviewed according to the inclusion/ 

exclusion criteria and 90 articles were retained. After reviewing the full texts, 11 

of the studies met the inclusion criteria. The bibliographies of these articles were 

screened and 36 additional articles identified, of which 15 met the inclusion 

criteria. These articles potentially were not identified via the search strategy due 

to the search terms not being present in the article titles or keywords and the 

articles not being as accessible due to their age. One article was excluded as it 

reported on the sample size only with no further participant information provided. 

A total of 26 articles were included in the review (PRISMA diagram Figure 2.1).  
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2.3.1 Design, CO Concentrations and Exposure Durations 
Demographic information, sample size, study design, exposure type, and level 

and duration of exposure for each of the studies are provided in Appendix 1 (A1) 

Table A1.1.1. Of the 26 studies included in the review, all were experimental in 

design and published between 1963 and 1998. 

 

2.3.1.1 Within-participant Studies 
Twelve studies used a within participants, repeated measures design wherein 

participants were exposed to air to establish baseline levels and then were 

exposed to one or several CO concentrations ranging from 26-800ppm (Beard & 

Wertheim, 1967; Bunnell & Horvath, 1988; 1989; Gliner et al., 1983; Horvath et 

al., 1971; McFarland, 1973; OôDonnell, Mikulka, Heinig, & Theodore, 1971a; 

OôDonnell, Chikos, & Theodore, 1971b; Otto, Benignus, & Prah, 1979; Roche et 

al., 1981; Rummo & Sarlanis, 1974; Salvatore, 1974). All the CO exposures were 

acute with the majority of studies exposing participants to CO for durations 

between 1 and 4 hours. Task durations were not reported in three studies 

(Bunnell & Horvath, 1988; 1989; McFarland, 1973). However, after examination 

of the task descriptions and considering the 60-80 minutes exposure prior to 

testing, it can be assumed that the total exposure duration would have also fallen 

between 1 and 4 hours. Two studies used shorter exposures of 20 minutes 

(Rummo & Sarlanis, 1974; Salvatore, 1974), and one used a longer exposure of 

7 hours whilst the participants slept (OôDonnell et al., 1971b) (see Table A1.1.1). 

  

2.3.1.2 Between-participant Studies 
Three studies utilised a between participants design comparing cognitive 

performance on a range of tasks between a control and experimental group. 

Amitai et al., (1998) compared performance between a control group (exposed 

only to filtered air) and a CO group exposed to 17-100ppm for between 1.5 and 

2.5 hours. Schulte (1963) assigned participants to one of several groups, a 

control group exposed only to air and the remaining groups exposed to CO 

(100ppm) randomised across 4 testing cycles. The duration of exposure was not 

reported, only that CO levels were maintained throughout testing. Stewart and 

colleagues (1970) assigned participants to groups where exposures ranged from 

1-24 hours at levels between 25 and 1000ppm (Table A1.1.1). 
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2.3.1.3 Mixed-Design Studies 
Seven studies used a mixed design that included within-participant measures 

aspects where all participants completed a control condition exposed to filtered 

air to obtain pre-exposure baselines followed by between-participant comparison 

by allocation to either a CO exposure group or control group. Within-group 

comparisons were made between performance pre- and post-exposure and over 

time (different hours/sittings). The between groups component consisted of 

comparisons between performance in the different exposure group/s and the 

controls over time (Benignus et al., 1977; Benignus et al., 1990; Benignus et al., 

1987; Putz, 1979; Ramsey, 1972; 1973; Wright, Randell & Shephard, 1973). Four 

studies employed the same within group measures but rather than a control 

group, the between groups comparisons were of performance between younger 

and older adults before and after CO exposure (Groll-Knapp et al., 1982; Harbin, 

Benignus, Muller, & Barton, 1988) or between pre and post exposure across 

different exposure settings (Stewart, Newton, Hosko, & Peterson, 1973; Wright 

& Shepard, 1978). The different exposure concentrations varied between 35 and 

9,600ppm. All the exposures were acute with most studies using exposure of 1-

5 hours. Three studies used slightly shorter exposures up to 45 minutes 

(Ramsey, 1972; 1973; Wright, Randell & Shephard, 1973), and one exposed 

participants for 8 hours whilst they slept (Groll-Knapp et al., 1982) (Table A1.1.1). 

  

2.3.1.4 Studies using Higher CO Concentrations 
Seven studies exposed participants to higher levels of CO, five of which used 

significantly shorter exposure durations raising COHb levels to a maximum of 8% 

(Rummo & Sarlanis, 1974; Salvatore, 1974), 11% and 17% (McFarland, 1973) 

8.5-12% (Ramsey, 1973) and 1-16.6% (Benignus et al., 1990). The studies by 

Stewart et al., (1970) and Stewart et al., (1973) used high CO concentrations (up 

to 1000ppm) and included both shorter and longer exposure durations (up to 8 

hours) with resulting COHb levels of 2.1-31.8% and 0.4-20% respectively. 

Therefore, any CO-related effects associated with higher CO concentrations and 

durations (COHb between 21.9 and 38.1%) are noted but not discussed as they 

do not represent low-level CO exposure.  
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2.3.2 Participant Description  
All studies examined the effects of CO exposure in healthy adults with the 

exception of one, which compared the effects of CO exposure between healthy 

individuals, patients with anaemia and patients with emphysema (Ramsey, 

1972). Only eight studies used both female and male participants (see Table 

A1.1.1). The remaining 18 studies either included only male participants (13 

studies), female participants were under-represented (two studies) or gender 

information was omitted (three studies). The majority of studies included only 

non-smoking adults as participants, with the exception of six (Amitai et al., 1998; 

McFarland, 1973; Rummo & Sarlanis, 1974; Schulte, 1963; Stewart et al., 1970; 

Stewart et al., 1973). In four studies, participantsô smoking status was not 

reported (Benignus et al., 1990; Gliner, Horvath, & Mihenic, 1983; Ramsey, 1973; 

Wright, Randell, & Shepard, 1973). Ages ranged from 17-43 yrs in the majority 

of studies, with the exception of three which included those aged 22-55yrs 

(Schulte, 1963), 20-50yrs (McFarland, 1973) and 17-65yrs (Wright, Randell, & 

Shephard, 1973). The mean age or age range was not reported in two studies 

(Beard & Wertheim, 1967; Ramsey, 1972). Two studies compared the effects of 

CO exposure between younger and older adults. Harbin et al., (1988) compared 

participants aged 18-28yrs (m=22.8) to those aged 60-86yrs (m=68.7) and Groll-

Knapp et al., (1982) compared participants aged 20-25yrs and 55-72yrs.  

 

2.3.3 COHb Acquisition Technique and Levels, Reported Findings and Effect 
Sizes. 
The carboxyhaemoglobin acquisition technique and mean COHb levels pre and 

post exposure are presented in Table A1.1.2. Of the 26 studies, 20 obtained 

blood samples, two used a breathalyser or/and CO-oximeter (Rummo & Sarlanis, 

1974; Salvatore, 1974) three estimated levels from formulae (Groll-Knapp et al., 

1982; Wright & Shephard, 1978; Wright, Randell & Shephard, 1973) and one 

study did not obtain COHb levels (Beard & Wertheim, 1967). Tasks and their 

corresponding cognitive domains, reported findings and effect sizes are also 

presented in Table A1.1.2. Effect sizes were calculated based on the pooled 

standard deviation and were classified according to Cohenôs criteria (Cohen, 

1992): trivial (Cohen's d Ò .2), small (> .2), moderate (> .5), large (> .8), and very 
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large (> 1.3). Effect sizes were not calculated for 12 studies due to insufficient 

information.   

 

2.3.4 Critical Appraisal and Risk of Bias 
The MMAT quality appraisal is presented in Table A1.1.3 and the assessment 

criteria are presented in Table A1.1.4. There were a total of 18 non-randomised 

studies, of which 10 (55.6%) were well controlled with confounders in the design 

and analysis appropriately accounted for, although only half were double blind. 

The remaining eight studies were poorly controlled, with samples including 

smokers, COHb levels estimated or reported post-exposure only, CO levels not 

maintained or monitored, practice effects and sample characteristics not 

accounted for or full analysis details or outcome data omitted. There were eight 

randomised studies, of which five (62.5%) were well controlled, with groups 

comparable in number, sample characteristics and pre-and-post COHb levels. 

Baseline task performance was corrected for, or thorough practice sessions 

provided and CO levels monitored and maintained throughout testing. The 

remaining three studies either omitted group characteristics, included smokers, 

or COHb levels were estimated or not obtained pre-exposure. All studies 

provided complete outcome data and were double blind, with the exception of 

one. The results of the ROB-2 and ROBINS-I (Sterne et al., 2016; 2019) are 

presented in Table A1.1.5. Of the randomised trials, 50% (4) were considered to 

be low risk of bias overall compared to only 17% (3) of the non-randomised trials. 

Furthermore, around 67% (12) of non-randomised trials were categorised as 

serious risk of bias compared to only 25% (2) of the randomised trials. In 

summary, non-randomised studies tended to be of poorer quality and presented 

higher risk of bias. 

 

2.3.5 Cognitive Domains 
Study tasks were separated into the areas of cognition assessed. As the majority 

of studies used several tasks that assessed various aspects of cognition, they 

are discussed in multiple sections according to the corresponding cognitive 

functions. A description of the tasks used in each of the studies and the 

assignment to their corresponding cognitive domains are presented in Table 

A1.1.6.  
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2.3.5.1 Visuospatial Ability 
Of the four studies examining visuospatial ability, three found no significant CO-

related effects at COHb levels of 7 and 10% (Bunnell & Horvath, 1988; 1989) or 

up to 16.6% (Stewart et al., 1970). Amitai et al., (1998) reported a significant 

decrease in WAIS block design scores in the experimental group at around 4% 

COHb when compared to the control group (p=.01; d=.56). However, the task 

used assesses both visuospatial ability and problem solving. Therefore, given the 

lack of effect in the other studies, the performance deficits may instead reflect 

CO-related impairments in problem solving. It is important to note that this was 

the only unblinded study and blood COHb levels were taken from the 

experimental group post-exposure only, and so comparisons between pre- and 

post-exposure COHb levels could not be made. Determining the degree of 

exposure is therefore difficult, particularly as smokers were included in the 

sample. Furthermore, the authors report that CO concentrations ranged from 17-

100ppm, however the method of monitoring CO levels throughout the 1.5-2.5 

hour period prior to testing was omitted. Additionally, all three studies reporting 

no effects were relatively well controlled, although effect sizes could not be 

calculated (see Tables A1.1.1; A1.1.2; A1.1.3). In summary, it appears unlikely 

that acute low-level CO exposure resulting in COHb levels Ò16.6%, would have 

any effect on visuospatial ability.  

