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Over the past five years 
the Gas Safety Trust 

has supported 
research to improve 
the diagnosis of 
carbon monoxide 
(CO) poisoning 

by healthcare 
professionals.  This 

remains one of our key aims.

What has become clear are the limitations of using 
carboxyhaemoglobin as the principal biomarker for 
identifying CO poisoning in the clinical environment.  
The rate at which CO disassociates from 
haemoglobin following poisoning, together with 
the fact that oxygen is often given as a treatment 
on the way to hospital (where blood is taken for 
testing) means that cases of CO poisoning are 
being missed.

The difficulties of diagnosis are further compounded 
by the fact that the symptoms of CO poisoning are 
similar to other common illnesses such as food 
poisoning, influenza and headaches.

In response to this challenge, in September 2017, 
the Gas Safety Trust held a workshop in London 
attended by experts from a range of scientific 
disciplines. The aim was to explore what possibilities 
there might be to develop novel, more reliable 
biomarkers, and what lessons can be learned from 
related fields of research.

This report outlines those discussions, and provides 
a possible roadmap that identifies areas of interest. It 
is a document which will inform the Gas Safety Trust’s 
priorities and future areas of interest.

We are indebted to everyone who generously 
gave their time and expertise to contribute to 
these debates, to the British Toxicology Society for 
recognising the importance of the workshop and for 
generously supporting the day and to Isabella Myers 
who facilitated the event and produced this report.

Foreword

Chris Bielby
Chair
Gas Safety Trust
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The scientific literature clearly shows that 
carbon monoxide (CO) can have adverse effects 
on health. However, understanding the effects 
that different concentrations of and different 
durations of exposure to CO have on health 
is becoming increasingly important: studies 
suggest that exposure to CO is more common 
than previously thought. But in order to establish 
the true prevalence of CO poisoning, there is 
a need to improve diagnosis. Diagnosing CO 
poisoning is notoriously difficult given that the 
symptoms of CO poisoning mimic those of other 
more common illnesses. A key requirement is 
for the healthcare professional to consider CO 
as a possible cause of ill health and to use a 
suitable biomarker to confirm the diagnosis. If 
the biomarker can also provide information on 
exposure and ideally, on the effect that exposure 
will have on the patient, this will help the 
healthcare professional in deciding on treatment 
and referral options. 

Studies in the scientific literature and reports from 
healthcare professionals have indicated that whilst 
carboxyhaemoglobin (COHb) is in many ways 
an ideal and useful biomarker for the diagnosis 
of CO exposure, there is a clear requirement for 
novel biomarkers for CO exposure to be identified. 
Such biomarkers whilst requiring many of the 
useful attributes of COHb, need to have additional 
attributes. Ideally, they need to be more persistent, 
be able to characterise the neurological effects of 
exposure, to provide some indication of patient 
prognosis and provide an indication of response 
to treatment as well as advancing scientific 
understanding of the mechanisms of CO poisoning.

The Gas Safety Trust (GST) commissioned a one-
day workshop that was supported by the British 
Toxicology Society, to focus thought and develop 
ideas from leading UK research scientists and 
clinicians that would:

1) Lead to new thinking on the identification of 
novel biomarkers for CO exposure, or to new 
markers that can be used in conjunction with 
carboxyhaemoglobin;

2) Consider translational areas of research to 
advance fundamental scientific research on CO;

3) Seek ways to improve scientific understanding 
of the neurological pathways and processes 
affected by exposure to CO;

4) Assist the development of GST’s programme of 
research funding.

A series of presentations of work currently being 
funded by GST on biomarker research were given. 
Two educational lectures were also given: one 
on translational areas of research that focused 
on the development of blood biomarkers for 
dementias and neurological disease and the other 
on neurobehavioural sequelae associated with CO 
poisoning. Information from these presentations was 
further discussed and developed in the workshop 
sessions and recommendations for further research 
in this field were put forward. The implications of 
exposure to CO on health were closely examined and 
the discussion soon made it clear that: 

• There are gaps in the evidence base;

• Little is known about the effects of low level 
chronic exposure to CO;

• Incorporating knowledge from translational areas 
of research into the development of work on CO 
is important;

• A combination of approaches is required to 
develop novel biomarkers;

• The needs of the clinician have to be considered;

• Developing a dedicated funding programme of 
research work is important to many stakeholders.

