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1. Background 
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. Carbon monoxide 
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). More recent figures,indicate that mortality rates 
dropped to around 20 deaths between 2017 and 2019 (Office of National Statistics; ONS). CO 
poisoning is often undetected due to its unnoticeable properties and non-specific symptoms, 
consequently leading to misdiagnosis. CO-related hospital admission and mortality rates are 
therefore likely to be a significant underestimate (Sykes & Walker, 2016). A large proportion 
of CO 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).  
 

1.1 Toxic Effects of CO 
When exposed to high concentrations CO is poisonous. 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). Therefore, the 
release of O2 to the tissues will not occur until very low partial pressures are reached, resulting 
in greatly reduced O2 concentrations within the tissues. In response to reduced O2 availability, 
compensatory mechanisms such as tachycardia and tachypnoea 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).  
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1.2 Environmental Levels and Endogenous CO Production 
The concentration of CO in the atmosphere ranges between 0.05ppm and 0.12ppm (World 

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

the degeneration of haem, results in baseline COHb levels between 0.4% and 0.7% in healthy 

individuals (Raub & Benignus, 2002, WHO, 1999). This process combined with environmental 

exposure usually leads to detectable COHb levels of between 0.5% and 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). During pregnancy, endogenous production of CO increases, with COHb values 

usually around 20% higher than in non-pregnant women, and then rapidly decreases 

following delivery (WHO, 1999).  This increase is partially due to endogenous CO production 

from the fetus (15%) and increased red cell mass of the mother (30-40%) (Longo, 1977). 

Maternal COHb levels normally range between 0.5% and 1.0% and fetal concentrations 

between 0.7% and 2.5%, with a ratio of fetal to maternal COHb varying between 0.6% and 

1.6% (Longo, 1970; 1977).  For correlations between CO concentrations in ppm and COHb 

levels (%) see Table 1.  

Table 1. Correlation between carbon monoxide concentration in air and blood 

carboxyhaemoglobin concentration. 

Carbon monoxide concentration (ppm) Equilibrium carboxyhaemoglobin 
concentrations (%) 

10 1.6 
15 2.4 
20 3.2 
25 3.9 
30 4.7 
40 6.1 
50 7.6 
100 14.0 

Table taken from Public Health England ‘Carbon monoxide Toxicological Overview’ (2016). 

Data reference: Committee on the Medical Effects of Air Pollution (COMEAP), Guidance on 

the Effects on Health of Indoor Air Pollution (2004).  

 

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 individuals’ 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 considered, with the addition 

of a 24-hour guideline in order to protect and minimise any health effects associated with 

low-level chronic exposure. This guideline has recently been lowered to 3.5ppm (4 mg/m3) 
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(WHO, 2021), which is a huge movement towards public safety. 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.  

 

1.3 Symptoms and Correlations with COHb Levels 
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 (Sykes & Walker, 2016). Chronic exposures to CO can range from several weeks to 
years in duration, with intermittent exposure commonly occurring (Weaver, 2009; Myers, 
DeFazio, & Kelly, 1998; Ryan, 1990). The majority of research on CO exposure has studied 
severe acute poisoning and the effects are well described. Symptoms are non-specific and 
include headache, fatigue, nausea and vomiting, which are progressively followed by 
confusion, dizziness 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. 
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 60% and above death is likely (Varon et al., 
1999). For more detailed information relating to exposure level (ppm) and the resulting COHb 
levels (%) and symptoms at various exposure concentrations see Table 2. However, numerous 
studies have reported that 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 development of delayed NS, and therefore prognosis (Chambers, Hopkins, 
Weaver, & Key, 2008; Hampson and Hauff, 2008; Ku, Yang, Lee, Lee, & Chou, 2010). Moreover, 
COHb reflect 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. 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 
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protein can also occur triggering immunologic responses resulting in progressive 
demyelination of the cerebral white matter (CWM) and inflammation (Weaver, 2009).  
 
Table 2. Symptoms of CO intoxication in relation with CO concentration (ppm) and COHb 
levels 

CO (ppm) Symptoms  COHb (%) 

35 Mild headache, vertigo  5-20 
100 Headache, vertigo, fatigue  
200 Listed above + altered reflexes and cognitive alertness  
400 Listed above + nausea, vomiting, tachycardia, tachypnea, 

palpitations, angina pectoris 
30-50 

800 Listed above + arrhythmia, convulsion, respiratory insufficiency, 
loss of consciousness 

 

1,600 Convulsions, loss of consciousness, lethal in 2 hours 50-66 
3,200 Convulsions, loss of consciousness, lethal in 30 minutes  
6,400 Loss of consciousness, lethal in 20 minutes >66 
12,800 Loss of consciousness after 2-3 breaths, lethal in minutes   

Table taken from Gara (2017).  
 

1.4 Susceptible Populations 
Poisoning severity depends both on human and environmental factors such as age, pre-
existing cardiovascular or cerebral disease, duration of exposure, CO concentration, 
pulmonary function and ambient ventilation (Sykes & Walker, 2016). The brain and the heart 
are most susceptible to CO toxicity and hypoxic injury due to their high oxygen demand 
(Prockop & Chichkova, 2007). Certain groups within the population are at higher risk from CO 
exposure, including the unborn and very young, older adults and those with pre-existing 
disease (Raub & Benignus, 2002). The fetus in utero is particularly susceptible to CO exposure 
due to its vulnerability to hypoxia. CO readily crosses the placenta via diffusion and binds with 
fetal Hb, although the uptake of CO by the fetus is slower than that of the mother, with delay 
prior to the rise in fetal COHb following maternal exposure (Longo, 1977). However, once fetal 
COHb concentrations began to rise, they reach maternal levels and continue to increase, 
surpassing that of the mother’s (Longo, 1977). Under acute exposure conditions, maternal 
COHb levels rise rapidly and slowly diminish, whereas fetal COHb levels slowly increase, 
reaching maternal levels following approximately 1.5-2 hours, but then continue to rise to 
levels twice that of the mother’s. During acute severe intoxication, the fetus may die of anoxia 
due to maternal Hb CO saturation, which occurs well before fetal COHb levels have had time 
to rise (Cramer, 1982). Under chronic exposure conditions, maternal COHb levels rise rapidly 
in the first few hours, which gradually slows reaching a plateau in 7-8 hours. Fetal COHb levels 
rise slowly, reaching that of maternal levels in 14-24 hours but continue to rise reaching a 
state of equilibrium following 36-48 hours, with concentrations approximately 15% above 
maternal levels (Longo, 1970; 1977; Longo & Hill, 1977; Hill Hill, Power & Longo, 1977). 
Maternal COHb concentrations therefore may not accurately reflect fetal concentrations 
(WHO, 1999; UK Teratology Information Service; UKTIS; 2010). Furthermore, the elimination 
half-life post exposure is approximately 2 hours for the mother and 7 hours for the fetus, due 
to the inability of the fetus to increase tidal volume or ventilation rate to compensate the 
ischemic insult. Moreover, when compared to adult haemoglobin, fetal Hb has a higher 
affinity for CO with binding ability 2.5-3 times greater than adult Hb (Longo, 1970; 1977; Hill 
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et al., 1977; Longo & Hill, 1977). During prolonged moderate exposure, the fetus is at greater 
risk of CO-related harm than the mother due to progressive tissue hypoxia (Kosaki et al., 
2020). In summary, acute severe poisoning is detrimental to both fetus and mother. Chronic 
exposure however, can cause disproportionate harm to the fetus during development 
(Aubard & Magne, 2000). 
 

2 . Acute Severe CO Poisoning in Pregnancy 

2.1 Maternal and Fetal Outcomes 
The majority of evidence on the effects of CO exposure during pregnancy is documented in 
case reports of severe poisoning. Under acute severe exposure conditions, symptoms arise 
quickly and death can follow. Once signs of altered maternal levels of consciousness present, 
the risk to the fetus is very high (Aubard & Magne, 2000; Norman & Halton, 1990). Maternal 
symptoms of CO poisoning at various COHb concentrations are presented in Table 3. 
 
Table 3. Maternal symptoms of CO poisoning according to COHb levels 

Stages of CO 
poisoning  

COHb levels 
(%) 

Signs and symptoms  

Chronic  5-20 Headaches, weakness, dizziness, sleepiness, 
impaired physical performance, visual 
difficulties, palpitations, nausea, vomiting  

Acute 30-50 Tachypnoea, tachycardia, fever, vomiting, 
confusion, disorientation, hypotension, 
arrhythmia, alterations in consciousness, 
convulsions, respiratory insufficiency  

Life-threatening 50-66 Psychiatric difficulties, apathy, apraxia, 
disorientation, muscular hypertonia, intestinal 
problems, urinary or faecal incontinence, 
alteration in consciousness  

Lethal  >66  

Table taken from Aubard & Magne (2000). 