 

2.3.5.2 Sustained Attention 
Of the five studies examining sustained attention, two reported no CO-related 

effects at COHb levels of 5% (Roche et al., 1981) 5.9% and 12.7% (OôDonnell et 

al., 1971b). However, a large effect size was observed in Roche et al.ôs (1981) 

study (d=-1.17) during the 31-45 minute period on signal detection accuracy 

indicating increased performance in the control condition. Moderate effect sizes 

were also observed during the 31-45 and 46-60 minute periods on percentage of 

false positives (d=-.50) and (d=-.78) respectively, this time signifying worse 

performance in the control. Inspection of the data indicated minimal performance 

change in the CO condition. OôDonnell et al., (1971a) found a significant effect of 

CO on 10s time estimation at 3% COHb only, reporting longer time estimations 

when compared to the control during the 135-150 minute exposure period 

(p<.05). However, the observed difference was due to a performance decrease 
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in the control with the exposure condition showing little change. Furthermore, this 

effect was not observed when COHb levels reached 6.6%. Moreover, in 

OôDonnell et al., (1971b) study, inspection of the 10s time estimation scores 

revealed higher accuracy during both CO exposure conditions compared to the 

control, particularly in the 150ppm condition. Although this effect did not reach 

significance a moderate effect size was observed (d=-.52) (see Table A1.1.2). In 

contrast, Horvath and colleagues (1971) reported a significant decrease in mean 

correct responses on a visual monitoring task at 6.6% COHb when compared to 

the control (p<.05). However, this was the only single blind study of the five.  

 

Stewart et al., (1973) reported a significant decrease in time estimation ability of 

30s intervals in the exposure conditions up to 20% COHb. However, this effect 

was not consistent across conditions, observed only in the isolated chamber and 

not in the group or audiometric booth settings. The COHb level at which this 

deficit became apparent was not reported. Analysis of the effect sizes suggests 

that the deficit occurred at COHb levels of 4.01-8% (d=-.78). All other effect sizes 

calculated for the isolated setting were small, suggesting that the significant effect 

is related to the setting rather than CO exposure (see Table A1.1.2). Moreover, 

this effect was not observed when estimating 10s intervals up to 20% COHb. 

Determining the degree of exposure is also difficult as COHb levels were not 

reported for the groups separately or pre- and post-exposure. This is of particular 

concern as the study was one of six that used smokers in the sample. Although 

no other significant differences were reported between the control and exposure 

conditions across settings, very large effect sizes were observed when estimating 

both 10 and 30s intervals in the booth setting, (d=-1.31) and (d=-2.04) 

respectively. These indicate decreased performance in the CO condition 

compared to the control. However, performance in the booth setting was 

generally worse in both the control and exposure conditions when compared to 

the group and isolated conditions. This suggests that the effects are likely to be 

due to factors related to the booth setting, with participants confined to a small 

sound proof booth with no outside visual input. It is therefore plausible that the 

effects are accounted for, or confounded by, sensory restriction rather than CO 

exposure (OôDonnell et al., 1971a).  
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In summary, the reported significant negative CO-related effects are possibly 

accounted for by the exposure setting (Stewart et al., 1973) or a decrease in 

performance in the control condition (OôDonnell et al., 1971a). Similarly, the 

moderate and large effect sizes observed in Roche et al.ôs (1981) study appear 

to be related to variable performance in the control condition. Furthermore, 

evidence from one study indicates that such exposures may in fact be associated 

with improved performance (OôDonnell et al., 1971b). However, the results were 

based on an extremely small sample of only four participants. In summary, CO 

exposure resulting in COHb levels up to 20% would appear to have little or no 

negative effects on sustained attention.  

 

2.3.5.3 Sustained Attention and Updating Working Memory (WM) (Executive 
Function) 
Of the eight studies assessing sustained attention and updating, six reported no 

significant CO-related effects at COHb levels of 3.8-17% (Benignus et al., 1977; 

Benignus et al., 1990; OôDonnell et al., 1971b; Otto et al., 1979; Stewart et al., 

1970; Wright & Shephard, 1978). Stewart et al., (1973) reported a significant 

performance decrease during an auditory time discrimination task between the 

control and exposure means in the booth setting only, at COHb levels of 9.74% 

(p<.05). This was not a consistent finding across conditions (isolated chamber, 

group chamber, and audiometric booth), therefore the effect is again likely to be 

due to factors related to the booth setting. The small effect sizes observed across 

all exposure concentrations and conditions, except for in the booth setting, 

support this (see Table A1.1.2). Furthermore, no significant effects of CO were 

found during a similar time discrimination task used in the same study, making it 

difficult to attribute the observed performance decrement to CO exposure. 

 

Beard and Wertheim (1967) reported a significant decrease in correct responses 

during an auditory time discrimination task at all exposure concentrations (50-

250ppm) when compared to the control condition (p<.02). Exposure to 50ppm 

caused significant performance impairments for both the longer (p<.05) and 

shorter tone (p<.02). At higher concentrations differences were significant at the 

p<.01 level when compared to the control. The authors reported a dose related 

decrease in correct responses with higher CO exposures resulting in greater 
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performance impairment. However, all participants were tested in an audiometric 

booth and thus the results may again be accounted for by sensory restriction. 

This was also one of only two single blind studies. Furthermore, pre- and post-

exposure blood COHb levels were not obtained which makes it difficult to 

ascertain the degree of exposure. Examining the effects of low-level CO 

exposure without a direct measure of COHb level is problematic and predicting 

these levels overlooks individual differences such as prior CO exposure, 

pulmonary diffusing capacity and ventilator volume, all of which may introduce 

potential sources of error (Horvath et al., 1971).  

 

Effect sizes could only be calculated for three of the eight studies. Based on the 

available data, it seems reasonable to suggest that CO exposure resulting in 

COHb levels up to 20% has no effect on sustained attention or areas of updating. 

In support of this, five of the six studies reporting no CO-related effects were 

double blind, three of which were well controlled (Benignus et al., 1977; Benignus 

et al., 1990; Otto et al., 1979) (see Tables A1.1.1; A1.1.2; A1.1.3).  

 

2.3.5.4 Sustained Attention and Inhibition (Executive Function) 
One study assessed sustained attention and pre-potent response inhibition using 

a visual monitoring task (Gliner et al., 1983). Performance levels significantly 

decreased at COHb levels of 5.8% during the last 30 minutes of testing when 

compared to performance in the control condition (p<.05). Effect sizes could not 

be calculated. Forming any conclusions about the effects of low-level CO 

exposure on sustained attention and inhibition is difficult due to the limited 

number of studies. The significant performance impairments reported by Gliner 

et al., (1983) may suggest a possible association between impairments in 

inhibition and low-level CO exposure rather than deficits in sustained attention, 

since studies on sustained attention failed to find significant CO-related effects 

(see Sections 3.5.2, 3.5.3). However, the study was single blind and COHb blood 

samples were only obtained for approximately half of the sample making it 

difficult to determine the degree of exposure and controlling for individual 

differences problematic.  
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2.3.5.5 Divided Attention, Task Switching, Inhibition (Executive Function) and 
Psychomotor Function 
Of the four studies assessing divided attention, task switching, pre-potent 

response inhibition and psychomotor function using a tracking and concurrent 

visual monitoring task, one reported no CO-related performance effects 

(Benignus et al., 1990). Gliner et al., (1983) reported a significant decrease in 

monitoring performance during the final 30 minutes of exposure (5.8% COHb) 

when compared to the control but only when the monitoring task was completed 

singly (p<.05). Benignus et al., (1987) reported a significant interaction between 

CO exposure x hour, whereby CO exposure produced larger tracking errors than 

exposure to air as a function of time (p<.01). Significantly decreased performance 

at COHb levels of 8% were found following sufficient exposure time. However, 

when comparisons were made between the two groups at each hour no 

significant differences were found; neither did task difficulty significantly affect 

tracking performance. The significant performance decrease within the CO 

exposure group however, is supported by moderate effect sizes between the 

control and exposure groups in hour 4 across both task difficulties (see Table 

A1.1.2).  

 

Putz (1979) found a significant interaction effect between tracking frequency 

(task difficulty), exposure time (1-4 hours), and exposure group (0, 35, 70ppm) 

(p<.01). Simple main effects tests revealed that the only significant difference 

was between the control and 70ppm exposure group (5% COHb) during the 

fourth exposure hour in the high frequency tracking condition. A significant 

interaction effect was also found between exposure group and exposure time 

(hour) in reaction times (RTs) on the monitoring task (p<.05). Main effects tests 

revealed that RTs on the monitoring task significantly increased between the 

second and fourth hour in the 70ppm exposure group when compared to the 

control (p<.01). Effect sizes could not be examined due to limited information.   

 

In summary, exposure to CO resulting in COHb levels between 5 and 8% may 

significantly affect performance when attention is divided between two concurrent 

tasks that rely on psychomotor function, task switching and inhibition given 

sufficient exposure duration. In support of this, Benignus et al., (1990) noted a 
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trend whereby performance in the CO exposure conditions was near control 

values at the start of the task but deteriorated as a function of time. All of the 

exposed groupôs baseline corrected mean tracking errors were greater than 

those of the control group and increased in a dose dependent manner (Benignus 

et al., 1990). A moderate effect size was found in the fourth hour of exposure 

(see Table A1.1.2). Furthermore, three of the studies were double blind and well 

controlled with COHb blood samples taken pre-and-post exposure and individual 

differences in baseline performance either corrected for (Benignus et al., 1990) 

or thorough practice sessions provided to achieve comparable proficiency on the 

tasks (Benignus et al., 1987; Putz, 1979). Therefore, the finding seems replicable 

and robust.  