Over the course of the day a number of 
recommendations were made, some more specific 
than others. These are listed below:

Broad Recommendations to Develop the 
Research Area
Epidemiological Study
1. It was suggested that a study was required 

that tracked patients either prospectively or 
retrospectively, utilising GP data. 

Biomarker Studies
2. Biological materials stored in Research Tissue 

Banks should be used in biomarker research;

3. Research on biomarkers should not be limited to 
the investigation of chemical biomarkers;

4. It was suggested that studies of mitochondrial 
function should be built into studies on CO 
poisoning and into the development of new 
biomarkers where possible;

5. Research on biomarkers should consider non-
neurological effects;

6. Research on biomarkers should include the use 
of clinical samples.

Executive Summary
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Mechanistic Studies
7. Research should be undertaken to improve our 

understanding of mechanisms of effect following 
exposure to lower levels of CO.

Neurological Sequelae
8. The outcomes of in-vivo studies should be 

combined with outcomes of hospital studies that 
focus on the patient with neurological sequelae;

9. Researchers should make use of the different 
brain models that could be utilised in the 
investigation of neurological sequelae.

Vulnerable Groups
10. Investigation into why differences in individual 

responses to CO exposure are observed, including 
genetic /race differences should be undertaken;

11. CO exposure in pregnancy was noted as an 
important area for research. Work in this field was 
required at a public health level and in-vivo;

12. Research that explained the occurrence of 
neurological sequelae and their persistence is 
required.

Specific Research Recommendations
Imperial College
1. The current in-vivo work should consider the 

testing of urine, using recommended absorbent 
mats to facilitate collection of a clean sample;

2. Cytokine release from glia cells should be 
measured in the brain and blood as part of the 
current in-vivo work;

3. Blood samples from the in-vivo work should be 
analysed by Amanda Heslegrave’s group at UCL 
to measure blood proteins - such work would 
be useful and novel (applicable if there is cell 
damage or death). The subtle changes in cell 
function which would be expected prior to cell 
death should also be investigated if possible/
applicable.

Newcastle University
4. Work conducted on micro-RNA (miRNA) and 

similar molecules, could pick up early changes 
in metabolic pathways. Chris Morris’ group at 
Newcastle could assist with such work.

CO Screening Study
5. It was suggested that an amendment be made 

to the CO Screening study where patients with 
confirmed CO exposure should undertake an 
appropriate CANTAB test and be followed up 
after one month.

Long Term Health Effects
6. It was suggested that specialist dementia clinics 

might have information on whether individual 
patients had been exposed to CO - this was 
thought to be worth investigating; 

7. Research is needed to establish whether 
exposure to low concentrations of CO that do not 
produce effects attributable to hypoxia leads to 
long term effects on health.

Mechanistic Work
8. Mapping the pathophysiology of CO poisoning 

would be a useful undertaking;

9. Research to establish how CO is metabolised in 
the body and what pathways are responsible for 
its removal are needed;

10. Establish whether the response to low 
concentrations of CO can be characterised 
as an example of hormesis and whether such 
exposures lead to a measure of protection 
against the effects of further exposures.

Biomarker Work
11. Identifying whether there is a signal left on Hb that 

could be useful and should be pursued given the 
significant developments in analytical technology;

12. What are the effects of chronic low level exposure 
on the unborn child? Can it lead to low birth 
weight and the known consequences of this on 
the health of the child over his / her lifecourse? 
Can it lead to autism, ADHD and/or similar 
neurobehavioural conditions?

Other tissues
13. Is there any evidence for changed blood pressure 

in CO exposed individuals? It was felt that effects 
on the CV system should be investigated;

14. Effects of CO exposure on the spleen, kidney and 
heart should be considered.

Definitions
15. Clear definitions of high and low exposure are 

required to help with obtaining comparable data.
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The scientific literature clearly shows that 
carbon monoxide (CO) can have adverse effects 
on health. Although there are studies that 
show that CO can be used therapeutically, this 
Workshop will focus on CO poisoning and its 
negative effects on health.   

The direct adverse effects of acute high-level exposure 
have, broadly speaking, been understood for many 
years. Understanding the direct adverse effects of 
the more recently recognised chronic lower levels of 
exposure, has proved to be more difficult. Diagnosing 
CO poisoning still remains problematic due to the 
symptoms of poisoning mimicking those of more 
common conditions. Therefore, CO poisoning is easily 
misdiagnosed, or particularly in the case of poisoning 
from lower levels of CO, can remain undiagnosed.