 

The effects on the fetus are also dependent upon the exposure duration and concentration 

as well as gestational age (Goldstein, 2008). Fetal complications following CO toxicity at 

different ages and dosages are presented in Table 4. In early stages of gestation, acute 

poisoning has been associated with anatomical malformations, particularly limb 

malformations, and exposure at later stages with anoxic encephalopathy and neurological 

sequelae due to the vulnerability of the fetal brain to CO closer to term (Norman & Halton, 

1990; Yildiz, Aldemir, Altuncu, Celik, & Kavuncuoglu, 2010; Aubard & Magne, 2000; Okeda, 

Matsuo, Kuroiwa, Tajima, & Takahashi, 1986). Fetal demise following CO poisoning can be 

diagnosed via post-mortem with the critical level approximately 60% COHb (Farrow, Davis, 

Roy, McCloud, & Nichols, 1990). Mortality rates are significantly higher in the fetus (36-67%) 

than the mother (19-24%), depending on the severity of maternal poisoning and gestational 

age (Turpin et al., 1978; Grosbuis, Estournet, & Barois, 1978; see Elkharrat et al., 1991). In 

cases of severe poisoning, fetal mortality rates have been reported to exceed 50% (Koren et 

al., 1991). Case reports of acute maternal CO intoxication document a range of fetal outcomes 
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including preterm delivery, hypoxic ischemic encephalopathy, hypotonia, persistent seizures, 

microcephaly, cerebral palsy, cardiomegaly, limb malformations and death (Aubard & Magne, 

2000; Yildiz et al., 2010; van Hoesen, Camporesi, Moon, Hage, & Piantadosi, 1989; Brown, 

Mueller, & Golich, 1992; Alehan, Erol, & Onay, 2007). Post mortem, damage to the basal 

ganglia, cerebellum and cerebral cortex alongside generalised hypoxic damage including 

oedema and petechial cortical haemorrhage are often observed (Copel, Bowen, & Bolognese, 

1982; Muller & Graham, 1955; Gabrielli & Layon, 1995).  

 

Table 4. Fetal complications after CO toxicity at different ages and dosages  

Early Exposure Late 

General anatomical malformations, 
especially limb 

 Specifically brain malformations, 
such as anoxic anencephaly 

Low or Chronic Dosage High or Acute 
Decreased birth weights and 
intrauterine growth restriction due 
to chronic hypoxia 

 Fetal brain dysgenesis including 
severe hypoxic lesions in the 
forebrain and basal ganglia at higher 
dosages. Fetal demise 

Table taken from Friedman et al., 2015; data from Aubard & Magne, 2000; Alehan, Erol & 

Onay, 2007; Koren et al., 1991. 

 

The majority of case reports within the literature indicate that maternal exposure at high 

levels, where significant toxicity is present such as neurological impairments or 

unconsciousness, places the fetus at an increased risk of toxicity. In cases of less severe 

exposure, accompanied by symptoms such as headache, nausea and vomiting, fetal outcomes 

have been reported to be favourable (Koren et al, 1991). For example, a case series by Koren 

et al., (1991) included follow-up of 38 infants following maternal exposure. They reported 

that of the five cases where maternal exposure was significant, indicated by disorientation, 

depressed sensorium or coma, two fetuses died and one presented with cerebral palsy. In the 

remaining two cases, hyperbaric oxygen therapy (HBOT) was administered and delivered 

infants were described as having normal outcomes at one year. In the remaining cases 

discussed by Koren et al (1991), where milder maternal exposure had occurred (maternal 

symptoms included headaches, nausea, mild neurological impairments) delivered infants 

were reported to have normal outcomes. However, other case reports indicate that low 

maternal COHb concentrations are related to poor fetal outcomes. For example, Kopelman 

and Plaut, (1998) describe a case where maternal COHb levels were 6.9% 2-hours post 

exposure. The mother presented with mild symptoms only, the infant however, was more 

severely affected for 6-days following exposure (Kopelman & Plaut, 1998). Fetal poisoning is 

therefore possible even when maternal exposure is mild and can result in death (Cramer, 

1982; Caravati, Adams, Joyce & Schafer, 1988).  

 

2.2 Treatment of Severe Acute CO Poisoning in Pregnancy 
One of the main treatment aims of CO intoxication in pregnant women is to decrease fetal 

COHb levels (Gara, 2017). When CO poisoning is suspected, the administration of 100% 

oxygen should be initiated immediately (Goldstein, 2008). Neurologic examination and 
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monitoring of vital signs including pulse co-oximetry are critical parts of ongoing evaluation 

and some have suggested that cardiac monitoring should be undertaken due to the potential 

for myocardial ischemia resulting from hypo-perfusion (Nikkanen & Skolnik, 2011; Friedman, 

Guo, Stiller, & Laifer, 2015). The measurement of COHb are useful in diagnosis but as 

mentioned previously they should not be used solely as a marker to indicate poisoning and 

direct treatment. The administration of 100% oxygen accelerates the dissociation of CO from 

Hb, thus eliminating COHb from maternal and fetal circulation as quickly as possible (Gabrielli 

& Layon, 1995). The washout period for the mother is faster than for the fetus, taking 

approximately 2-hours to reach one-half of the maximum value in the mother and 7-hours 

for the fetus (Longo, 1977). The administration of 100% oxygen increases the elimination rate, 

reducing the half-life of maternal COHb to approximately 80-90 minutes (van Hoesen et al., 

1989; Gabrielli & Layon, 1995). However, fetal elimination still lags behind maternal. In order 

to normalise fetal COHb levels, the administrations of normobaric oxygen for durations that 

are five times longer than those required to normalise maternal COHb concentrations have 

been suggested (Longo & Hill, 1977). The administration of HBOT at 3 atmospheres absolute 

(ATA) further increases the elimination rate of CO, reducing the half-life of COHb to 23 

minutes (van Hoesen et al., 1989; Gabrielli & Layon, 1995). However, the administration of 

HBOT in pregnancy has been limited due to concerns from early animal studies that revealed 

associations with fetal malformations and adverse outcomes (Ferm, 1964; Fujikura, 1964). 

However, further animal studies on the use of HBOT at lower pressures (2-3 ATA) and shorter 

durations have reported no adverse fetal impacts (Cho & Yun, 1982; Gilman, Greene, Bradley, 

& Biersner, 1982). Furthermore, HBOT during pregnancy has been shown to reduce the rate 

of spontaneous abortion in murine animal models (Nikkanen & Skolnik, 2011).  

 

Studies on the use of HBOT in human pregnancy have also reported no adverse neonatal 

outcomes following 90 minutes of HBOT at 2 ATA, indicating that lowering treatment 

pressures may reduce the teratogenic effects of HBOT administration (Elkharrat et al., 1991; 

Koren, 1991). It has been suggested that HOBT should be considered in the treatment of 

pregnant women with acute CO poisoning, particularly if the fetus shows signs of distress 

(Weaver et al., 2002; Van Hoesen et al., 1990). A few recent case reports on the use of HBOT 

in pregnancy following acute CO poisoning have also reported favourable outcomes 

supporting the safety of HBOT use in pregnancy (Kosaki et al., 2020; Kreshak, Lawrence, 

Ontiveros, Castellano, & Van Hoesen, 2022; Arslan, 2021). For example, Kosaki et al., (2020) 

described a case of a 30-year-old non-smoker at 31 weeks gestation who had been acutely 

exposed to CO from a fireplace. On admission, the patient was well oriented, without signs of 

neurological deficit, and a COHb level of 28.6%. Fetal heart rate, umbilical cord blood flow 

and weight were normal. HBOT was initiated 5 hours post-exposure at 2 atmospheres for 60 

minutes three times a day for two days. Post treatment, maternal COHb levels were 0.7% and 

no abnormalities were observed in mother or fetus, and a healthy infant delivered at 41 

weeks. At the 3-month follow up, both mother and infant were reported to be doing well 

(Kosaki et al., 2020). Kreshak et al., (2022) reported on a case of a 41-year-old at 38 weeks of 

gestation who presented with headache, dizziness and reduced fetal movement following CO 

exposure from a charcoal grill. On admission, COHb levels were 7.4% and high flow oxygen 

was administered. However, COHb measurement was acquired 12 hours post-exposure and 
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extrapolation indicated that the mother’s COHb concentration at symptom onset may have 

exceeded 30%. Due to the mother’s prolonged exposure and persistent symptoms indicating 

more severe poisoning and signs of fetal distress, the infant was delivered via caesarean 

section. Cord blood indicated fetal COHb level of 11.9% and the infant was treated with high-

flow 100% oxygen for 2.5 hours lowering COHb levels to 4.6%. HBOT was then administered 

to mother and infant at 2.4 ATA for 90 minutes at 2.5 hours following delivery, decreasing the 

infants COHb concentration to 1.4%. No further treatments were administered for the infant 

and she was discharged home 3 days post-delivery (Kreshak et al., 2022). Arslan (2021) 

evaluated maternal and fetal outcomes in 32 pregnant women following the administration 

of HBOT in the treatment of CO poisoning. Of the patients studied, 23 had COHb 

concentrations over 20% with a mean level of 24.9% (range 6.9-40.2%). All patients were 

treated within 10 hours, with the exception of one, and single sessions of HBOT at 2.4 ATA 

pressure for 120 minutes were administered. Three patients received more than one session 

due to signs of fetal distress. Normobaric 100% oxygen was administered for 24-hours 

following HBOT to avoid potential harmful effects associated with HBOT, and no epileptic 

seizures or oxygen toxicity were reported in any patients. Following HBOT, four infants were 

born prematurely (32-34 weeks), four were hospitalised in intensive care and two babies died 

due to causes not associated with HBOT treatment. The remaining infants did not have any 

birth related problems or abnormalities or symptoms requiring admission post-delivery. The 

authors concluded that the lack of early miscarriages indicates the efficacy of treatment and 

the absence of problems during follow up suggests that the ‘treatment applied seems to be a 

safe method’ (Arslan, 2021).  