 

2.3.5.6 Divided Attention, Task Switching (Executive Function) and 
Psychomotor Function 
Of the six studies assessing divided attention, task switching and psychomotor 

function, five reported no significant CO-related effects at COHb levels of 7-

16.6% (Bunnell & Horvath, 1988; 1989; McFarland, 1973; OôDonnell et al, 1971b; 

Stewart et al., 1970). Rummo and Sarlanis (1974) reported significantly slowed 

RTs in a driving task at COHb levels of 6-7.6% compared to the control (p<.01) 

supported by a very large effect size (d=1.77). However, the results were based 

on a sample of only seven individuals. Forming any firm conclusions is difficult 

due to the quality of the studies. For example, OôDonnell et al., (1971b) used an 

extremely small sample of only four participants all of whom had undergone 

altitude training resulting in greater physiological compensation for decreases in 

oxyhaemoglobin availability. McFarlandôs (1973) and Stewart et al.ôs (1970) 

studies were not well controlled, with data omitted or problems with 

counterbalancing or consistency across sessions. Inspection of the means and 

effect sizes in Stewart et al.ôs (1970) study indicate better driving performance in 

the exposure groups compared to the control. Similarly, a moderate effect size 

was found in OôDonnell et al., (1971b) study during the high workload task, 

indicating greater tracking accuracy in the 75ppm CO condition compared to the 

control (see Table A1.1.2). Effect sizes could not be calculated for the remaining 

four studies.  
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Based on the available data, low-level CO exposure resulting in COHb levels 

between 7 and 17% does not appear to have a negative effect when attention is 

divided between two tasks requiring task switching abilities and psychomotor 

function. Examination of the data and effect sizes suggest that these exposures 

may even be associated with improved performance. It is noteworthy that these 

studies failed to find CO-related effects at around 13% COHb, yet studies using 

very similar experimental methodologies aimed at assessing similar areas of 

cognition found effects between 5 and 8% COHb (Benignus et al., 1987; Putz, 

1979). All of the studies assessed divided attention, task switching and 

psychomotor function, and although evidence is limited, it seems reasonable to 

suggest that if an association existed between these exposures and impairments 

in these areas of cognition then this would be a consistent finding across the 

studies, particularly as the methodologies were extremely comparable. The main 

difference between the studies were in the areas of executive function (EF) 

assessed. Studies reporting significant effects of CO measured the additional EF 

of inhibition whereas those failing to find a CO-related effect assessed task-

switching only. Furthermore, Gliner and colleagues (1983) found a significant 

effect of CO on performance during a similar inhibition task at COHb levels of 

5.8%.  

 

The synthesis in this review points towards an association between low-level CO 

exposure and impaired inhibition. This, taken together with results of studies 

reporting no CO-related effects on sustained attention, provides further support 

for the supposition that the performance impairments observed by Gliner et al., 

(1983), Benignus et al., (1987) and Putz (1979) may be associated with deficits 

in inhibition rather than in ability to sustain or divide attention, or in psychomotor 

function or task switching.  

 

2.3.5.7 Fine Motor Control, Psychomotor Function and Speed  
Of the seven studies assessing psychomotor function, four reported no significant 

CO-related effects up to 16.6% COHb (Bunnell & Horvath, 1988; 1989; Stewart 

et al, 1970; Wright, Randell & Shephard, 1973). Analysis of the effect sizes in 

Stewart et al.ôs (1970) study revealed that exposures of around 50ppm improved 

performance on the Crawford collar and pin and hand steadiness tasks (see 
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Table A1.1.2). OôDonnell et al., (1971a) reported no significant CO-related effects 

over time in tracking ability at COHb levels of 3% and 6.6%. When performance 

between the conditions were compared, a significant difference was found during 

the 105-120 time period (p<.05), whereby performance was better during the 

control compared to both exposure conditions.  

 

Schulte (1963) reported significant positive correlations indicating greater mean 

completion times and errors with increasing COHb levels following exposure to 

100ppm. The author reported that these performance decreases were 

observable at a COHb level of 3%. However, Schulte (1963) has been criticised 

for underestimating the COHb levels of his control participants (0.0%) which 

comprised Firemen working in a large city who were predominantly smokers, and 

for the extremely high COHb levels reported (up to 20.4%) given that participants 

were only exposed to 100ppm (OôDonnell et al., 1971a; 1971b). Furthermore, the 

study was single blind and it is unclear whether pre-exposure baseline levels 

were obtained causing difficulty in determining the degree of exposure and the 

COHb level at which the deficits became apparent. In another study, Amitai et 

al., (1998) found significant performance decreases in the exposure group on 

both the digit-symbol task (p<.01; d=-.61) and Trail Making part A task (p<.05; 

d=.43) at 4% COHb when compared to the control group. However, the study 

was not well controlled (see Section 3.5.1 and see Tables A1.1.1; A1.1.2; 

A1.1.3).  

 

The main difference between studies reporting a significant effect of CO and 

those that did not is the additional factor of speed. Three of the seven studies 

included tasks with a speed aspect (participants were either timed or there was 

a pre-set completion time), of which two reported significant effects (Amitai et al., 

1998; Schulte, 1963). The remaining four studies examined psychomotor 

function only, with three reporting no significant effects (Bunnell & Horvath, 1988; 

1989; Wright, Randell & Shephard, 1973). The reported performance 

decrements may therefore be related to deficits in psychomotor speed rather than 

function. This supports the inference that the CO-related effects observed by 

Gliner et al., (1983), Benignus et al., (1987) and Putz (1979) were not associated 

with impaired psychomotor function. However, caution must be taken with this 
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interpretation as neither of the two studies reporting effects were well controlled, 

neither could effect sizes be calculated for four of the seven studies (see Tables 

A1.1.1; A1.1.2; A1.1.3). Nevertheless, these exposures appear to have little 

effect on psychomotor function, but may be associated with impaired 

psychomotor speed at COHb levels as low as 3-4%. 

 

2.3.5.8 Reaction Time (RT) (Speed of Processing and Psychomotor Speed) 
Single task conditions 

Of the eight studies employing single tasks, three reported no significant CO-

related effects on RTs to visual stimuli at COHb levels of 5% COHb, (Harbin et 

al., 1988) up to 20% (Schulte, 1963), or during a driving task following a 3.4% 

COHb increase (Wright, Randell & Shephard, 1973). Although Harbin et al., 

(1988) reported no significant differences, moderate effect sizes were found 

indicating slowed RTs in the older adult group following CO exposure (see Table 

A1.1.2). Ramsey (1972) reported no significant CO-related effects on RT to visual 

stimuli at COHb levels of 5.4% in any group individually (healthy, emphysema, 

anaemia) over time or when compared to the control group. When the RTs for all 

the exposed groups were combined the difference between before and after 

exposure became significant (p=.02; d=.22). Examination of the within-group 

differences revealed small effect sizes. Very large effect sizes were found 

between the exposure and control groups post-exposure. However, these 

between-group differences were present prior to exposure and therefore are not 

related to CO (see Table A1.1.2). Salvatore (1974) found significantly increased 

RTs to visual stimuli at COHb levels of 8% compared to the control condition 

during the dynamic task condition (moving target) only (p<.25; d=1.33).  

 

Ramsey (1973) reported no significant effects of CO on the Critical Flicker Fusion 

task (CFFT) over time in either group or between groups. A significant increase 

in RTs on a visual task was found when comparing pre- and post-exposure 

means in both the 8.5% and 12% COHb conditions (p<.01), and in both CO 

groups compared to the control (p<.05). Moderate and large effect sizes were 

observed in support of these findings (see Table A1.1.2). Bunnell and Horvath 

(1988; 1989) found no significant CO-related effects on RTs at COHb levels of 

7% or 10% on the manikin or Sternberg task. A significant interaction was found 



70 

 

in RTs on a visual search task between COHb level and workload, whereby in 

the 10% COHb rest condition the average RT was less than in the control 

condition (p<.01). In contrast, in the 60% VO2max workload condition at 10% 

COHb, the average RT was significantly greater when compared to the control 

(Bunnell & Horvath, 1988). These differences were not observed in their 1989 

study. Significantly increased RTs were found during Part 3 of the Stroop task at 

COHb levels of 7% and 10% when compared to the control but only in the 60% 

VO2max workload (p=.04) (Bunnell & Horvath, 1989). However, four of the five 

studies reporting CO-related effects were either single blind or unblinded, with 

only one double blind study (Ramsey, 1973).  

 

Divided attention conditions 

Of the eight studies employing tasks requiring divided attention, six reported no 

CO-related effects on RTs during tracking and concurrent monitoring tasks at 

COHb levels of 5.9 -17% COHb (Benignus et al., 1987; Bunnell & Horvath, 1988; 

1989; McFarland, 1973; OôDonnell et al 1971b) or during a driving task up to 

16.6% (Stewart et al., 1970). OôDonnell et al., (1971b) also found no CO-related 

effects on the CFFT. Putz (1979) reported significantly increased RTs on a 

monitoring task at 5% COHb between the second and fourth hour compared to 

the 3% COHb and control group (p<.01). Rummo and Sarlanis (1974) reported 

significantly slowed RTs during a driving task in the CO condition at COHb levels 

of 6-7.6% when compared to the control (p<.01). Moderate to large effect sizes 

were observed over time with the exception of the 60 minute time period (see 

Table A1.1.2). Although no significant differences were found in OôDonnell et al.ôs 

(1971b) study, a moderate effect size was observed at 5.9% COHb indicating 

slowed RTs in the moderate workload condition only. In contrast, small to 

moderate effect sizes were found in Stewart et al.ôs (1970) study indicating faster 

RTs across all exposure groups when compared to the control. Stewart et al 

(1973) found no significant effects of CO on RT under sustained attention 

conditions at COHb levels up to 20%. 

 

Overall, effect sizes could only be calculated for seven of the 15 studies 

examining RTs and therefore conclusions are limited. The evidence is 

inconsistent, with a total of seven of fifteen studies reporting some significant 
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negative CO-related effects on RTs at COHb levels of 5-12%, and eight studies 

reporting no effects with COHb level increases as little as 3.4% or at much higher 

levels of 17%. Significant CO-related effects were not found on the CFFT up to 

COHb levels of 12.7% (Ramsey, 1973; Oô Donnell et al., 1971b), suggesting that 

the observed deficits may be associated with impaired psychomotor speed rather 

than processing speed. However, five of the seven studies (71.4%) reporting 

significant effects were single blind. Nevertheless, examination of the effect 

sizes, where possible, appears to support the finding that a CO-related deficit in 

psychomotor speed may exist.  

 

2.3.5.9 Sensory, Short-term and Working Memory  
Of the three studies assessing working memory (WM), one reported no 

significant performance effects at COHb levels of 5.9% and 12.7% (OôDonnell et 

al., 1971b). Schulte (1963) found significant positive correlations between the 

number of errors and COHb level (r=.59) and between mean completion time and 

COHb level (r=.67) on a mental arithmetic task. The author reported greater 

performance decrements with increasing COHb levels that became apparent at 

concentrations of 1-2%. Healthy individuals have baseline COHb levels up to 2%, 

it is therefore unlikely that such impairments would be detectable at these low 

levels. Additionally, OôDonnell et al., (1971b) reported no CO-related effects on a 

very similar mental arithmetic task or on an additional task assessing WM. Amitai 

et al., (1998) found a significant performance deficit in the 4% COHb exposure 

group compared to the control group in working semantic memory only (p=.01; 

d=-.86). No significant performance effects were found on the digit span 

backward (WAIS), working figural memory (Wechsler Memory Scale; WMS) or 

immediate recall (Rey Auditory Verbal Learning Test; RAVLT) with small effect 

sizes observed. 