Knowing what concentrations of CO and durations of 
exposure to CO have direct adverse effects on health 
is becoming increasingly important: studies on CO 
exposure in homes and statistics on faulty appliances 
suggest that exposure to CO is more common than 
previously thought. This has re-focused attention 
on CO, raising questions regarding: the diagnosis 
of poisoning, particularly at chronic lower levels of 
exposure; the effects CO has on the nervous system 
and whether CO may have a role in the precipitation 
of other diseases. Investigations into these areas have 
either not been previously explored or have not been 
sufficiently pursued using more modern technology or 
techniques. By incorporating both into such research, 
it should be possible to improve our assessment of 
the impact CO poisoning on public health.

The Gas Safety Trust (GST), recognized the important 
implications of healthcare professionals missing cases 
of CO poisoning, the need for data on prevalence 
of poisoning to enable the evaluation of accidental 
exposure to CO on public health and the value 
of such information in the development of policy. 
GST, to strategically improve their research funding 
commitment on CO poisoning, commissioned a 
workshop to develop ideas for future research that 
would help improve the diagnosis of CO poisoning 
through the identification of new biomarkers for CO 
exposure and poisoning. Whilst undertaking such 
discussion, it was regarded logical also to consider 
the effects of CO on the nervous system and 
associated diseases. 

This report is a summary of the workshop that 
discussed and described the development of 
fundamental scientific research to assist healthcare 
professionals in their diagnosis of carbon monoxide 
poisoning and to improve the scientific and medical 
understanding of CO poisoning with the aim of 
improving treatment and patient pathways. 

Presentations that provided an overview of work 
currently being funded by the GST were delivered in 
the morning. This was followed by two educational 
lectures and an afternoon of facilitated workshop 
discussions.  

In acknowledging the importance of the presentations, 
discussion and recommendations the day was also 
generously supported by the British Toxicology Society 
(BTS) and Chaired by Professor the Baroness Finlay of 
Llandaff and Professor Frank Kelly.

Introduction 1
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2.1. Workshop Aim
The main aim of the workshop was to raise 
questions and generate discussion based on 
participants’ current understanding of the problem; 
and to identify challenges and clear steps to improve 
scientific understanding of CO and its effects on 
health. At the same time, the plausibility of ideas 
put forward and the possible contribution that they 
might make to the management of patients was 
borne in mind. 

Proposals for different types of investigative research 
were considered throughout the day and included 
suggestions that: 

• Will improve our understanding of the 
mechanisms of CO toxicity;

• Utilise methods from translational research; 

• Improve our use of technological advances in 
understanding the adverse effects of CO; 

• Investigate the use such technological advances to 
improve qualitative and where possible quantitative 
approaches to measure the effects of CO;

• Identify new biomarkers of CO exposure or CO 
effect;

• Explore the neurological effects of CO and 
implications regarding the role poisoning may 
play in different stages of neurological disease;

This will unite research efforts on the above and 
promote collaborative working across the research 
community.

2.2. The Biomarker Carboxyhaemoglobin 
(COHb) 
The classic CO biomarker, carboxyhaemoglobin 
(COHb) is a marker of both exposure and effect.    
This is because the percentage of haemoglobin (Hb)
converted to COHb reflects both the exposure to CO 
and the extent to which the transport of oxygen by 
haemoglobin is impaired.  The effects of exposure 
to CO depend, in part, on tissue hypoxia caused by 
both a reduction in the capacity of haemoglobin to 
transport oxygen and in its capacity to release oxygen 
at the tissues.  The response of cells to a reduction in 
their supply of oxygen is complex and further work is 
needed in this area.