 

Currently, there are no protocols for the safe administration of HBOT in the treatment of 

pregnant patients following CO poisoning (Arslan, 2021). Treatment decisions for pregnant 

women and fetus following CO exposure are challenging and currently there are no specific 

guidelines from the American College of Obstetricians and Gynecologists (ACOG) or the 

American Academy of Pediatrics (Kreshak et al., 2022). In cases of life-threatening poisoning 

where maternal COHb levels are greater than 15-20% or in cases with neurological symptoms, 

loss of consciousness (LOC), cardiac compromise or when fetal compromise is suspected, 

there is a general consensus that HBOT is appropriate (Kao & Nanagas, 2005; Nikkanen & 

Skolnik, 2011; Silverman & Montano, 1997). However, the administration of HBOT is limited 

due to accessibility, with only a few centres worldwide, relatively high costs and a believed 

lack of supportive evidence of its benefits (Kosaki et al., 2020; Arslan, 2021). Due to limited 

accessibility, urgent caesarean may be the only option to increase fetal oxygenation (Gara, 

2017). In such cases, fetal ultrasound or MRI scan have been suggested to establish any CNS 

damage and to direct further therapy for the infant (Koren et al., 1991). However, the 

administration of HBOT following maternal CO intoxication has been suggested to be superior 

over performing urgent caesarean (Gabrielli, & Layon, 1995). Arslan (2021) concluded that 

closer evaluation and treatment for pregnant CO poisoning cases is crucial due to the risk to 

the fetus, and recommended the use of HBOT for all pregnant CO poisoning cases irrespective 

of syncope and COHb level (Arslan, 2021). It has not only been suggested that HBOT should 

be more accessible for pregnant patients due to increased hypoxia vulnerability of the fetus, 
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but that pregnant patients should be informed about CO exposure and prevention (Friedman 

et al., 2015; Kosaki et al., 2020).    

 

2.3 Summary of Severe Acute CO Exposure in Pregnancy 
In summary, evidence indicates that the fetus in utero is extremely vulnerable to CO 
exposure. Following prenatal exposure, fetal COHb levels rise slowly but increase to levels 
that surpass that of the mother’s, reaching concentrations approximately 15% above 
maternal concentrations. Additionally, fetal Hb has a greater affinity for CO and a longer 
elimination half-life. Acute severe poisoning is harmful to both mother and fetus. However, 
chronic exposure can cause disproportionate harm to the fetus, placing the fetus at greater 
risk of damage than the mother due to progressive tissue hypoxia. Predicting fetal outcomes 
in CO poisoning is difficult as the severity of maternal exposure, as defined by COHb levels, 
do not correlate with fetal COHb concentrations. Of great concern are findings that low 
maternal COHb concentrations have been related to poor fetal outcomes (Caravati et al., 
1988; Kreshak et al., 2022; Kopelman & Plaut, 1998). These findings suggest that even low-
level maternal exposure may in fact be harmful to the fetus and further highlight the 
inaccuracy of COHb levels to indicate exposure severity, with maternal concentrations 
decreasing rapidly once removed from the exposure source. However, determining the 
severity of exposure and the levels at which particular symptoms became apparent and harm 
initiated, is difficult from case reports as there is often uncertainty about the duration and 
level of exposure. Nevertheless, they raise many important questions relating to the 
treatment of CO exposure in pregnant patients, such as are maternal COHb levels above 15-
20% or symptoms such as LOC appropriate indicators to direct treatment?  
 

3. Lower Level CO Exposure in Pregnancy 
There is a significant amount of evidence on severe acute CO poisoning during pregnancy and 
the associated maternal and fetal outcomes. However, less is known about the impact of less 
severe exposures to CO. Low-level or ‘less severe’ poisoning has been defined by studies using 
various COHb levels including ≤10% (Sadovnikoff, Varon, & Sternbach, 1992), 10% (Crawford, 
Campbell, & Ross, 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 low-level CO exposure during pregnancy is extremely limited and thus the maternal and 
fetal impacts that follow are currently unclear. However, evidence from other populations of 
study indicates the presence of adverse effects following less severe exposure. For example, 
experimental studies of acute low-level exposure have revealed detrimental impacts, such as 
adverse cardiovascular effects in both patients with cardiovascular disease and healthy 
individuals at COHb levels as low as 2-5% (Aronow & Cassidy, 1975; Anderson, Andelman, 
Strauch, Fortuin, & Knelson, 1973; Allred et al., 1989). Neuropsychological deficits have also 
been reported following acute low-level exposures at COHb levels between 5% and 7% 
(Horvath, Dahms, & O’Hanlon, 1971; Gliner, Horvath, & Mihenic, 1983; Ramsey, 1972; Putz, 
1979). Case reports of chronic low-level exposure within the home also indicate the presence 
of neuropsychological effects including deficits in memory, learning and motor slowing (Ryan, 
1990; Myers et al., 1998; Knobeloch & Jackson, 1999; Gilbert & Glaser, 1959; Crawford et al., 
1990). Chronic exposures to low-level CO represent particular concern, as they are extremely 
hard to diagnose due to the non-specific and often subtle symptoms (Harper & Croft-Baker, 
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2004). Consequently, this often leads to continued CO exposure (Kirkpatrick, 1987; Crawford 
et al., 1990; Gilbert & Glaser, 1959; Myers et al., 1998). Symptoms are similar to those 
observed in acute poisoning and include 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 chronically exposed to CO indicate that reaching the correct diagnosis is difficult and 
can subsequently lead to delayed diagnosis and prolonged exposure (Webb & Vaitkevicius, 
1997; Myers et al., 1998; Gilbert & Glaser, 1959; Knobeloch & Jackson, 1999). Furthermore, 
the symptoms of CO exposure are similar to those experienced in pregnancy, further 
increasing the likelihood of misdiagnosis in the pregnant woman.  
 

3.1. Maternal Cigarette Smoking 
Numerous studies have examined the effects of maternal smoking on fetal and infant 
outcomes in order to understand the possible impact of chronic lower-level CO exposure 
during pregnancy. Tobacco smoke is a source of CO and with each cigarette smokers are 
exposed to between 400ppm and 500ppm (Raub et al., 2000; Tomaszewski, 2002). Maternal 
expired CO levels (ppm) and correlations with maternal and fetal COHb levels by smoking 
status are presented in Figure 1. There is a significant amount of evidence indicating that 
smoking during pregnancy is associated with maternal and fetal morbidity and mortality 
(Salihu & Wilson, 2007; Royal College of Physicians, 2000). The associated risks to the fetus of 
maternal smoking are well documented and include fetal growth restriction, prematurity, 
stillbirth, and miscarriage (Cnattingius, 2004; Pineles, Park & Samet, 2014; Royal College of 
Physicians, 1992). Furthermore, adverse effects to the fetus include both short-term effects, 
such as low birth weight (BW), and longer-term impacts including behavioural problems 
(Batstra, Hadder-Algra & Neeleman, 2003; Butler, Goldstein & Ross, 1972; Gomez, Berlin, 
Marquis, & Delcroix, 2005; Secker-Walker, Vacek, Flynn & Mead, 1997). For example, Secker-
Walker et al., (1997) found that cigarette smoking and raised breath CO concentrations at the 
first and 36-week prenatal visits were related to increased risk of low BW. They concluded 
that not smoking or having breath CO concentrations below 5ppm minimises the risk of 
having a low BW infant (Secker-Walker et al., 1997). Visnjevac & Mikov, (1986) also found that 
maternal smoking was associated with higher infant COHb levels and lower BW. Indeed, 
numerous studies have reported correlations between increased COHb levels and reduced 
BW (Leonard, Vreman, Ferguson, Smith, & Stevenson, 1989; Visnjevac & Mikov, 1986; 
Wouters et al., 1987). These studies have typically taken cord or fetal blood at birth to 
ascertain COHb levels. However, smoking during pregnancy represents chronic longer-term 
exposure throughout gestation and fetal COHb levels at birth indicate exposure over the past 
24 hours, and therefore do not represent cumulative exposure throughout pregnancy 
(Carmines & Rajendran, 2008). It has been suggested that smoking during pregnancy results 
in chronic fetal hypoxia via mechanisms such as reduced uterine blood flow and elevated 
COHb concentrations, which may account for the observed decreases in infant BW 
(Herrmann, 2008). Associations between pre-and-postnatal exposure to tobacco smoke and 
behavioural problems, such as delinquency and attention deficit hyperactivity disorder 
(ADHD) have also been reported (see Herrmann, 2008 for a review).  
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Further support of the detrimental impact of cigarette smoking during pregnancy is provided 
by studies in animal models. For example, early studies found that murine exposure to 
cigarette smoke during gestation was related to decreased BW (Reznik & Marquard, 1980; 
Seller & Bnait, 1995). Other studies have reported that maternal smoke inhalation is 
associated with decreased maternal weight and fetal BW (Carmines, Gaworski, Faqi, & 
Rajendran, 2003; Gaworski, Carmines, Faqi, & Rajendran, 2004). However, other studies have 
found associations between cigarette smoke exposure during murine pregnancy and reduced 
maternal, but not litter BW (Reckzeh, Dontewill, & Leuschner, 1975; Bertolini, Bernardi, & 
Genedani 1982; Wagner, Lazar, & Chouroulinkov, 1972; Peterson, Heninger, & Seegmiller, 
1981). These results led to suggestions that reduced fetal weight following maternal cigarette 
smoke exposure may result from maternal toxicity indicated by decreased maternal weight 
gain (Carmines et al., 2003). However, results from a further study by the same authors did 
not support this inference, with results indicating that nicotine in smoke may be primarily 
responsible for the observed reduced maternal weight and CO for the decreased fetal weight 
(Carmines & Rajendran, 2008). In their 2008 study, Carmines and Rajendran examined smoke 
constitutes including CO, nicotine and a mixture of aldehydes in order to determine the 
substances that contribute to decreased fetal BW. They reported that exposure to aldehydes 
produced no effects, whereas CO exposure during gestation, at levels similar to those present 
in cigarette smoke (600ppm; 30% COHb), was related to reduced fetal BW but not dam 
weight. Conversely, exposure to nicotine was associated with decreased maternal weight but 
had no effect on fetal weight. The authors concluded that reduced fetal weight following 
exposure to maternal smoking is related to CO toxicity and not nicotine toxicity (Carmines & 
Rajendran, 2008). The results indicate that CO exposure may be a significant contributing 
factor to low BW in humans. Other studies examining the effects of nicotine during gestation 
have reported similar findings, with no effects observed at high concentrations on fetal BW 
(Hussein et al., 2007). Furthermore, there is no evidence that nicotine, when used as a 
replacement therapy for smoking, is associated with fetal harm (Dempsey & Benowitz, 2001). 