 

Three studies assessed sensory memory, two of which reported no significant 

performance effects at COHb levels of 7 and 10% (Bunnell & Horvath, 1988; 

1989). McFarland (1973) found no significant effects during a driving task at 

COHb levels of 17% in either condition (30 or 50 mph). However, exposed 

participants did require significantly more roadway viewing time for processing 

and storage of visual information at 50mph in the CO condition, compared to the 
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control. One study assessed short-term memory and reported significant 

differences between the control and 4% COHb exposure group on the digit span 

forward (p=.02; d=-.52) (Amitai et al., 1998). Forming any definitive conclusions 

on acute low-level CO exposure and these aspects of memory is difficult due to 

the limited amount of evidence, quality of the studies and limited effect sizes (see 

Sections 3.5.1, 3.5.6, 3.5.7 and Tables A1.1.1; A1.1.2; A1.1.3). However, it would 

appear that both sensory and WM are not affected by these exposures. Studies 

finding no CO-related effects on updating (Section 3.5.3) support this.  

 

2.3.5.10 Learning Ability and Long-term Memory 
Two studies examined aspects of learning ability and long-term memory, both of 

which reported some CO-related effects. Amitai et al., (1998) used the WMS and 

reported significant differences between the control and 4% COHb exposure 

group in long-term semantic memory (p=.01; d=-.57) and long-term figural 

memory (p=.02; d=-.53). The RAVLT was also used as a measure of long-term 

memory processing and learning. No significant differences were reported, a 

finding supported by the observed small effect sizes. However, the study was not 

well controlled (see section 3.5.1 and Tables A1.1.1; A1.1.2; A1.1.3). 

 

Groll-Knapp et al., (1982) used a memory test where a list of words was recalled 

at 6 minutes and again after 8 hours of sleep following a 3-minute learning period. 

In the exposure condition the younger adult group were exposed to 100ppm of 

CO for an 8-hour sleep period (10% COHb) and the older adult group were 

exposed to 95ppm (8% COHb). The only finding of significance was in the 

younger group who recalled significantly more words in the morning than the 

evening under the control condition (p<.05). The authors concluded that this may 

suggest an association between CO exposure and deficits in memory 

consolidation. However, this performance improvement was not observed in the 

older adult control condition, and therefore likely reflects impaired consolidation 

in the older adult group due to age-related effects on learning. Furthermore, if 

such an effect existed following CO exposure, indicated by better performance in 

the control condition, the effect likely would have been observed in the control 

condition across both age groups particularly in a potentially high-risk older adult 

group. Moreover, COHb levels were only reported post-exposure and were 
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estimated for the younger adult group with blood samples only obtained from the 

older adult group. Therefore, comparisons could not be made between COHb 

levels prior to and after exposure, nor could the degree of exposure be accurately 

determined. Additionally, the significant impairments in long-term semantic and 

figural memory reported by Amitai and colleagues (1998) were not replicated on 

similar tasks measuring long-term memory processing and aspects of learning. 

The evidence on the effects of low-level CO on learning ability and long-term 

memory is inconsistent and forming any conclusions is difficult due to the quality 

and limited number of published studies.  

 

2.3.5.11 Cognitive Flexibility (task switching) and Interference (inhibition and 
selective attention) 
Of the three studies assessing cognitive flexibility and interference, one found no 

significant differences between the control and 4% COHb exposure group (Amitai 

et al., 1998). Two studies used a three-part Stroop word-colour task (Bunnell & 

Horvath, 1988; 1989). Part 1 measures simple RTs, whereas Parts 2 and 3 

involve aspects of EF, specifically interference (inhibition and selective attention). 

However, Part 3 also requires cognitive flexibility requiring participants to adapt 

to a new response set. Only performance on Part 3 of the task was significantly 

affected by CO indicated by decreased total scores and greater average 

differences in number of responses between Part 2 and 3 observed in both CO 

conditions (7 and 10% COHb) when compared to the control (p<.01) (Bunnell & 

Horvath, 1988). Bunnell and Horvath (1989) reported a significant interaction 

effect between COHb and physical workload (60% VO2max) on Part 3 total 

scores, reflecting increased RTs in the CO conditions when compared to the 

control (p<.05). The consistent finding across studies was that performance on 

Part 2 of the tasks was unaffected by CO, whereas negative performance effects 

were observed on Part 3. This suggests an association between low-level CO 

exposure and reduced ability to adapt to a new response set (Bunnell & Horvath, 

1989).  

 

2.4 Discussion 

2.4.1 Summary and Discussion of Findings 
Evidence from 26 experimental studies investigating the cognitive effects of acute 

low-level CO exposure was reviewed. The literature was dated, with studies 
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published between 1963 and 1998. No recent literature was found. Of the 26 

studies, 25 included healthy adults as participants with the majority (19) aged 17-

43yrs. Although differences in CO concentrations and exposure durations 

between studies make comparison difficult, some general observations can be 

made. Most studies used CO concentrations ranging between 17 and 250ppm 

(15) with short exposure durations typically lasting 0.75-5 hours (21).  

 

Acute low-level CO exposure appears to have no effect on visuospatial ability at 

COHb levels up to 16.6%, or on sustained attention and areas of updating (WM) 

up to 20%. The results revealed minimal CO effects on sensory and WM memory 

at COHb levels as low as 4% or up to 17%. The evidence of the effects of acute 

low-level CO on learning ability and long-term memory is limited and forming any 

conclusions difficult. The two studies assessing these areas of cognition reported 

some CO-related effects between 4 and 10% COHb, suggesting a potential 

relationship between such exposures and deficits in these functions. However, 

further research is warranted to validate these findings. 

 

It would appear that acute low-level CO exposure resulting in COHb levels up to 

17% has no effect on divided attention, task switching or psychomotor function. 

However, exposures resulting in COHb levels of 5-8% may be associated with 

impaired inhibition. The methodological strengths of these studies add support to 

this inference, with three of the four studies double blind and well controlled. 

There is also a potential association between acute low-level CO exposure (7-

10% COHb) and reduced cognitive flexibility. Two studies (Bunnell & Horvath, 

1988; 1989) found performance on Part 2 of a Stroop task, requiring inhibition 

and selective attention, to be unaffected by CO, yet performance deficits were 

observed on Part 3 which requires the additional function of task switching. This 

suggests that impaired inhibition may result only during complex tasks that 

depend on additional EF abilities. Studies reporting CO-related effects employed 

tasks that required both inhibition and task switching abilities with one exception 

(Gliner et al., 1983). It is possible that a direct association exists between CO 

exposure and impaired inhibition. However, it is also plausible that such 

impairments arise only during complex tasks that rely on inhibitory control and 

task switching simultaneously. This increase in cognitive demand may result in 
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reduced cognitive control, with CO-related impairments observable across 

multiple EFs or that arise from impaired inhibitory control subsequently affecting 

other EF abilities.  

 

Executive function is separated into three core constructs: inhibition, updating 

and monitoring of WM, and cognitive flexibility. These constructs are commonly 

viewed as separate subcomponents with unique variance reflecting the distinct 

abilities associated with a particular construct. However, they are also considered 

to be interrelated with shared variance indicating significant overlap and 

dependence upon common underlying abilities (Miyake et al., 2000; Miyake & 

Friedman, 2012). Inhibition control relies on information being held in WM relating 

to relevant and irrelevant information to inhibit the appropriate response and 

achieve a desired goal (Diamond, 2013). Inhibitory control also supports WM 

through the suppression and deletion of irrelevant and previously relevant 

information from WM and resisting interference (Hasher & Zachs, 1988; Zachs & 

Hasher, 2006). Cognitive flexibility relies on both inhibition to deactivate previous 

rules or perspectives, and WM to activate or load new information (Diamond, 

2013). 

 

The key finding of the review is the association between inhibition and CO 

exposure. Studies that examined other EF components such as WM (including 

updating) and task switching found no CO-related effects when tasks primarily 

relied on these constructs. The interrelated nature of EF constructs may offer an 

explanation for the findings whereby impaired inhibition results from increased 

cognitive load when tasks demand both inhibitory processes and additional EF 

abilities. Subsequently, deficits in other EF components may become evident as 

these rely to a certain degree on efficient inhibitory control. This may also provide 

an explanation for the possible deficits in problem solving observed by Amitai et 

al., (1998), with higher-order EFs dependent and built on these core EF 

components. Therefore, any impairments in the core EF abilities are likely to 

result in deficits in high-order EFs (Collins & Koechlin, 2012; Lunt et al., 2012).  

 

An alternative explanation for the review findings arises from the viewpoint that 

inhibition is multifaceted comprising various constructs of inhibitory processes 
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that rely on distinct brain regions (Hung, Gaillard, Yarmak & Arsalidou, 2018). 

These constructs include pre-potent response inhibition, resistance to distractor 

interference and resistance to proactive interference (Friedman and Miyake, 

2004; Nigg, 2000). These tasks are commonly used interchangeably to assess 

inhibition but have been found not to correlate, indicating the presence of distinct 

aspects of inhibitory control as opposed to a single underpinning mechanism 

(Noreen & Macleod, 2015). Therefore, the tasks employed by the reviewed 

studies may, to a degree, be measuring different aspects of inhibitory processing 

thus explaining the discrepancies in findings. However, further research is 

needed to aid understanding of the potential relationships between inhibition, 

other EFs and acute low-level CO exposure.  

 

The results also revealed possible associations between impaired psychomotor 

speed and acute low-level CO exposures at COHb levels of 3-4%. This finding is 

supported by studies reporting significant CO-related effects on RT at COHb 

levels of 5-12%. However, it is important to note, that five of the seven single 

blind studies (71.4%) reported significant effects on RTs compared to only two of 

the eight double blind (25%).  

 

It has been suggested that exposures to lower levels of CO may not pose as 

much risk as higher exposures due to physiological compensation. In response 

to decreases in the oxygen carrying capacity of the blood, compensatory 

mechanisms are triggered to maintain oxygen supply to the central nervous 

system (CNS) including increased cardiac output and cerebral blood flow, 

cerebrovascular vasodilation and increased oxygen consumption in muscle 

(Raub & Benignus, 2002). Small increases in COHb levels to around 5-10% have 

been found not to impair oxygen metabolism. Therefore, if CO-related effects on 

the CNS are caused by hypoxic mechanisms, any subsequent 

neuropsychological effects at these low COHb levels would be small (Raub & 

Benignus, 2002). A total of 16 of the 26 reviewed studies here reported some 

CO-related effects, of which 13 examined COHb levels up to, but often below 

12%. The significant CO-related behavioural effects reported by some studies 

may have therefore been Type I errors, or resulted from underreporting of non-
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significant findings or unintentional leaks in blinding (Raub & Benignus, 2002; 

Rosenthal, 1979).  