There are a number of biochemical markers 
that reflect the effects of a lack of oxygen at a 
cellular level: oxygen or glucose consumption and 
measurements of the products of glycolysis: an 

anaerobic pathway. But these processes are not 
specific for CO. A reduction in the supply of oxygen 
leads to a reduction in the production of ATP.  This, in 
turn, leads to a reduction in the activity of processes 
that rely on ATP as their source of energy.  Such 
processes include the ionic pumps that control the 
membrane potential of neurons and muscle cells. 
These effects can be measured. But again, they 
are not specific to exposure to CO, nor even to a 
reduction in the availability of oxygen. Histological 
examination of tissues can reveal evidence of damage 
as a result of oxygen deprivation as the maintenance 
of normal cell structure starts to fail. Some tissues are 
more sensitive than others e.g. those of the central 
nervous system. However, other toxicologically active 
substances can produce the same signs of damage 
and the resultant effects cannot be specifically 
attributed to exposure to CO. Damaged or dying 
cells release materials prompting an inflammatory 
response. This response itself initiates the release of 
other markers and the production of free radicals. 
However, the presence of such markers, indicative 
of inflammatory activity, is not specific to the cause 
of damage or death of the cells associated with the 
inflammatory response.

From this it can be understood that whilst there are a 
number of markers that can indicate damage to cells 
in response to CO, the problem we are presented 
with is that these biomarkers, altered following 
exposure to CO are not specific to CO alone.

Biomarkers of the effects of CO should provide 
some indication of the extent of exposure and of 
the damage produced by that exposure. Unless 
the biomarker is specific, exposure to CO will not 
be inferred in cases where CO is not suspected. 
So where does the problem lie bearing in mind 
that COHb is specific for CO? There are a number 
of factors that are problematic to the healthcare 
professional, such as: COHb having a half-life of 
around 4-6 hours (much shorter if supplemental 
oxygen is given), making it difficult for the healthcare 
professional to associate symptoms that raise 
suspicion that CO is a cause of illness; COHb is most 
accurately measured from a blood sample, but the 
interpretation of %COHb results may be overlooked 
when interpreted amongst a set of results that include 
markers of common and potentially immediately life 
threatening conditions; if oxygen has been provided 
prior to assessment, this will have led to a more rapid 
reduction in levels of COHb, making the confirmation 
of exposure to CO as a cause of illness or of death 
(post mortem) particularly difficult; COHb does not 
provide an indication of patient prognosis.

The Workshop2
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This latter point is important particularly in light of 
the delayed and persistent neurological sequelae 
associated with poisoning. It is assumed that these 
effects occur as a result of damage caused to 
the neurons in the brain by a lack of oxygen due 
to CO exposure. Being able to confirm that CO 
exposure is the cause of the reduction in available 
oxygen is important. Therefore the development 
of biomarkers of brain injury from a known CO 
exposure would be useful.  

2.3. Neurological effects of CO 
In light of the considerations presented above, it 
is reasonable to propose that patients developing 
neurological disease might have their condition 
worsened by exposure to CO due to a reduction in 
oxygen supply to the brain. If we consider neurological 
disease as involving damage to neurons, then any 
additional damage to those neurons, whatever the 
cause, could only have a negative effect on the status 
of the condition. However, we need to question:

i) At what stage of the disease process could CO 
exposure have an adverse effect? 

ii) What are the dose-response relationships 
between CO exposure and adverse neurological 
effects?

iii) How could this adverse effect be confirmed as 
being a result of CO poisoning?

iv) Had sufficient neurological examination of the 
patient taken place prior to exposure to CO?

v) How might biomarkers be used?

vi) Which individuals might be considered vulnerable? 

vii) What are the effects of hypoxia during early life / 
fetal exposure on lifelong neurological health and 
resilience?

viii) Which parts of the brain are most affected by CO 
and are these parts also those affected by the 
disease process itself? CO poisoning may cause 
signs or symptoms similar to the disease, but 
mechanistically we may be unable to associate 
them with the disease itself. 

Discussion of the potential for CO to be implicated 
in the triggering of diseases where there is 
mechanistic plausibility needs to be discussed. 

2.4. Translational research
Methods utilised and lessons learnt from translational 
medical research in relevant fields, in conjunction 
with the use of new and developing technologies and 
techniques, need to be applied to CO research. This 
will facilitate the identification of novel biomarkers that 
can be appropriately evaluated for clinical use and 
assist in an improvement in diagnosis and treatment.

2.5. Event attendance and programme
The workshop was held on the 13th September 2017 
in London with 23 attendees.  

Baroness Finlay of Llandaff opened the workshop, 
welcoming attendees and providing some opening 
words. Isabella Myers then gave a short introductory 
presentation.