 
 

 

 

 

 

 

 

 

 

 

3.2 CO Exposure in Murine Pregnancy  
Experimental studies have also examined the effects of maternal CO exposure on fetal 
outcomes. For example, exposure to 1000ppm throughout murine pregnancy has been 
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reported to be associated with reduced fetal weight and litter size (Tachi & Aoyama, 1983; 
1986). Chronic prenatal exposure to lower levels of CO, at levels similar to those observed in 
smoking, have also been related to adverse fetal outcomes. For example, Fechter & Annau, 
(1980) reported that exposure to 150ppm of CO during gestation, resulting in maternal COHb 
levels of 15%, was associated with lower BW and decreased growth rates in newborn rats. 
Prenatal exposure to 75ppm or 100ppm during gestation, raising maternal COHb levels to 7% 
and 16% respectively, has also been reported to impair working memory (Giustino, 1999). 
Furthermore, longer-term deficits in learning and memory have been found to persist into 
adulthood following maternal CO exposure at 150ppm raising COHb levels to 15% (De Salvia, 
1995). Similarly, postnatal exposure to CO at levels of 5ppm and 100ppm, resulting in COHb 
levels of 1.7% and 9.4% respectively, have been associated with impaired memory several 
weeks post-exposure (Cheng, 2012). However, the literature is somewhat inconsistent with 
results from other studies revealing that chronic maternal exposure to 300ppm was not 
associated with placental or fetal weight or histomorphological placental alterations 
(Venditti, Casselman & Smith, 2011). Furthermore, chronic maternal CO exposure at 250ppm 
has been reported to increase uterine blood flow and uteroplancental vascular growth 
through increased utero-placental vascular branching and diameter (Venditti et al., 2013). It 
is important to note that endogenous CO at physiological levels 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, angiogenic and anti-inflammatory properties (Prockop & 
Chichkova, 2007; Venditti et al., 2013; for reviews see Mahan, 2012; Queiroga, Vercelli & 
Vieira, 2015). The beneficial effects associated with endogenous CO may therefore also be 
present following low-level exogenous CO exposure resulting in similar physiologic and 
protective effects. Results from a recent study support this, with chronic maternal exposure 
at 250ppm not associated with adverse effects, but instead, increased utero-placental 
vascular growth (Dickson et al., 2020). The authors concluded that moderate increases in CO 
may lead to therapeutic effects. However, the effects of chronic CO exposure during 
pregnancy are poorly understood and represent an area in which there is a significant 
knowledge gap. Future research is needed that examines the safety and efficacy of CO for 
therapeutic use in vascular disease (Dickson et al., 2020). 
 
It is likely that variation in study methodologies, such as the duration of exposure (acute 

versus chronic), time intervals of exposure throughout gestation and the exposure 

concentration, account for the inconsistency in findings (Venditti, Casselman & Smith, 2011). 

For example, studies using exposure concentrations of 1000ppm raising maternal COHb levels 

to around 57% would not represent levels similar to those observed in smoking and more 

accurately reflect CO poisoning (Tachi & Aoyama, 1986). Studies using lower concentrations 

of around 300ppm with resulting maternal COHb levels of between 14-17% more closely 

represent levels observed in smoking (Venditti, Casselman & Smith, 2011; Venditti et al., 

2013; Dickson et al., 2020). In Venditti, Casselman and Smith, (2011) study, higher exposures, 

at levels above 300ppm, were found to be associated with feto-toxic effects including 

significantly increased maternal and fetal COHb levels, decreased litter size and fetal BW and 

increased early and late gestational demise. Chronic maternal CO exposure poses risk to fetal 

health, however the levels at which this risk is initiated are currently unknown.  
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3.3 Environmental Exposure to Air Pollution in Pregnancy  
Further evidence of the potential detrimental health effects chronic exposure to low-level CO 
may pose, is provided by epidemiological studies with reported associations between outdoor 
air pollution, including CO, and increased risk of stroke, myocardial infarction (MI), heart 
failure and dementia development (Maheswaran et al., 2005; Shah et al., 2013; Mustafic et 
al., 2012; Chang et al., 2014). In relation to prenatal exposure to air pollution, evidence 
indicates associations between maternal exposure and adverse fetal developmental 
outcomes such as intrauterine growth restriction, low BW and premature birth (Wang & 
Pinkerton, 2007). Studies have reported associations between maternal environmental CO 
exposure during the first or third trimester and the development of intrauterine growth 
restriction (IUGR) (Ha et al., 2001; Maisonet, Bush, Correa, & Jaakkola, 2001; Ritz & Yu, 1999; 
Salam et al., 2005; Wang & Pinkerton, 2007). For example, Salam et al., (2005) reported an 
association between prenatal CO exposure during the first trimester of pregnancy and lower 
BW, indicated by a 21.7g reduction per 1.4ppm increase in CO.  Ritz & Yu (1999) reported that 
fetuses exposed to more than 5.5ppm of CO during the last trimester of pregnancy were at 
increased risk of IUGR compared to those exposed to less than 2ppm, indicated by an odds 
ratio of 1.22. An association between CO exposure in the last month of pregnancy and 
premature birth has also been reported (Liu, Knewski, Shi, Chen, & Burnett, 2003). 
Furthermore, outdoor air pollution exposure during early postnatal periods has been 
identified as a contributing factor to infant mortality (Wang & Pinkerton, 2007). Moreover, 
evidence indicates potential associations between air pollution exposure in the prenatal 
period, at the time of birth, and in the first year of life, and increased risk of autism and autism 
spectrum disorders (ASD) (Becerra, Wilhelm, Olsen, Cockburn, & Ritz 2013; Jung, Lin, & 
Hwang, 2013; Roberts et al., 2013; Volk, Hertz-Picciotto, Delwiche, Lurmann, & McConnell, 
2011; Volk, Lurmann, Penfold, Hertz-Picciotto, & McConnell, 2013). However, air pollution 
constitutes a mixture of toxins and separating out the effects of individual pollutants on 
health is challenging (Block et al., 2012). Nevertheless, the evidence indicates potential 
associations between prenatal air pollution exposure, including CO, and adverse fetal and 
infant outcomes, suggesting that chronic exposure to low-level environmental CO may be a 
key contributor to adverse perinatal impacts (Wang & Pinkerton, 2007). Epidemiological 
studies provide invaluable insight on the health effects associated with chronic outdoor 
exposure at the population level, however indoor exposures at the individual level also 
present significant concern, particularly within the home where CO concentrations have been 
reported to exceed the WHO (1999; 2010) guidelines.  
 