 

In his meta-analysis of 43 studies on the effects of CO on behaviour, Benignus 

(1993) found that studies carried out under single blind procedures were 

significantly more likely to find CO-related effects (75%) compared to those 

studies utilising double blinding (26%). Of the 26 reviewed studies here, 10 were 

single blind and two unblinded, of which ten (83%) reported some significant CO-

related effects, compared to only six (43%) of the 14 double blind studies. 

However, in their more recent review, Benignus et al., (2002) concluded that ñit 

is difficult to explain such effects from well planned and executed studiesò (p930) 

and ñnone of the reported CO behavioural effects in humans are, without further 

work, entirely credible.ò(p927) (Raub & Benignus, 2002). The results of the 

current review indicate that some of the inconsistencies within the CO 

behavioural literature are due to slight differences in the cognitive domains 

assessed. Our analysis of the multiple cognitive domains, rather than by primary 

function only, resulted in a synthesis sensitive to subtle cognitive differences, a 

previously unexplored method within the literature. This approach has 

subsequently revealed associations between low-level acute CO exposures and 

specific cognitive functions including psychomotor speed, inhibition and long-

term memory and provides an alternative explanation for the inconsistent findings 

within the literature. 

 

2.4.2 Implications for Future Research 
The majority of studies on the neuropsychological effects of acute low-level CO 

exposure have typically included healthy (predominantly male) young adults, who 

as a group have maximal physiological reserve to compensate for decreases in 

oxyhaemoglobin availability, and are least likely to show any adverse effects on 

the CNS (Otto et al., 1979). Individuals with compromised ability to adequately 

regulate oxygen supply or metabolism are likely to be most susceptible to raised 

COHb levels and develop severe toxicity from lower concentrations. High risk 

groups within the population include the unborn and very young, and older adults 

particularly those with pre-existing disease (Chiew & Buckley, 2014; Raub & 

Benignus, 2002). Previous experimental studies have reported the detrimental 
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effects of acute low-level CO exposure on the cardiovascular system within 

susceptible groups such as patients with coronary artery disease (Anderson et 

al., 1973). However, research is needed that examines the neuropsychological 

effects of these exposures within high-risk groups. Focus should be directed to 

the effects of such exposures on inhibition from a multifaceted viewpoint and 

include conditions of increased cognitive demand wherein tasks are dependent 

on simultaneous EF abilities. This would develop understanding on whether 

deficits result as a direct effect on specific aspects of inhibition or whether the 

relationship is moderated or mediated by an additional EF when these are 

required concurrently. The effects of such exposures on higher-order EFs, such 

as planning and problem solving, also warrants attention. The findings of this 

review suggest possible impairments in long-term memory and psychomotor 

speed which also present potential areas of future research. 

 

Studies on the effects of prolonged chronic low-level home exposures (>24 

hours), as opposed to the acute exposures reviewed here (Ò24 hours), are 

extremely limited. The effects of such exposures whereby the body is 

compensating for a prolonged period of time are unknown, with tolerance and 

adaptation mechanisms potentially minimising risk to the CNS. Indoor sources of 

CO such as gas appliances contribute significantly to CO exposure, with studies 

reporting ambient CO levels above the WHO (2010) guidelines, particularly whilst 

gas appliances are in use (Croxford et al., 2005a; Croxford et al., 2005b). Case 

reports document neuropsychological sequelae such as deficits in memory, 

learning ability and motor slowing following chronic CO exposure within the home 

(Myers et al., 1998; Ryan, 1990). These exposures may be therefore be 

responsible for significant widespread morbidity particularly in high-risk groups 

such as older adults not only due to increased susceptibility but also due to 

increased time spent within the home (Harper & Croft-Baker, 2004; Myers et al., 

1998). Studies aimed at ascertaining the proportion of individuals who are 

exposed to chronic low level CO in the home, examining the potential long-term 

effects of COHb accumulation over time and physiological responses to 

chronically elevated COHb levels are needed. 
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It is notable that following examination of the effect sizes, possible associations 

between low-level exposure and increased performance in areas of sustained 

and divided attention, task switching and psychomotor function were found 

(OôDonnell et al., 1971b; Stewart et al., 1970). These findings, however, should 

be interpreted with caution due to the extremely small sample size in one of the 

studies (n=4) (OôDonnell et al., 1971b) and neither of the studies were well 

controlled. However, in their study of the effects associated with chronic exposure 

within the home, Volans and colleagues (2007) observed trends towards 

increased cognitive performance in areas of auditory working memory, 

immediate and delayed visual memory recall, visuospatial ability and problem 

solving (although all were non-significant, >.05 SD). Chronic exposure to 

extremely low-level CO may therefore result in temporary improvements in 

cognition function. There is evidence in support of this with endogenously 

produced CO known to have beneficial effects. Identified as a neurotransmitter, 

endogenous CO is involved in a range of cellular functions exhibiting both 

physiologic and cytoprotective properties. Therapeutic actions include 

vasodilation, proliferation, anti-apoptotic factors and anti-inflammatory 

properties, with the administration of exogenous low-level CO currently being 

studied for neuroprotection in a range of brain pathologies (for reviews see 

Mahan, 2012; Queiroga, Vercelli & Vieira, 2015). These beneficial effects may 

therefore be present following inhalation of low-level CO. These effects if present, 

may be observed in specific groups only, such as older adults who may benefit 

most from the potential physiological and protective properties due to the 

biological and physiological changes associated with ageing and disease. 

However, any potential beneficial effects are likely short lasting with prolonged 

exposure, and the burden this places on the bodyôs resources, reaching a point 

where harm is initiated.   

 

The level and durations at which acute and chronic low-level exposures become 

harmful to health are likely to be different with some degree of variation due to 

individual differences in the population of study. The studies included in this 

review typically used CO concentrations of 100ppm with short durations. Under 

chronic conditions, these would not represent low-level exposure, particularly in 

reference to the WHO indoor air guidelines (2010) and to concentrations 
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previously reported in UK homes. The toxic effects of CO are known to occur via 

hypoxia independent mechanisms such as inflammation and immunologic 

responses (Weaver, 2009). Lower CO exposures are unlikely to cause a hypoxic 

state severe enough to cause immediate damage but may result in a certain 

degree of CWM demyelination given sufficient exposure time, potentially 

disrupting neurocognitive networks. Whether the effects of low-level exposures 

are long lasting and whether chronic exposures can lead to demyelination or 

more severe damage such as irreversible necrosis is unknown. Adaptation, 

tolerance and compensatory mechanisms and the potential beneficial properties 

of low-level exogenous CO may play a protective role up to a certain CO dose 

and duration, but the point at which these mechanisms become ineffective and 

the exposure becomes toxic is unknown. Future research should be directed 

towards the level and duration at which both acute and chronic low-level CO 

exposure shifts from being beneficial to harmful and the resulting 

neuropsychological effects and corresponding neuroimaging findings. This 

should be conducted with consideration of, and adherence to, ethical guidelines 

to ensure individuals are not put at risk in environments with potentially harmful 

levels of CO. 

 

2.4.3 Limitations 
Synthesis of the studies by cognitive domains sometimes resulted in only a few 

studies examining the same aspects of cognition. Consequently, the conclusions 

drawn were based on a limited amount of evidence. The quality of the included 

studies also adds some degree of uncertainty to the results, with the majority of 

studies omitting pertinent data either relating to sample characteristics, 

methodology, analysis or results. Effect sizes could not be computed for around 

half of the included studies and therefore a meta-analysis was not possible. A 

further limitation relates to the acquisition technique and measurement of COHb 

levels. Of the 26 included studies, 22 obtained direct COHb measurements, of 

which only 13 acquired samples both pre- and post-exposure. The importance of 

directly measuring pre-exposure baseline COHb levels has been discussed 

previously. Predicting COHb levels from formulae or acquiring samples post-

exposure only, introduces potential sources of error relating to physiological 

individual differences and prior CO exposure. This makes determining the degree 
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of exposure problematic, particularly as smoking participants were included in six 

of the studies. Additionally, most studies did not use standardised, validated and 

reliability tested measures and a third were not well controlled, presenting 

problems with randomisation, counterbalancing and individual differences all 

introducing potential sources of error. Moreover, most studies were over four 

decades old, women were underrepresented and around half were single blind 

and used extremely small samples. Thus, most studies had poor design and 

control measures and were unethical.  

 

2.4.4 Conclusion 
In summary, the results of the review suggest that acute low-level CO exposures 

are not associated with impaired visuospatial skills, ability to sustain or divide 

attention, sensory and working memory, or psychomotor function. A pattern of 

deficits emerged that suggests these exposures may be related to impaired long-

term memory, psychomotor speed and impaired inhibition, particularly when task 

switching is required. However, it is acknowledged that these inferences are 

based on the review of a small number of studies, the majority of which were 

carried out over 40 years ago. Nevertheless, it would appear that impaired 

inhibition, psychomotor and processing speed is a consistent finding across the 

reviewed studies and should be the focus of further research. 

 

Study 2 details the development of a data analysis method that was necessary 

to examine CO data alongside neuropsychological data in a way that would 

permit the examination of varying levels of CO, including extremely low-levels, in 

order to determine whether positive effects do follow chronic low-level exposures 

and at what levels, and crucially to identify thresholds of harm.  
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Chapter 3: Study 2 

A Method to Analyse Carbon Monoxide Exposure Data in Relation to 
Cognitive Outcomes: Accounting for Exposure Patterns, Duration and 
Severity. 
 