The day consisted of a review of four of the GST 
funded biomarker research projects, followed by 
a short discussion / question and answer session. 
There then followed two GST educational lectures, 
one providing a translational aspect with a focus 
on blood biomarkers for dementias and other 
neurological diseases and the second considering the 
neurobehavioural sequelae following CO exposure.

In the afternoon workshop sessions, delegates were 
asked to consider a number of questions to establish 
where there were gaps in the literature, highlight areas 
for collaborative opportunities and to discuss future 
research needs. 

Delegates provided further feedback and suggestions 
via a feedback form (Appendix 3). 
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Welcome and Introduction 
to the Workshop3

Professor the Baroness Finlay of Llandaff 
opened the workshop, thanking GST and the 
BTS for their support of such an important 
event. The Baroness highlighted:

• The important role fundamental scientific 
research had in moving forward our 
mechanistic understanding of CO to facilitate 
an improvement in diagnosis and treatment of 
people exposed to CO;

• That CO was noted as one of a number of 
problem indoor air pollutants, but it was one 
pollutant that could be a direct cause of death or 
long term morbidity;

• The need for and importance of open discussion 
between scientists, healthcare professionals and 
industry to facilitate decisions and work going 
forward;

• That tackling this issue was important, particularly 
as exposure to CO was a modifiable risk factor 
and accidental poisoning need not occur;

• The importance of understanding how CO 
affected the health of vulnerable populations and 
identifying these populations.

A better understanding of CO poisoning leading to 
improvements in diagnosis, treatment and public 
health underpinned by the identification of new 
biomarkers would be considered a fundamental 
development in the field of CO poisoning, public 
health and safety at a population level. It was an 
important area to progress. 

It was noted that in the wake of the terrible tragedy 
at Grenfell Tower, the importance of ensuring that 
buildings were safe were uppermost in the minds of 
Parliamentarians. Going forward, this would include 
the prevention of exposure to CO.
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Isabella Myers provided an overview on CO, 
reminding participants of the background to the 
workshop, the questions that have been raised, 
how the work on CO links to policy and of the 
aims of the day.  

Isabella reminded attendees that: 

• Accidental poisoning by CO is considered rare in 
relation to many other conditions that can affect 
health and wellbeing or cause death. Accidental 
poisoning is in most cases preventable and 
should be considered a modifiable risk factor in 
the prevention of illness and death.

• A healthcare professional is likely to be the 
first person that attends someone exposed to 
CO and that making an accurate diagnosis is 
important to prevent further exposure. 

• COHb can be measured in a venous blood 
sample analysed in a blood gas analyser. It 
is known that CO induces a hypoxic effect: 
reducing the availability of oxygen to the tissues 
in the body, which in turn has effects on cells. 
These effects can be measured. What is perhaps 
less well understood is whether these effects are 
significant in physiological terms.

• COHb is a biomarker with many ideal 
characteristics that prove exposure to CO. 
COHb is specific to CO; it is sensitive, giving an 
immediate signal on exposure; it is predictive 
as it has a known half-life in blood; it is robust 
in that it can be rapidly detected using a 
simple, accurate and inexpensive method of 
detection and it can be used in the pre-clinical 
environment across species. 

Isabella then discussed how in Clarke et al 20121, 
the environment in which a diagnosis of CO takes 
place, revealed flaws in COHb as a convenient 
biomarker, flaws which in some cases were in the 
very characteristics of COHb that make it a valuable 
biomarker. In the Emergency Department (ED) setting 
these included:

• Problems associated with the half-life of COHb 
being around 4-6 hours;

© Patients waiting in ED for 4 hours or more are 
normalising prior to assessment and blood 
being taken;

© The normalising patient will present with 
less severe symptoms or be asymptomatic, 
reducing the clinician’s suspicion of CO 
poisoning;

© If COHb is measured, the results could be so 
low as to raise little concern in the clinician;

• COHb levels are reduced in the patient who has 
received supplemental oxygen either;

© Prior to arrival at ED;

© During resuscitation;

© During a failed resuscitation.

These have implications for correct diagnosis in the 
living patient and for investigations into the cause 
of death at post mortem. Misdiagnosis can result in 
the patient returning to the place of exposure and 
for exposure to continue with the potential to lead 
to a fatality. 