3.4 Exposure to Air Pollution within the Home during Pregnancy 
Studies on the effects of chronic low-level home exposure to CO during pregnancy are 
extremely limited. Present within the literature are studies that have examined the effects 
associated with indoor air pollution in developing countries, where the use of solid fuels such 
as biomass, coal and wood for cooking is high due to lack of access to modern fuels. In poorly 
ventilated spaces, the use of inefficient stoves or open fires for cooking releases large 
amounts of smoke containing a number of pollutants, including CO, that result from 
incomplete combustion of solid fuels (Fullerton, Bruce, & Gordon, 2008). Indoor 
concentrations of air pollution have been found to exceed the WHO recommended guidelines 
in several countries (Balakrishnan et al., 2013; Bartington et al., 2017; Junaid et al., 2018; 
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Mukhopadhyay et al., 2012; Rupakheti et al., 2019). For example, mean CO concentrations 
over a 24-hour period have been reported to be between 2ppm and 50ppm in homes where 
solid fuels are used for cooking, frequently exceeding the WHO guideline of 9ppm for 8 hours 
(Bruce, Perez-Padilla, & Albalak, 2000; Saksena et al., 2003). Women and the fetus in utero 
may be particularly vulnerable to household air pollution as they are traditionally primarily 
responsible for cooking, as are young children as they often remain close to their mothers 
(Bruce et al., 2000; Rehfuess, Bruce, & Smith, 2011). Studies examining the effects of 
household air pollution exposure from the use of unclean cooking fuels have reported 
associations between increased exposure and adverse fetal and infant outcomes (Amegah, 
Quansah, & Jaakkola, 2014; Epstein et al., 2013; Fullerton et al., 2008; Smith & Pillarisetti, 
2017; Tielsch et al., 2009). For example, associations between maternal exposure to 
household air pollution and stillbirth, low BW and preterm birth have been reported (Amegah 
et al., 2014; Balakrishnan et al., 2018; Epstein et al., 2013; Khan, Islam, Islam, & Rahman, 
2017; Pope et al., 2010; Tielsch et al., 2009; Wylie et al., 2014; Yucra, Tapia, Steenland, 
Naeher, & Gonzales, 2014). There is an extensive amount of evidence indicating that biomass 
smoke exposure during pregnancy increases the risk of low BW (Amegah et al., 2014; Epstein 
et al., 2013; Jiang et al., 2015; Khan et al., 2017; Milanzi, & Namacha, 2017; Mishra, Dai, Smith, 
& Mika, 2004; Pope et al., 2010; Thomson et al., 2011; Tielsch et al., 2009; Wylie et al., 2014). 
A large proportion of births worldwide are classified as low BW, with figures from 2014 
indicating that of all births, 20 million (15%) were identified as low BW (WHO, 2019). These 
findings are extremely concerning, particularly when considered alongside evidence that 
suggests low BW is a strong predictor of infant health (Belbasis, Savvidou, Kanu, Evangelou, 
& Tzoulaki, 2016; Johnson & Schoeni, 2011). For example, studies have revealed associations 
between low BW and numerous health implications, such as stunting and poor growth, 
diabetes, obesity, hypertension and poor developmental and cognitive outcomes (Aryastami 
et al., 2017; Rahman, Howlader, Masud, & Rahman, 2016; Du, Tandoc, Mack, & Siegel, 2020; 
Ha et al., 2014; Huang et al., 2019; Curhan et al., 1996).  
 
In relation to CO specifically, a few studies examining household air pollution exposure during 
pregnancy have included CO measurements for short time periods from subsamples of the 
populations studied. Although one of the main aims of these studies has been to examine the 
impact of cook-stove interventions in reducing household air pollution during pregnancy, they 
also reveal that prenatal exposure to lower level CO may be associated with adverse fetal 
outcomes. For example, Yucra et al., (2014) examined the effects of indoor air pollution 
exposure during pregnancy on full term BW, indicated by questionnaire of biomass fuel use, 
in Peru. They reported an association between cooking with biofuel and full-term births that 
were small for gestational age (SGA) when compared to cooking with gas. In addition, CO 
levels were measured in a subsample that included 48-hour measurements in 72 kitchens, 
with mean concentrations of 4.8ppm, 2.2ppm and 0.4ppm for biofuel, biofuel and gas, and 
gas, respectively. A relationship between CO exposure and lower full-term BW was observed, 
with a 1ppm increase in CO related to an increase of 0.19 in the log odds of having an infant 
in the lowest 10% of weight (Yucra et al., 2014). Similar results have been reported by other 
studies that have directly measured CO levels, with a mean CO increase of 1.6ppm associated 
with an increase of 0.30 in the log odds of having an infant of low BW (<2500gms) (Thompson 
et al., 2011). Wylie et al., (2017) also examined the effects of household air pollution during 
pregnancy in Tanzanian, with CO measurements taken over a 72-hour period in the latter half 
of gestation and mean concentrations of 2ppm. They found a negative association between 
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CO exposure and infant BW, however the results did not reach significance (Wylie et al., 
2017).  
 
A more recent study by Quinn et al., (2021) included CO measurements over four 48-hour 
periods during pregnancy in rural Ghana, with average CO exposures below 3.1ppm for 95% 
of the sample and a mean level of 1.3ppm. The multiple CO measurements were designed to 
reflect longer-term maternal CO exposure. They found a negative association between higher 
prenatal CO exposure and lower BW and length in infants from pregnancies without evidence 
of placental malaria, with a 1ppm increase in CO related to a mean reduction of -53.4g in BW 
and -0.3cm in birth length. The authors concluded that malaria during pregnancy may modify 
the relationship between household air pollution and birth outcomes. The results of these 
studies indicate that reductions in household air pollution during pregnancy may improve 
fetal outcomes in low and middle-income countries where the use of biomass fuel for cooking 
is common (Quinn et al., 2021). Other studies have reported associations between CO 
exposure during pregnancy and risk factors for cardiovascular disease such as hypertension 
(Agrawal & Yamamoto, 2014; Quinn et al., 2016). For example, Quinn et al., (2016) examined 
the impact of CO exposure from wood fires during cooking on blood pressure (BP) in pregnant 
women in Ghana. They monitored CO exposure over a 72-hour period and BP in 807 women 
at early to mid-pregnancy (first or second trimester), with reported mean averaged CO 
concentrations of 1.3ppm. A relationship between CO exposure and diastolic BP was found, 
with a 1ppm in CO associated with a .43mmHg increase in diastolic BP. These results are 
particularly concerning, as hypertension complicates an estimated 5-10% of pregnancies 
worldwide (Duley, 2009; Lindheimer, Taler, & Cunningham, 2010), and hypertensive disorders 
are a significant contributor to maternal morbidity and adverse fetal and maternal outcomes 
(Abalos et al., 2014; Barker 1995; Männistö et al., 2013).  
 

3.5 Summary of the Effects of Chronic Lower Level CO Exposure during 

Pregnancy 
Evidence reviewed above indicates that chronic prenatal exposure to indoor and outdoor air 
pollution, including CO, and maternal smoking is associated with adverse fetal morbidity and 
mortality including fetal growth restriction, prematurity, stillbirth, miscarriage and 
particularly, low BW. These findings represent significant public health concern particularly 
when considered in line with evidence that has identified BW as a significant predictor of 
infant health, with low BW associated with health problems and poor developmental and 
cognitive outcomes. Furthermore, longer-term adverse infant outcomes have been 
associated with pre-and-postnatal exposure to tobacco smoke and air pollution including 
behavioural problems, such as delinquency and ADHD and increased risk of ASD diagnosis. 
However, tobacco smoke contains numerous toxins and it is therefore difficult to attribute 
particular effects to individual constitutes of smoke. Previous studies have attempted to 
isolate the effects of CO in tobacco smoke on fetal outcomes with results indicating a 
potential direct association between maternal CO exposure and reduced fetal BW. Similar 
challenges arise when isolating health effects of single pollutants in studies of indoor and 
outdoor air pollution. Furthermore, studies examining household air pollution exposure and 
maternal and fetal health outcomes have typically relied on indirect measures of air pollution 
to classify exposure, such as self-report questionnaires relating to the primary fuel used 
within the home (Wylie et al., 2017). The few studies that included direct CO measurements 
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either relied on a single measurement during pregnancy or small sample sizes, and 
measurements have varied between personal exposure and monitoring in, for example, 
kitchens (Quinn et al., 2021). Nevertheless, the evidence indicates associations between 
prenatal exposure to air pollution and maternal smoking and detrimental impacts, suggesting 
that chronic exposure to lower levels of CO may be a key contributor to adverse fetal, 
perinatal and infant outcomes. Moreover, evidence from indoor and outdoor air pollution 
studies indicate that small increases in CO are associated with adverse fetal impacts, 
suggesting that CO exposure at extremely low-levels may in fact be harmful given sufficient 
exposure time.  
 

3.6 Treatment of Lower Level CO Exposure 
The UK Teratology Information Service (UKTIS; 2017) provides information for health 
professionals on the toxicity of drugs and chemicals in pregnancy. In relation to CO exposure, 
there are no published guidelines specifically on the treatment of CO poisoning in pregnancy. 
It is advised that the management of CO poisoning in the pregnant patient should follow the 
same guidance as for non-pregnant patients. However, longer treatment may be required in 
order to remove CO from the fetus due to the reduced capacity of the fetus to remove CO. 
They advise that there is great risk to mother and fetus when maternal COHb concentrations 
are high, but acknowledge that maternal COHb concentrations do not correlate with severity 
of maternal poisoning and therefore the risk of adverse outcomes cannot be ruled out when 
maternal toxicity is absent. As a result, the consideration of treatment in asymptomatic 
pregnant women is recommended and should be assessed on a case-by-case basis. Fetal 
monitoring may also be required even when maternal toxicity is not present.  
 