 

3.1 Introduction 
Experimental studies indicate associations between acute low-level carbon 

monoxide (CO) exposures and adverse cardiovascular effects in both patients 

with cardiovascular disease and in healthy individuals at carboxyhaemoglobin 

(COHb) levels between 2 and 5% (Aronow & Cassidy, 1975; Anderson et al., 

1973; Allred et al., 1989). Neuropsychological deficits may also follow at COHb 

levels of 5-7% including impaired vigilance, tracking, processing speed, and 

attention (Horvath, Dahms, & OôHanlon, 1971; Gliner, Horvath, & Mihenic, 1983; 

Ramsey, 1972; Putz, 1979). However, other studies report no CO-related effects 

on cognitive performance at levels COHb levels of 5-16% (Roche et al., 1981; 

Wright & Shephard, 1978; Benignus, et al., 1977; 1990; O'Donnell, Chikos & 

Theodore 1971b). Previous reviews and meta-analyses addressing these 

inconsistencies have all reached similar conclusions and highlight the lack of 

successful replication, potential for Type I errors and problems relating to blinding 

procedures and publication bias (Benignus, 1993; 1994; Benignus, Muller, & 

Malott, 1990; Stewart, 1975). Results from the systematic review in this thesis 

indicated that impaired long-term memory, psychomotor speed and inhibition 

were relatively consistent findings, when study tasks were examined by both 

primary and secondary cognitive functions (see Study 1). However, potential 

associations between acute low-level exposure and increased performance in 

areas of sustained and divided attention, task switching and psychomotor 

function were also observed when the effect sizes of two studies were examined 

(OôDonnell et al., 1971b; Stewart et al., 1970). The majority of studies on acute 

low-level exposure however, are over four decades old, include extremely small 

samples and were not well controlled or ethical. Nevertheless, they informed the 

publication of outdoor and indoor exposure guidelines by the Expert Panel on Air 

Quality Standard of the World Health Organisation (WHO, 1999; 2010) (see 

Chapter 1).  
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Evidence on the effects associated with chronic low-level home exposure is 

limited. Numerous case reports document neuropsychological impairments such 

as deficits in memory, learning and motor slowing, following chronic low-level CO 

exposure within the home (Ryan, 1990; Myers et al., 1998). However, there is 

often uncertainty about the duration and level of exposure with reported durations 

ranging from weeks to several years and CO levels usually unknown. 

Determining the degree of exposure and the levels at which the observed 

impairments became apparent in case studies is therefore difficult. 

Subsequently, the ascription of particular symptoms to various CO levels in case 

reports is not viable. Furthermore, the results of an observational study on 

chronic low-level exposure found trends towards increased cognitive 

performance with increasing CO (Volans et al., 2007). Although no significant 

effects were observed, with the authors reporting no clear evidence of 

neuropsychological effects, these findings add to the inconsistencies within the 

literature, further complicating the determination of effects associated with low-

level exposure. This research area presents many challenges that have likely 

contributed to the lack of published studies over recent years. Ethical 

considerations relating to the safe administration and monitoring of CO levels and 

intervention protocols are fundamental to the challenge, particularly when 

studying susceptible populations.  

 

More recently, epidemiological studies have examined the relationship between 

chronic low-level CO exposure and health by focusing on outdoor air pollution 

levels in relation to hospitalisation and mortality rates. These studies indicate that 

air pollution may be associated with increased risk of stroke, myocardial infarction 

(MI) and heart failure (Maheswaran et al., 2005; Shah et al., 2013; Mustafic et 

al., 2012). Associations between air pollution exposure, including CO, and 

increased dementia risk have also been reported, indicated by an incidence rate 

ratio 1.36 times greater in the highest CO pollution area compared to the lowest 

(Chang et al., 2014). Furthermore, air pollution has recently been identified as a 

dementia development risk factor in later life (>65) (Livingston et al., 2020).  

 

Epidemiological studies provide invaluable insight into the associations between 

outdoor CO exposure and health conditions at the population level, however 
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individual indoor exposures also present significant concern. Indoor sources of 

CO such as gas appliances and smoking habits contribute significantly to raised 

CO levels (Cox & Whichelow, 1985; Myers, DeFazio, & Kelly, 1998; Ryan, 1990). 

Evidence is accumulating of elevated CO levels within UK homes. For example, 

two reports found that 13/56 (23%) of homes across Manchester, Birmingham 

and Liverpool and 50/270 (18%) in East London had ambient CO levels 

exceeding the recommended guidelines, particularly whilst gas appliances were 

in use (Croxford et al., 2005a; Croxford et al., 2005b). Of the homes found to 

have raised CO levels, all exceeded the recommended 8 hour average level of 

9ppm, 32 exceeded the recommended 1 hour level of 26 ppm, and 13 exceeded 

the recommended 30 minute level of 52ppm (Croxford et al., 2005a; Croxford et 

al., 2005b). Associations between self-reported neurological symptoms and the 

use of unsafe gas appliances have also been reported (Croxford et al., 2008). 

Other studies however, have found no evidence of raised CO levels with 

concentrations reported to be within the 8 hour average guideline of 9ppm in 830 

UK homes (Raw et al., 2004) and mean concentrations below 1ppm with short 

lasting peaks none of which exceeded the WHO guidelines in 44 homes in South 

Wales (Henderson, Parry, & Mathews, 2006). However, mean concentrations 

were either measured using Draeger color-metric diffusion tubes which do not 

provide information of short-lasting CO peaks (Raw et al., 2004) or 

measurements are examined in relation to the WHO guidelines only (Henderson, 

Parry, & Mathews, 2006). Furthermore, the majority of these studies are based 

on data that is extremely dated.  

 

Previous studies that have measured CO levels within the home typically report 

on exposure levels, the proportion of homes with low-level CO and the 

percentage of homes exceeding the WHO guideline limits. These studies provide 

data on the magnitude of the problem within UK homes and offer invaluable 

insight into the number of individuals that are potentially at risk from low-level 

exposures and therefore are extremely informative. They also offer information 

of the types of properties and appliances that present the highest risk and 

highlight geographical and socioeconomic factors that likely affect exposure 

vulnerability. From this, interventions can be directed to those most vulnerable in 

society. However, they do not provide detailed health status information of the 
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occupants and therefore any associated exposure effects are not investigated. 

Furthermore, CO levels are usually examined using time weighted averages for 

comparison with the WHO guidelines. Whilst this method is useful in determining 

whether individuals are exposed to levels of CO above those recommended, it 

does not facilitate the analysis of short-lasting peaks as these are averaged out 

over set time periods. Furthermore, lower-level exposure, below the guidelines, 

are typically not examined.  

 

Epidemiological studies typically use survival analysis, such as Cox proportional 

hazards models, with the time to an event of interest examined. The method 

facilitates the examination of the effect of multiple variables upon the time to a 

specified event, such as time to hospital admission, disease progression, 

diagnosis and death. The hazard is the probability of the event occurring at a 

particular time, or is experienced close to that point in time, based on a set of 

covariates (Clark, Bradburn, Love & Altman, 2003; Cox, 1972). Poisson 

regression is another commonly used method to examine the effect of a set of 

covariates on an outcome measure, that is, count data. For example, when 

estimating the effects of risk factors or intervention on hospital admission rates 

or number of days admitted (Weaver, Ravani, Oliver, Austin, & Quinn, 2015; 

Harris, Lamping, Brown, & Constantinovici, 2002; Williams et al., 1990). These 

data analysis methods however, are not suitable for use in the current thesis with 

neuropsychological functioning, the outcome, measured on continuous scales. 

The data could have been examined in relation to the effect of CO exposure on 

the probability of an event occurring, such as identification of mild cognitive 

impairment (MCI) (for example, indicated by scores of 88 and below on the ACE-

III) (Takenoshita et al., 2019). However, the literature is limited and the evidence 

available inconsistent, with some studies reporting negative neuropsychological 

effects and others indicating potential positive effects. The research is therefore 

exploratory and aims to examine the effects of various CO levels on 

neuropsychological function, without pre-set expectations of resulting effect 

directions, in order to increase knowledge and understanding in an area where 

there is a significant knowledge gap. 
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It is clear that further research is needed that is directed towards establishing 

whether extremely low-level exogenous CO can result in beneficial effects, 

similar to those associated with endogenous production, and if negative effects 

do follow, determining the thresholds of harm. These thresholds are likely to be 

different depending on the exposure duration and individual differences in the 

population of study, such as age and health status. For example, older adults are 

identified as particularly vulnerable to CO due to the biological and physiological 

changes associated with ageing and disease and are likely to develop toxicity 

from lower concentrations. Similarly, any potential beneficial effects are likely to 

be dependent upon these same factors, with the potential physiological and 

protective properties of exogenous CO, if present, observed in vulnerable groups 

only such as older adults (see Chapter 1).  

 

If we are to move towards identifying ósafeô levels of exposure, detailed analyses 

of exposure patterns over time are needed. Analysis of changes in both indoor 

and outdoor CO levels, including low-level transient increases along with more 

continuous rises, and how these correlate with health outcomes, present 

research opportunities in an area where there is a significant knowledge gap. At 

an individual level, examining indoor CO levels in relation to neuropsychological 

and health data from small samples of the population and outdoor CO levels 

across larger samples in relation to hospital admission and mortality rates provide 

investigation methods. The timing of such research has never been more 

imperative due to a combination of factors, most prominent being the impact of 

the COVID-19 pandemic. Individuals in developed countries spend a large 

majority of their time indoors, specifically at home (Kornartit, Sokhi, & Ravindra, 

2010), and following the national lockdown businesses continue to encourage 

working from home, potentially further increasing the amount of time spent within 

the home environment. Furthermore, changes to the UK housing stock are 

simultaneously occurring in order to achieve climate change targets by reducing 

greenhouse gas emissions (HM Government, 2010; EU, 2011; The Department 

of Energy and Climate Change; DECC, 2014). Building properties such as energy 

efficiency, ventilation and geometry all have an impact on indoor air pollution. 

Extensive retrofitting such as increased insulation and airtightness has already 

been initiated (DECC, 2012) and although these alterations may result in a 
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reduction in outdoor pollution, through reduced fuel consumption, they are likely 

to have a negative impact on indoor air quality. However, the effects of retrofitting 

on indoor CO levels and the potential increased risk of exposure are yet to be 

explored. Nevertheless, they present significant public health concerns 

(Shrubsole, Symonds, & Taylor, 2017).  

 

3.1.1 The Current Study 
Evidence reviewed above indicates the presence of low-level CO in a significant 

number of UK homes at concentrations exceeding those recommended to be 

safe. These exposures have been associated with detrimental health effects and 

therefore represent a significant public health concern. Furthermore, the non-

specific symptoms and unnoticeable properties of CO combined with lack of 

awareness lead to undetected exposures and misdiagnosis resulting in 

continued exposure (Kirkpatrick, 1987; Crawford et al., 1990; Gilbert & Glaser, 

1959; Myers et al., 1998; Ross, 1990). Moreover, of great concern is the evidence 

from epidemiological studies that indicate even low-level air pollution including 

CO, below the recommended guidelines, are associated with adverse health 

effects (see Shah et al., 2013; Mustafic et al., 2012 for reviews). This suggests 

that even extremely low-level CO exposure may in fact be harmful given sufficient 

exposure time. In relation to indoor exposures, particularly at home, examination 

of the short and long-term effects of COHb accumulation over time on health and 

neuropsychological function is needed. From a neuropsychological perspective, 

studies investigating and identifying potential risk factors for cognitive decline and 

dementia development such as CO exposure are paramount. Additionally, the 

potential beneficial effects of extremely low-level exposure also necessitates 

further examination.  