4. Current Context  

4.1 CO Levels within UK Homes 
In the UK, the number of accidental CO-related poisonings and deaths has decreased since 
the replacement of town gas to natural gas between 1967 and 1972 (Wilson, Saunders, & 
Smith, 1998). However, natural gas requires double the amount of oxygen for combustion, 
compared to town gas, and when partial combustion of natural gas occurs CO can be 
produced (Crawford et al., 1990). To our knowledge, there have been no published studies 
examining the effects of maternal chronic low-level CO exposure within UK homes and the 
associated impacts on fetal or infant outcomes. Indoor sources of CO such as gas appliances 
and smoking habits contribute significantly to CO exposure within the home. Evidence is 
accumulating of raised CO levels with UK homes, at levels above those recommended safe by 
the WHO (Cox & Whichelow, 1985; Myers et al., 1998; Crawford et al., 1990; Knobeloch & 
Jackson, 1999; Ryan, 1990). Non-smoking households without gas appliances generally have 
average CO concentrations up to 3.1ppm and those 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 
that 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 
≥6pmm. 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 



 

Page | 19  
 

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 31ppm 
(Ross, 1996). Similarly, Stevenson (1985) 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. 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 overall CO levels within UK homes. 
 
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). In their first report, 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, 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. Furthermore, a study of 597 homes in London and South East England found that 
22% of homes had at least one appliance that was deemed at risk (AR) or immediately 
dangerous (ID) (Croxford, Leonardi, & Kreis, 2008). The prevalence of self-reported 
neurological symptoms such as headache, confusion and nausea were also 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%) (Croxford et al., 2008). In support of this, figures from 
the EU Injury database (IDB) indicate 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). 
Moreover, a high percentage 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). Additionally, 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). Mortality and hospital admission rates are also 
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, Bowskill, Saliba, & Flanagan, 2013; Braubach et al., 2013). In a further study, 
Firefighters placed data loggers in 173 homes in England to monitor continuous CO levels over 
a period of weeks. The results revealed a high prevalence of low-level CO in the home with 
57 (33%) properties found to have maximum CO readings of below 10 ppm, 80 (46%) 
properties had CO levels between 10-50ppm, and 36 (21%) properties had CO levels greater 
than 50 ppm (LJM, 2011). 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) and mean concentrations below 1ppm with 
short lasting peaks, none of which exceeded the WHO guidelines, in 44 homes in South Wales 
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(Henderson, Parry, & Mathews, 2006). However, mean concentrations were measured using 
Draeger color-metric diffusion tubes which do not provide information of short-lasting peaks 
(Raw et al., 2004) or measurements were examined in relation to the WHO guidelines only 
(Henderson et al., 2006). 
 
The majority of studies reviewed above indicate that ambient CO concentrations in a number 
of UK homes exceed the WHO guidelines, particularly when gas appliances are in use. 
Furthermore, they indicate the presence of raised CO levels within the home irrespective of 
smoking habits. A substantial number of individuals may therefore be exposed to CO within 
the home at levels higher than those considered safe, potentially resulting in detrimental 
health impacts. 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. 
From this, interventions can be directed to those most vulnerable in society. However, they 
do not provide detailed health status information of the occupants and therefore evidence of 
any associated exposure effects is extremely limited. 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. Additionally, lower-level exposure, below the guidelines, are 
typically not examined. They also highlight that increases in ambient CO levels can be 
transient, making the practice of taking a single measurement inaccurate (see Figures 1 and 
2). Elevated CO levels may not be identified using a single reading, as 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).  
 

 

Figure 2. CO levels over 1-month showing higher short 

lasting CO peaks up to around 17ppm with a high percentage 

of zero readings. 

 

Figures 1. CO levels over 1-month showing continuous 

extremely low CO levels between 0-4ppm with fewer zero 

readings 
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Taken together the results of the studies reviewed indicate 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 high 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 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 therefore 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 exposure to CO in the home (Townsend & 
Maynard, 2002). It is clear that further investigation is warranted, as the data, although 
limited, represents significant public health concern (IEH, 1998; Shrubsole, Symonds, & 
Taylor, 2017).  
 

4.2 Future Research Directions 
The toxic effects of severe CO poisoning are well described, however lower level exposures 

to CO and the potential public health impacts such exposures may represent, has largely been 

underappreciated. Further understanding of the potential effects associated with chronic 

low-level exposures to CO and the underlying mechanisms of harm, particularly during critical 

periods in development, is crucial (Levy, 2015). The WHO (2010) highlighted pregnant women 

and the fetus as particularly susceptible to CO, and noted that the evidence on indoor 

maternal CO exposure and the associated effects on fetal development and birth outcomes 

is limited, but nevertheless is suggestive of adverse health impacts including reduced fetal 

growth, congenital defects, low BW and infant mortality. In their 2017 report, the All-Party 

Parliamentary Carbon Monoxide Group (APPCOG) emphasised the urgent need for research 

into the prevalence of environmental CO exposure in pregnancy, improved identification, and 

to better protect pregnant women through action from healthcare professionals and other 

agencies and education so that individuals can protect themselves. Studies examining the 

effects associated with chronic CO exposure within the home during pregnancy are absent 

from the literature and thus any resulting impacts from raised CO concentrations on mother 

and fetus are currently unknown. Future research is needed that focuses on low-level CO 

exposure and the risk such exposures pose to fetal and infant development. Studies aimed at 

ascertaining the proportion of pregnant women who are exposed to chronic low-level CO 

within the home, and that examine the effects of COHb accumulation over time during 

pregnancy and the resulting short and longer-term impacts on fetal and infant development 

are needed. Future studies should be directed towards ascertaining the level and duration at 

which exposure to low-levels of CO during pregnancy becomes harmful and the resulting 

detrimental impacts at various concentrations and exposure durations.   
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Identifying ‘safe’ exposure levels for both the healthy population and susceptible groups is 

vital if we are to move towards keeping the public safe. Thresholds of harm are likely to be 

different for acute and chronic low-level exposures with some degree of variation due to 

individual differences in the population of study. For example, the fetus in utero is particularly 

susceptible to hypoxia from CO exposure, even when maternal COHb levels are nontoxic 

(Gabrielli & Layon, 1995). Chronic maternal CO exposure can therefore cause 

disproportionate harm to the fetus, placing the fetus at greater risk of damage than the 

mother due to progressive tissue hypoxia (Longo, 1977). Of great concern are findings that 

low maternal COHb concentrations have been related to poor fetal outcomes. Evidence from 

studies of indoor and outdoor air pollution and maternal smoking indicate that chronic lower 

levels of CO exposure may be associated with adverse fetal morbidity and mortality including 

fetal growth restriction, prematurity, stillbirth, miscarriage and particularly low BW. A report 

published by Public Health England (2016) ‘Carbon Monoxide Toxicological Overview’ 

reiterated the potential for harm from lower level exposure to CO stating that ‘risk to the 

fetus cannot be ruled out following less severe maternal toxicity or low level exposures with 

no maternal toxicity’ (pg 11). These findings present significant public health concern, 

suggesting that even low-level maternal exposure may in fact be harmful to the fetus.   

 

If we are to move towards identifying ‘safe’ levels of exposure, the examination of resulting 

health effects at various concentrations and the detailed analysis 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 fetal and 

infant outcomes from small samples of the population provide investigation methods. This 

information would be invaluable in informing policy, guidelines and safety technology in order 

to keep those most vulnerable safe. Importantly, advancing knowledge will in turn provide 

new evidence to inform and underpin the revision of exposure guidelines and safety 

equipment standards that accounts for the susceptibility of sub-groups within the population, 

ultimately keeping those most vulnerable safe. It is important to note that the current 

European CO alarm standards (BSI EN 50291-1; 2018) require the actuation of an auditable 

alarm when CO levels reach 50ppm for between 60-90 minutes, 100ppm for between 10-40 

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 et 

al., 2017). Furthermore, European alarm standards are not in accordance with the WHO 

(2010) recommendations with levels of 50ppm for between 60-90 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 et al., 2017; APPCOG, 2017). CO alarms are 

therefore effective at protecting individuals from higher levels of CO exposure, but are of little 

use in the detection of lower level CO exposure.  
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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 
or monitoring of CO levels and intervention protocols are fundamental to the challenge, 
particularly when studying susceptible populations. 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). Post lockdown, 
businesses continue to encourage working from home where possible, and this, coupled with 
the negative emotional impact the national lockdown is likely to have caused, adds to the 
concern. Individuals may be more apprehensive to leave the home or simply have become 
accustomed to, and more comfortable with, remaining at home. It is now more pertinent than 
ever to increase knowledge and understanding of the effects associated with chronic CO 
exposure. 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 reduction 
in outdoor pollution, through reduced fuel consumption, they are likely to have a negative 
impact on indoor air quality. These concerns were highlighted in a report by the Royal College 
of Physicians (2016) ‘Every breath we take: The lifelong impact of air pollution’ with the direct 
and indirect consequences of climate change highlighted as factors likely to significantly 
impact the quality of indoor air and subsequently the health and wellbeing of occupants. 
Efforts to reduce carbon emissions by conserving energy in homes and the drive to reduce 
energy costs have led to reductions in ventilation and the potential for build-up of pollutants 
from indoor sources. These factors will continue to have negative impacts on indoor air 
quality unless properly addressed through planning, design and construction policies. 
Furthermore, climate change itself may add to the problem, with the potential for greater 
energy use to heat and cool homes during colder winters and warmer summers, resulting in 
similar concerns of higher pollution levels in indoor environments (Royal College of Physicians 
2016). 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 
concern (Shrubsole et al., 2017).  
 

4.3 CO Breath Screening in Pregnant Women 
In the UK, between 12-13% of pregnant women smoke during pregnancy, these figures 
however are likely higher due to under reporting due to the associated stigma (McAndrew et 
al., 2012; Shipton et al., 2009). The WHO recommended that smoking status should be 
determined early in pregnancy to ensure that pregnant smokers receive cessation support 
(WHO, 2013). Until recently, midwives would determine smoking status in pregnant women 
via self-report at their first antenatal appointment and refer those who smoked to stop 
smoking services at their request (opt-in). However, evidence indicated that only 
approximately 12% of pregnant smokers access support, despite widely available stop 
smoking services being provided by the NHS free of charge (Health and Social Care 
Information Centre, 2014). Since the publication of the National Institute for Health and Care 
Excellence (NICE) guidelines ‘Smoking: stopping in pregnancy and after childbirth’ (2010), 
pregnant women are now routinely screened and monitored using carbon monoxide 
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breathalysers at prenatal care appointments with midwives. The measurement of CO in 
exhaled breath is relatively inexpensive and easy to perform and is considered a reliable 
indicator of cigarette smoking with high sensitivity and specificity (Benowitz et al., 2002; 
Stookey, Katz, Olson, Drook, & Cohen, 1987). The breathalyser measures the amount of CO 
in exhaled breath in ppm and converts this to percentage of COHb with strong correlations 
between end expired air concentrations following breath holding and COHb concentrations 
(Jarvis, Russell & Saloojee, 1980). This routine CO breath monitoring has been adopted by a 
number of NHS Trusts across England, Wales and Scotland (see Bowden, 2019), with midwives 
screening women in early pregnancy using exhaled breath CO monitors to identify smokers, 
and those who do not object are referred for cessation support (opt-out) (NICE, 2010).  
 
The NICE (2010) guidelines on the health risks to the fetus associated with maternal smoking 
were based on a report by the Royal College of Physicians (1992) and a Department of Health 
review on health inequalities and infant mortality (2007) that indicated smoking during 
pregnancy was associated with an estimated 40% increase in risk of infant mortality. The DOH 
review indicated that smoking during pregnancy increased the risk of premature birth, low 
BW and sudden infant death syndrome (DOH, 2007). However, it is important to note that 
many other factors are associated with these harms and the majority of studies reporting 
associations between maternal smoking and fetal harm have not fully studied the role of 
socio-economic risk factors such as education and poverty (Bowden, 2019). Indeed, studies 
have reported that when lifestyles of mothers were considered, the prenatal harm (low BW) 
associated with maternal smoking varied according to education level, knowledge of healthy 
behaviours and nutrition (Tominey, 2007). However, smoking cessation interventions have 
been found to reduce pre-term birth and low BW, in turn providing evidence of a potential 
causal link between smoking during pregnancy and adverse fetal outcomes (Allen et al., 
2009).   
 

4.4 Studies Examining ‘cut-off’ points for Accurate Identification of Smoking 
Studies have proposed various cut-off points to accurately identify maternal smoking such as 
8ppm (Christensen et al., 2004), 9ppm (Campbell, Sanson-Fisher, & Walsh, 2001; Karatay, 
Kublay, & Emiroglu, 2010) and 10 ppm (Jarvis, Tunstall-Pedoe, Feyerabend, Vesey, & Saloojee, 
1987). More recently concentrations as low as 4ppm have been suggested (Bailey, 2013; 
Higgins et al., 2007). Higgins et al., (2007) verified breath CO concentrations against cotinine 
results and found the best sensitivity and specificity (86.9% and 90.5%, respectively) at cut off 
points of ≤4ppm. Bailey, (2013) also measured exhaled CO and cotinine concentrations and 
found that a lower cut off point of 4ppm was the most sensitive in identifying maternal 
smoking. When cut off values of 8ppm were used only 56% of smokers were identified and 
1% of non-smokers misclassified. However, when values of 4ppm were used 90% of all 
smokers were detected and only 8% of non-smokers misclassified. In the non-smoking 
mothers falsely identified as smokers, other possible explanations were determined such as 
environmental tobacco smoke exposure or marijuana use that may have led to a positive 
reading. The authors concluded that exhaled breath readings with cut off points of 4ppm may 
be useful in identifying maternal smoking for both research and clinical purposes, “with 
follow-up of all false-positives for other potential health and health behaviour risks” (Bailey, 
2013).  
 



 

Page | 25  
 

4.5 Studies Examining the Effects of Maternal Breath CO Concentrations and 

Infant Outcomes 
A few studies have examined the effects of maternal breath CO measurements at antenatal 
appointments and infant and neonatal outcomes (Secker-walker et al., 1997; Gomez et al., 
2005; Reynolds et al., 2019). For example, Secker-Walker et al., (1997) measured CO breath 
levels in 350 self-reported smoking women at the first antenatal appointment and the 36-
week visit, with a cut-off value of >5ppm to verify smoking. They reported a weak but 
significant negative association between breath CO concentrations at the first antenatal 
appointment and infant BW (r=-.22), and a stronger association between expired air CO levels 
at the 36-week appointment and infant BW (r=-.032). The authors’ concluded that pregnant 
women identified as smokers at the first antenatal appointment have already compromised 
their infant’s BW compared to those who quit when they discover they are pregnant (Secker-
Walker et al., 1997). Gomez et al., (2005) assessed the impact of maternal and spouses breath 
CO levels on birth outcomes. They followed 856 smoking and non-smoking women 
throughout pregnancy with maternal breath CO levels taken at the first antenatal 
appointment and from mother and spouse in the delivery room. Mean maternal CO levels in 
the first trimester were 8ppm (range: 0-37) and 7.4ppm (range: 0-32) at the time of delivery, 
with a strong correlation between measurements over the two monitoring points. Spouses’ 
breath CO concentrations were 14.5ppm (range 0-68) at delivery. Cut off points of >5ppm 
were used to identify smoking. At the first antenatal appointment, 507 women had breath 
CO levels <5ppm which decreased to 466 at the time of delivery. Of the 348 women who had 
CO breath concentrations >5ppm at the first appointment, only 50 had levels ≤5ppm at 
delivery. The results revealed that BW decreased in a dose-dependent manner with increasing 
maternal CO levels at the time of delivery. Specifically, BW was significantly lower in infants 
born to mothers with CO concentrations between 6-10ppm compared to those born to 
mothers with CO levels between 0-5ppm (-450g). Furthermore, the mean reduction in BW of 
infants born to mothers with CO levels between 11-20ppm was -708g, which further 
increased to -754g when maternal concentrations were >20ppm. In relation to spouses’ CO 
breath levels, infant BW also decreased in a dose-dependent manner with reductions of -61g, 
-236g and -355g with CO levels between 6-10, 11-20 and >20ppm, respectively, compared to 
concentrations between 0-5ppm. These reductions are equivalent to a 13%, 20% and 22% 
loss in infant BW for maternal CO concentrations between 6-10, 11-20, and >20 ppm 
respectively, when compared to infants born to mothers with levels between 0-5ppm. 
Spouses’ breath CO levels between 6-10, 11-20, and >20ppm corresponded to losses in infant 
BW of 2.8%, 6.6% and 10%, respectively (Gomez et al., 2005). Increased maternal and spouse 
breath CO levels at delivery were also associated with significantly lower head circumference, 
Apgar scores and normal fetal heart rates. The authors concluded that maternal breath CO 
concentrations even at low levels (6-10ppm) are related to significantly lower BW, and that 
not only are maternal CO levels associated with adverse infant outcomes, but also that of 
spouses’. They suggested the extended use of breath CO monitoring in pregnant women to 
include monitoring of spouse concentrations and to target levels of <5ppm throughout 
pregnancy which ‘may substantially improve fetal characteristics at birth’ (Gomez et al., 
2005). 
 