 

It is clear from the data analysis methods discussed above that the identification 

of an appropriate method is needed that enables the examination of varying 

levels of CO, including extremely low-levels. This would aid understanding of 

whether exogenous CO can result in beneficial effects in certain groups, and if 

so, the levels at which these effects occur and their duration. Importantly, the 

detailed analysis of CO data at various concentrations combined with 

neuropsychological and data at the individual level would make a huge 
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contribution towards the determination of thresholds at which low-level 

exposures become harmful. It is likely that any potential beneficial effects are 

short lasting with prolonged exposures reaching a point where harm is initiated. 

This information would be invaluable in informing policy, guidelines and safety 

technology, ultimately keeping the public safe. The current paper outlines the 

development of an analysis approach suitable for analysing the data collected 

within this thesis that enables the potential effects of low-level CO exposure on 

cognitive functioning to be examined at various CO levels. Furthermore, the 

method facilitates the separation of different exposure patterns and severities 

and the inclusion of zero readings in turn permitting investigation of how these 

factors relate to changes in functioning and health. Several CO outcome 

measures were developed and tested in multiple analyses. The methods 

underpinning each and the rationale underlying selection of the final measure are 

presented.  

 

3.2 Method 

3.2.1 Participants 
The data used for the purpose of developing the analyses measures were 

collected as part of a cross-sectional and longitudinal study of home exposure in 

older adults and included data from 106 older adults (Ó59 years) residing in 

Coventry, UK. A total of 97 homes were visited with multiple occupants taking 

part in nine of the homes (see Study 3 and 4; Chapters 4 and 5). 

 

3.2.2 Procedure  
Participants were recruited via liaison with West Midlands Fire Service. ñContact 

and Connectò is a free service provided by Coventry AgeUK, available to 

individuals over the age of 50 who reside in Coventry. The service aims to identify 

individual needs and make the appropriate referrals to local services to maximise 

independence and quality of life. Contact and Connect works alongside a range 

of partners including the NHS, Coventry City Council and West Midlands Fire 

Service. West Midlands Fire Service carry out ósafe and wellô visits in response 

to referrals made to them. During these visits, older adults (Ó60 years of age) 

residing in Coventry were informed of a research project investigating the 

possible health effects of sub-alarm levels of CO within the home. The study 
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therefore employed a community sampling method that minimised any bias from 

the selection of symptomatic individuals whose difficulties have been attributed 

by them, or by a medical professional to exposure to CO (Gupta & Horne 2001, 

Gupta, Perharic, Volans, Murray, & Watson, 1997). The Fire Service were 

provided with training sessions by the researcher regarding participant 

recruitment prior to the commencement of the study and a leaflet containing brief 

study information and researcher contact information to hand out to residents 

(see Appendix 2 (A2); A2.1). Individuals were not excluded based on any factors 

relating to socioeconomic status including property type, tenure, benefit status 

and geographical region or on health status, home appliances and smoking 

behaviour. The inclusion of all electric homes, without potential sources of CO, 

were incorporated in the project to function as a control group for comparison 

purposes. Fire officers revisited the properties of research volunteers where they 

signed the first part of a two-stage consent process indicating that they agreed 

to the Fire Service sharing their personal information with, and to be contacted 

by, the researcher to arrange their participation in the study (see A2.2). During 

these home visits, participants were given a detailed participant information sheet 

to read prior to arranging an appointment with the researcher, and the CO data 

loggers and alarms were installed (see A2.3). Home visits with the researcher 

were scheduled and the second stage of the consent process carried out along 

with neuropsychological testing (see A2.4). Participants were given a detailed 

debrief following participation (see A2.5). The fire service recorded CO levels 

during their first visit and any properties with CO levels Ó20 ppm were not 

informed of the research and therefore excluded; in accordance with the Health 

and Safety Executive Workplace Exposure Limits (HSE; 2020), the fire service 

raise an incident at CO levels of Ó20 ppm. Following a 1-month period, the CO 

data loggers were collected from the properties. The data were downloaded via 

the USB port to EasyLog software and levels were initially checked for safety 

purposes by the Fire Service prior to being shared with the researcher. In one 

case, the monthly readings revealed prolonged exposure to CO at levels 

considered to be unsafe by the Fire Service. This individualôs data were removed 

from the analysis and the Fire Service provided intervention. Repeated CO 

monitoring and testing was carried out at seven months post the initial visit to 

enable analysis of changes in CO levels and functioning over time. Fire officers 
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re-visited the properties at seven months, prior to the visit from the researcher, 

replaced the data loggers, checked CO alarms and provided an intervention that 

included health and safety information regarding CO sources, safety and 

prevention, and the associated health risks (see A2.6). 

 

3.2.3 Equipment 

3.2.3.1 CO Alarms 
FireAngel CO-9X Wireless Carbon Monoxide Alarms were used. These alarms 

are CE marked and Kitemarked to BS EN 50291-1 meeting European health and 

safety requirements. An 85dB warning alarm is triggered if exposure rises above 

the following sensitivity levels: 50ppm for between 60 and 90 minutes, 100ppm 

for between 10 and 40 minutes and within 3 minutes at Ó300ppm. The alarms 

have a seven year sealed battery and warranty and were given to all participants 

to keep them safe both throughout the research and thereafter.  

 

3.2.3.2 CO Data Loggers 
Lascar electronics EasyLog carbon monoxide data loggers (EL-USB-CO300) 

were used. The standalone data logger samples and stores up to 32,510 

readings with a range of 0 to 300ppm (±5ppm accuracy) and operating 

temperature between -10 and +40 OC. The sensor life of the loggers is four years 

and battery life three months, which were replaced before redeployment to each 

property. Sampling rates can be set between 10 seconds and five minutes. The 

data loggers were placed in the home to continuously sample the ambient CO 

concentrations over one month, and were programmed to record and store an 

average reading every five minutes. The loggers were placed in the room the 

resident indicated they spent the majority of time and was typically the living 

room. Previous studies aiming to measure occupant CO exposure have 

positioned data loggers in the main living area of the residence at head height of 

a seated individual (Croxford et al., 2005a; 2005b). Similarly, in the current study, 

they were placed out of direct sunlight and draughts, away from direct CO 

sources and at head height whilst seated where possible, but often had to be 

placed slightly higher on shelves. The main source of CO was often in the kitchen 

(e.g. the boiler) however, in terms of individual exposure the main living area of 

the house was considered to be the most representative position. The loggers do 
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not contain a visual display or alarm and contain two lights only, one that flashes 

green signalling sampling and the other amber indicating low battery life. This 

was explained to the occupants and the loggers were positioned with the lights 

facing the wall so that they were as discreet as possible. Occupants did not 

receive any real-time feedback on CO levels to minimise any behaviour 

alterations that may result from exposure knowledge. This was important not only 

for neuropsychological testing but also to capture individualsô natural behaviour 

within the home. 

 

3.2.3.3 Toxico Personal Alarm 
A Honeywell ToxiRAE 3 (PGM-1700) personal CO monitor was used by the 

researcher for her own safety. The ToxiRAE 3 has a 3-electrode micro-sensor 

that displays the CO level with a range from 0 to 1999ppm and a resolution of 

1ppm. Operating temperature for intermittent use is -22 to +140 oF. Limit levels 

for alarm activation are user set and include high, low, short-term exposure limits 

(STEL) and time weighted averages (TWA). When exceeded, an audible 95dB 

alarm is activated with a 6-LED flashing visible alarm and vibration with a <12 

second response time. The number of auditory beeps, flashes and vibrations per 

second depend on the CO level that has been exceeded. The Fire Service 

maintained the alarm, replacing batteries and recalibrating when required.  

 

3.2.4 CO Data Preparation 
Once downloaded via EasyLog software, Excel data files containing five minute 

average CO recordings for each property over the sampling duration were 

produced. Data loggers were often left in properties for over the month duration 

due to Fire Service availability. Therefore, the first stage in preparing the data for 

analysis was to trim the files so that the number of readings per property were 

consistent. Files were trimmed to exactly 28 days resulting in 8064 readings per 

property. The start of logger recording was delayed for around eight hours, 

allowing time for the Fire Service to ensure that they were in the properties prior 

to commencement of recording. However, recording continued once collected up 

until download and so the end of the files were trimmed. This accounted for any 

outdoor exposure such as road pollution once removed from the property and 
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indoor exposure within the fire station prior to being downloaded. Numerous CO 

outcome measures were then developed from the 8064 readings.  

 

3.2.5 Data Analysis Plan 
In order to develop a method for use in analysing the data at different exposure 

levels, various CO outcome measures were examined. Initially, CO levels were 

examined in relation to the WHO (1999; 2010) guidelines. This is the most 

commonly used method when examining CO levels within the home. The data 

were converted into simple moving averages over the stated time periods (15 

minutes, 30 minutes, 1-hour, 8-hours and 24 hours) and examined according to 

each recommendation. The CO data were transformed into time series data 

using the centred moving average with a span of 12 for 1-hour, 96 for 8-hours 

and 288 for 24-hours and sequence charts plotted. Comparisons were also made 

between the CO levels in this study and the results from Croxford et alôs (2005a; 

2000b) studies (due to similar methodologies). Following this, measures of 

central tendency, dispersion and the total CO exposure (readings summated over 

the 28 days) were considered and are explored. CO ranges were then developed 

based on both the WHO guidelines (1999; 2010) and the range within the 

collected data. This permitted the data to be separated into various exposure 

levels. The ranges included 0ppm, 0.5-3ppm, 3.5-6ppm, 6.5-9ppm and Ó9.5ppm. 

Finally, four additional measures were developed including the total CO exposure 

and percentage in each specified range, and the total number of readings and 

percentage within each range. All measures, including the rationale underpinning 

their development and appropriateness for use in analyses, are discussed.  

 

3.3 Results 

3.3.1 CO Levels in Relation to the WHO Guidelines 
None of the homes had simple moving averages above the WHO (1999; 2010) 

guidelines at either time point. A small number of properties were close to 

reaching the 8 and 24 hour guideline limits, with results from the two nearest 

properties revealing 8 hour moving averages of 8.56ppm and 8.99ppm and 24 

hour moving averages of 5.13ppm and 5.43ppm. The exposure levels for 1-hour 

and 8-hour moving averages for one of these properties are presented in Figure 

3.1, and the 24-hour moving average for the same property in Figure 3.2. These 
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Figures also provide a visual representation of the exposure detail that is lost 

when averaging data over time. This is most noticeable when averaging over 

longer time periods and can be seen clearly in Figure 3.2. The CO levels 

frequently peak up to approximately 14ppm however, due to the inclusion of 

lower and zero readings when simple moving averages are calculated, the CO 

level rarely exceeds 2.5ppm. 
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As none of the properties had CO levels exceeding the WHO guidelines, 

frequency count data were calculated for comparison purposes that indicates the 

number of homes with CO levels exceeding the recommended limits, where 

concentrations peaked over these levels only, but the raw data or simple moving 

averages were not maintained for the stated durations. This data therefore 

represents the number of homes with CO concentrations above the 

recommended concentrations only. This information is presented in Table 3.1 

alongside the results from Croxford et al.ôs (2005a; 2005b) studies.  