A more recent study by Reynolds et al., (2019) examined the impact of increased maternal 
breath CO concentrations at the first antenatal appointment on BW and neonatal outcomes. 
At the first antenatal visit, 43% reported to have never smoked, 40% were ex-smokers and 
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17% reported current smoking to midwives. The optimal breath CO level in determining 
smoking status in terms of sensitivity and specificity was 3ppm. Of the total 234 women, 53 
(23%) had a breath CO reading ≥3ppm, but only 36 (15%) identified as smokers to the midwife 
on questioning. Women who reported as non-smokers that had a breath CO level ≥3ppm 
were categorised as non-disclosers (10%). The results revealed that CO breath levels ≥3ppm 
were associated with an increased risk of low BW, SGA and fetal distress and experience of 
two or more adverse pregnancy outcomes, including higher rates of induction, forceps 
delivery and emergency caesarean. This indicates that chronic exposure to even low-levels of 
CO during early pregnancy (≥3ppm) may be related to adverse pregnancy and neonatal 
outcomes (Reynolds et al., 2019). The results also revealed that compared to verified non-
smokers, non-disclosers have poorer pregnancy outcomes, including higher rates of low BW, 
SGA, fetal distress and are more likely to experience two or more adverse pregnancy 
outcomes. Verified smokers had similar outcomes to non-smoking women except for lower 
average BW infants. Non-disclosers may therefore have poorer pregnancy outcomes 
compared to verified smokers, possibly due to a lack of additional monitoring that verified 
smokers receive throughout pregnancy. The authors concluded that the findings support the 
use of CO breath monitoring and that pregnant women with readings ≥3ppm in early 
pregnancy should be referred to stop smoking support services, irrespective of self-reported 
smoking status and should be continuously monitored throughout pregnancy to prevent 
adverse events (Reynolds et al., 2019). However, of the women with raised CO levels, 44% did 
not report current smoking and were classified as non-disclosers due to inaccurate self-
reporting. Although it was noted that 28% of women reported exposure to passive smoke on 
a daily basis, it is possible that women who identified as non-smokers were in fact exposed to 
CO from other sources, such as domestic appliances.  
 

4.6 Prevalence of Raised CO in Pregnant Women who report as Non-smokers 
Numerous studies examining CO breath screening measurements to determine smoking 
status in pregnancy have revealed that between 3-12% of pregnant women who report to be 
non-smokers have raised COHb concentrations that are comparable with smoking (Burling, 
Bigelow, Robinson, & Mead, 1991; Ershoff, Mullen, & Quinn, 1989; Haddow, Knight, Palomaki, 
Kloza, & Wald, 1987; Hughes, Epstein, Andrasik, Neff, & Thompson, 1982; Klepbanoff, Levine, 
Clemens, Dersimonian, & Wilkins, 1998; Lapham, Kring, & Skipper, 1991; Secker-Walker et al., 
1997; Walsh, Redman, & Adamson, 1996; Campbell, Sanson-Fisher & Walsh, 2001). For 
example, Campbell et al., (2001), examined the prevalence of smoking in pregnancy by 
comparison of self-report questionnaire data and CO breath measurements. They found high 
sensitivity and specificity between self-reported smoking and CO measurements of 87% and 
93%, respectively. However, of the 5709 women who reported to be non-smokers, 188 (3.3%) 
had breath CO levels above or equal to 9ppm. The factors that had the greatest influence on 
the likelihood of non-smokers having raised breath CO levels included being divorced or 
separated, being in the third trimester, exposure to others’ smoke and those having quit 
smoking since knowing about the pregnancy. The inaccuracy between self-reported non-
smokers and high CO readings may therefore be accounted for by factors such as exposure to 
passive smoking and changes during pregnancy, particular in the later stages, that can lead to 
increased absorption of CO from sources other than active smoking (Windsor & Orleans, 
1986; Campbell et al., 2001). However, the inaccuracy between self-reported non-smokers 
and high CO readings may also often lead to the assumption of inaccurate self-reporting. This 
presents significant concern, as it is possible that the raised CO levels observed in up to 12% 
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of pregnant women who report to be non-smokers are related to CO exposure from other 
potential sources. It is worth noting at this point that exhaled breath tests are not a measure 
of cigarette smoking per-se but instead detect the presence and concentration of CO 
(Bowden, 2019). Moreover, if a proportion of non-smoking pregnant women with higher CO 
readings are being exposed to CO from a source within the home, it is likely that 
concentrations will have dropped significantly upon arrival at antenatal appointments due to 
the elimination half-life of COHb. Therefore, CO levels identified at antenatal appointments 
are unlikely to accurately reflect the severity of exposure.  
 

4.7 Implications of CO Breath Screening in Pregnant Women  
In their most recent guidelines, NICE (2021) made similar recommendations with routine CO 
testing suggested at all antenatal appointments to access pregnant women’s exposure to 
tobacco smoke. Referrals to ‘opt out’ stop smoking support are recommended to all women 
who indicate active smoking or cessation in the past two weeks, when breath CO levels reveal 
concentrations of 4ppm or above, or in cases where previous referrals have not been engaged 
with. The guidelines also recommend advising pregnant women that the referral system is 
standard practice for those who smoke or have recently quit and that the CO test is a ‘physical 
measure of her smoking’ and exposure to others smoking (sections 1.18.2; 1.18.3). The 
rationale underpinning the cut-off value of 4ppm is based on findings that ‘most current 
evidence uses carbon monoxide levels of 4ppm as the cut-off for referral’ and this combined 
with the expertise of the committee led to the use of concentrations of ≥4ppm for automatic 
referral of women to stop smoking support, which also aligns with the NHS Saving Babies' 
Lives Care Bundle (2019). As mentioned previously, exhaled breath CO tests are not a measure 
of cigarette smoking but instead detect the presence and concentration of CO (Bowden, 
2019). The only guidance provided for women who do not smoke but that have raised CO 
concentrations is ‘if the pregnant women does not smoke but has a CO levels of 3ppm or 
more, help her identify the source of CO and reduce it (other sources include household or 
other second hand smoke, heating appliances or traffic emissions)’ (section 1.18.4). No 
further guidance is provided that assists healthcare professionals, specifically midwives, in 
identifying these other potential sources or on referral pathways to other agencies and 
partnerships to assist in protecting pregnant women. Guidance is provided when pregnant 
women indicate they do not smoke but have high CO readings of >10ppm which includes 
advising the patient about possible CO poisoning and ‘advising her to contact the Gas 
Emergency Line for gas safety advice’ (Section 1.18.5). The section is then concluded with 
‘phrase any further questions about smoking sensitively to encourage a frank discussion’ 
potentially implying that she is not being truthful in her disclosure.  
 
The lack of guidance available for midwives on identifying other potential sources of CO 
exposure and lack of referral pathways when exposure from other sources is suspected is 
concerning, particularly when considered in line with findings that up to 12% of pregnant 
women who report as non-smokers have raised breath CO concentrations. It is possible that 
the raised CO levels in a proportion of these women may, in fact, be due to outdoor pollution 
or home exposure from domestic appliances. With the majority of people spending most of 
their time at home, home exposures represent significant concern. If home exposure is 
responsible for a proportion of the raised CO levels observed in pregnant women, then 
additional concern centred around the true severity of exposure presents, with CO levels 
likely to have dropped by the time of arrival at antenatal appointments. CO measurements 
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taken during appointments are therefore unlikely to represent exposure severity, particularly 
if the woman has been out of the home for a prolonged period of time. Furthermore, a 
percentage of pregnant women that are being exposed to CO within the home may provide 
readings <4ppm at the time of antenatal visits due to these same reasons, and therefore 
exposure in these individuals will not be recognised. The magnitude of the problem is 
currently unknown, but a proportion of pregnant women may potentially be exposed to CO 
within the home that may lead to detrimental impacts on both mother and fetus but also on 
infant development at later stages. In order to gain understanding of the scale of the problem 
and to improve identification and prevention, the monitoring of CO exposure outside of 
antenatal appointments and within the home environment is needed alongside education on 
CO safety and the consequences of exposure during pregnancy for both healthcare 
professionals and pregnant women and their families. Improved guidance, treatment 
protocols and referral pathways are also required for healthcare professionals for use under 
circumstances when pregnant women identify as non-smokers but have raised breath CO 
concentrations at antenatal visits.  
 
The evidence reviewed above raises several important questions such as: 

With CO breath monitoring now integrated into standard practice at antenatal visits, are 

opportunities being missed to identify and intervene when potential CO exposure within the 

home may be present that may improve health outcomes for both mother and fetus? Should 

healthcare professionals be doing more than referring to stop smoking services to protect 

pregnant women who identify as non-smokers? 

 

If pregnant women have breath CO concentration ≥3ppm at antenatal visits and report as 

non-smokers, should referrals be made to other partnerships such as local Fire and Rescue 

services for safe and well visits within the home environment where breath CO levels and 

ambient recording can be taken? And referring to Gas Safe and social landlords for registered 

gas engineers to visit the property to carry out safety checks on domestic appliances? 

 

Identifying home exposure to CO is more complicated in pregnant women who are active 

smokers. In these cases, raised CO concentrations are typically attributed to smoking alone. 

However, it is also possible that a proportion of the CO measured may be due to home 

exposure. Therefore, should ‘cut off’ values vary dependent upon smoking status, and if so, 

what concentrations are appropriate?  

 

Additionally, knowing that CO levels begin to drop once removed from the source, should cut 

off points be time weighted, for example taking into consideration the time spent away from 

the home prior to CO measurement at antenatal visits?  
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