 
 
Table 3.1. Number of homes with simple moving average CO levels above the WHO 
(1999) guidelines in Croxford et al.ôs (2005a; 2005b) studies and the number of homes 
with CO levels above the WHO (1999;2010) guideline limits for the current study at Time 
1 (T1) and Time 2 (T2). 
 Croxford et 

al., 2005a 

Croxford et 

al., 2005b 

Current study  

T1 

Current study 

T2 

Total number of homes 56 270 97 73 

87 ppm for 15 min1, 2 0 0  0 0 

52 ppm for 30 min1 3 (5.4%) 10 (3.7%) 0 0 

26 ppm for 1 hour1 

31 ppm 1 hour2 

6 (10.7%) 

------------- 

26 (9.6%) 

--------------- 

1 (1.0%) 

0 

0 

0 

9 ppm for 8 hours1,2 13 (23.2%) 50 (18.5%) 14 (14.4%) 11 (15.1%) 

6 ppm for 24 hours2 ------------- --------------- 24 (24.7%) 16 (21.9%) 
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1 WHO (1999) guidelines for outdoor air 

2 WHO (2010) guidelines for indoor air 

 

 

Overall, when compared to the results from Croxford et al.ôs (2005a; 2005b) 

studies, there was a lower prevalence of homes with raised CO levels. None of 

the homes in this study had CO levels that exceeded 52ppm, compared to 5% 

and 4% of homes exceeding the guideline of 52ppm for 30 minutes in their 

(2005a) and (2005b) studies, respectively. Similarly, only 1% of homes had CO 

levels exceeding 26ppm in the current study compared to approximately 10% of 

homes in both their (2005a; 2005b) studies exceeding this level for a 1 hour 

duration. Comparisons between studies in relation to the 9ppm 8 hour guideline 

revealed a higher prevalence of homes exceeding these limits with 23% and 19% 

in Croxford et al., (2005a; 2005b) studies, compared to 14% and 15% in the 

current study at Time 1 and Time 2 respectively. Finally, in the current study, 25% 

and 22% of homes had CO levels that exceeded 6ppm at time 1 and time 2 

respectively. It is important to note that unlike the results presented from Croxford 

et al.ôs (2005a; 2005b) studies, none of the homes in the current study exceeded 

the exposure limits for the stated durations; the percentages represent short-

lasting peaks above the guideline concentrations only. However, the results do 

reveal the presence of low-level CO within a proportion of UK homes, which 

under chronic conditions may impact health. The higher prevalence of homes 

with CO concentrations observed in Croxford et al.ôs (2005a; 2005b) reports may 

be due to the areas of study which included Manchester, Birmingham, Liverpool 

and London, all of which fall within the 10 largest UK cities, in terms of population 

size (ONS, 2021). Another potential explanation is the implementation of 

legislation such as the Gas Safety (Installation and Use) Regulations (HSE; 

1998) that require annual gas safety checks by a Gas Safe registered engineer 

in premises rented by local authorities, housing association and the private 

sector. Additionally, the Smoke and Carbon Monoxide Alarm regulations (2015; 

2022) stipulate that CO alarms must be installed in all social and privately rented 

households in rooms where there is a solid burning combustion appliance (2015), 

and more recently any room where there is a fixed combustion appliance 

(excluding gas cookers) (2022). Such legislation has likely improved CO safety 
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within homes and subsequently reduced CO levels from 2005 when Croxford and 

colleagues reports were published compared to the current studies. 

 

3.3.2 Mean and Standard Deviation of CO Levels 
Following the examination of CO levels in relation to the WHO (1999; 2010) 

guidelines, attention was directed towards the identification of an appropriate 

outcome measure that would enable the analysis of the CO data in relation to the 

neuropsychological data (see Chapters 4 and 5). Initially, measures of central 

tendency were considered such as the mean, median and mode. However, for 

the majority of data files, these measures summated to between 0 and 1ppm due 

to the high frequency of zero readings over the 28 day period, with mean CO 

levels of <1ppm in 97% of all data files at both time points (see Table 3.2).  

 
Table 3.2. CO data file mean, frequency and cumulative percentage for T1 and T2. 
T1 (n=97) T2 (n=73) 

Mean (ppm) Frequency (n) Cumulative % Mean (ppm) Frequency (n) Cumulative % 

.00 50 47.2 .00 43 55.1 

.01 15 61.3 .01 4 60.3 

.02 8 68.9 .02 5 66.7 

.03 2 70.8 .03 2 69.2 

.04 1 71.7 .04 7 78.2 

.05 4 75.5 .05 4 83.3 

.06 2 77.4 .08 1 84.6 

.07 7 84.0 .10 2 87.2 

.08 1 84.9 .11 2 89.7 

.09 1 85.8 .15 1 91.0 

.10 1 86.8 .18 2 93.6 

.11 1 87.7 .21 1 94.9 

.13 1 88.7 .25 1 96.2 

.17 2 90.6 .30 1 97.4 

.22 1 91.5 1.36 1 98.7 

.26 1 92.5 1.98 1 100.0 

.49 2 94.3    

.53 1 95.3    

.56 1 96.2    

.83 1 97.2    

1.05 1 98.1    

1.39 1 99.1    

1.59 1 100.0    

 

 

It can be seen from Table 3.2 that around 97% of the data files for both T1 and 

T2 had a mean CO level below 1ppm. However, the graphical representation of 

the data presented extensive variability in exposure patterns, with some files 

revealing a continuous extremely low-level exposure and others a majority of 

zero readings with higher short-lasting peaks. The variability of the CO data over 
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time was not accurately represented in these measures of central tendency and 

therefore could not be used for analysis purposes. Measures of dispersion were 

then considered, specifically the standard deviation, and were calculated for each 

data file (see Table 3.3).  

 
Table 3.3. CO data file standard deviation, frequency and cumulative percentage for T1 
and T2. 
T1 (n=97) T2 (n=73) 

SD (ppm) Frequency (n) Cumulative % SD (ppm) Frequency (n) Cumulative % 

.00 36 34.0 .00 31 39.7 

.01 3 36.8 .01 1 41.0 

.02 3 39.6 .03 3 44.9 

.03 3 42.5 .04 1 46.2 

.04 1 43.4 .05 4 51.3 

.05 1 44.3 .06 1 52.6 

.06 1 45.3 .08 2 55.1 

.07 2 47.2 .09 2 57.7 

.08 4 50.9 .12 2 60.3 

.09 3 53.8 .13 2 62.8 

.10 1 54.7 .17 2 65.4 

.11 1 55.7 .19 1 66.7 

.12 1 56.6 .21 1 67.9 

.14 2 58.5 .23 2 70.5 

.16 3 61.3 .24 1 71.8 

.17 1 62.3 .27 2 74.4 

.18 1 63.2 .28 1 75.6 

.21 1 64.2 .33 1 76.9 

.22 3 67.0 .37 1 78.2 

.23 2 68.9 .40 3 82.1 

.25 1 69.8 .48 1 83.3 

.27 2 71.7 .51 1 84.6 

.30 1 72.6 .52 2 87.2 

.32 4 76.4 .54 2 89.7 

.34 2 78.3 .56 1 91.0 

.35 1 79.2 .58 1 92.3 

.37 1 80.2 .70 1 93.6 

.39 1 81.1 .71 1 94.9 

.40 1 82.1 .79 1 96.2 

.41 1 83.0 1.33 1 97.4 

.44 2 84.9 1.35 1 98.7 

.45 1 85.8 2.43 1 100.0 

.48 1 86.8    

.51 1 87.7    

.62 1 88.7    

.72 3 91.5    

.85 1 92.5    

.96 1 93.4    

1.21 1 94.3    

1.29 1 95.3    

1.60 1 96.2    

1.64 1 97.2    

1.94 2 99.1    

2.35 1 100.0    
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It can be seen from Table 3.3 that the standard deviation represented the data 

more accurately, revealing more variability and spread; however, similar 

problems arose with between 93 and 96% of the data files falling within 1 

standard deviation of the mean. Furthermore, the standard deviation was unable 

to separate different exposure patterns when entered into the analysis and 

therefore did not provide an accurate representation of the observed data. 

 

3.3.3 Total CO Exposure Value 
The total CO exposure was then calculated by summating the 8064 CO readings 

over the month. Every observed CO concentration was multiplied by the number 

of readings at that level and then summated providing a figure that represented 

the total monthly exposure. For example, a data file containing a total of 10 

readings at 7ppm equated to 70ppm. This process was repeated for each 

observed CO level and added together providing a total CO exposure value for 

each data file (property). However, a large number of zero readings were 

observed in several of the data files, and there was large variance between files 

in the number of readings at 0ppm. This was problematic as the total CO 

exposure value was formed by multiplying the number of readings at each level, 

and therefore this measure did not account for readings at 0ppm or variance 

between the files in the number of these readings. In addition to analysing CO 

peaks, zero readings within the data files equally reveal information about the 

exposure. The total exposure value did not permit analysis of these readings, nor 

did it separate different exposure patterns within the data. Details relating to the 

exposure type and severity were therefore lost in the analysis. The different 

exposure patterns observed between data files are presented in Figures 3.3-3.6, 

which represent CO data over 1-month from four different properties. Figures 3.3 

and 3.4 show a continuous extremely low-level exposure with the majority of CO 

readings between 1 and 4ppm and fewer 0ppm readings. Figures 3.5 and 3.6 

reveal exposures with the majority of readings at 0ppm, with short-lasting higher 

CO peaks up to around 17ppm.  
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A main aim of developing a CO outcome measure was that it would facilitate the 

examination of potential cognitive effects associated with different exposure 

types and severities. The application of the total CO exposure value as a 

measure in analyses did not permit analysis of zero readings but also concealed 

these different exposure types. To demonstrate this, the total CO value, mean, 

range and percentage of zero readings for Figures 3.3-3.6 are presented in Table 

3.4.  

 

 

Table 3.4. Mean, range, Total CO exposure and percentage of zero readings for 
Figures 3.3-3.6. 














































































































































































































































































































































































































































































































