• COHb levels are a poor indicator of patient 
outcome;

© Assessment of patient outcome will be 
difficult;

© The clinician will be unable to make referral 
decisions;

COHb is specific to CO. However, as a product of 
combustion, CO is also inhaled during both active 
and passive smoking. Being able to rule out levels 
of CO that are associated with smoking and those 
associated with environmental exposure to CO 
is important. Whilst tests are available to confirm 
smoking status or exposure to CO from tobacco, 
such routine testing of blood samples is currently   
not practical.

Setting the Scene: 
The Need for CO Biomarkers 
of Exposure and Effect

4

1 Clarke S, et al. Screening for carbon monoxide exposure in selected patient groups attending rural and urban emergency departments in England: 
a prospective observational study. BMJ Open, 2012;2:e000877
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Isabella informed participants that prior to the 
workshop, two important events had occurred: 

• Gas Safety Trust, in recognising the importance 
of the identification of new biomarkers would 
have in driving forward the field of CO poisoning, 
developed a research call in this area. As a result, 
a number of research institutions are undertaking 
fundamental scientific research into biomarkers, 
some of whom were presenting at this workshop;

• That the All Party Parliamentary CO Group 
Stakeholder Forum had commissioned a report2  
by their medical sub-group (COMED), to provide 
information on current practices regarding 
the identification, treatment and diagnosis of 
CO poisoning. This report highlighted gaps in 
fundamental scientific research and healthcare 
protocols. A specific recommendation in the 
report called for the development of work 
to identify new biomarkers, another was a 
requirement to ‘develop mechanistic studies 
that may identify novel biomarkers to inform on 
treatment and referral requirements and enable a 
better determination of patient prognosis’. 

In considering the major effect of CO being a lack 
of oxygen at a cellular level, Isabella reminded 
participants that this effect is not specific to CO. 
There are a number of well-known markers of 
hypoxia that at a practical level, could make finding 
a biomarker specific to CO that can be distinguished 
from other markers of hypoxia difficult to establish. 
She posed the question ‘could CO have effects 
beyond those produced by hypoxia?’.

The consideration of translational research brings 
important aspects to this area: new methodologies 
and technologies to support the identification of new 
biomarkers; it raises questions on how CO might 
affect other disease processes; whether hypoxia from 
CO differs from other causes of hypoxia. Isabella put 
forward the following questions:

1) Could CO poisoning be implicated in the 
worsening disease/symptoms of those already 
developing neurological disease? 

2) Does exposure to CO produce long-term effects 
that differ from those seen after periods of 
hypoxia that are not induced by CO: such as 
those produced by cardiac arrest, opiate induced 
coma, accidents during anaesthesia and other 
situations in which the patient does not get 
enough oxygen?

3) What are the differences between the neurological 
effects seen following a CO-induced hypoxic state 
and a non-CO induced hypoxic state?

Isabella highlighted the importance of this workshop 
and its findings for the development of policy:

• This workshop is the first step in bringing 
together academics and physicians with 
international expertise in relevant areas of 
research, to consider investigations into new 
biomarkers for CO. This will lead to new thinking 
and facilitate discussion to reduce uncertainty 
in the basic science of CO and the potential 
outcomes of such work could ultimately help 
Government Departments and Agencies involved 
in the prevention and treatment of CO poisoning. 
Scientific research needs to provide the evidence 
to assist in the development of policies and 
strategies and underpin the production of 
guidance, protocols and regulation;

• Robust evidence will help facilitate work seeking 
to understand the size of the effect CO has 
on public health and aid processes such as 
cost benefit analysis that contribute to the 
development of policies.

Isabella hoped that the discussion from the workshop 
would guide GST in the development of their research 
programme. 

2 APPCOG Carbon monoxide poisoning: saving lives, advancing treatment, 2017. www.Policy Connect.org.uk



5.1. GST Research Session 1
Robert Dickinson (Imperial College): Robert gave 
a presentation which focussed on a piece of research 
on the effects of low-level and repeated CO exposure 
in pre-clinical studies. He described published and 
unpublished work that was being undertaken on 
traumatic brain injury (TBI) at Imperial College and 
how the application of the methods used would 
translate to the work on low level and repeated CO 
exposure to establish:

• Whether repeated low level CO is cumulative;

• The effect low level repeat exposure has on 
behaviour, brain histology and MRI;

• What biomarkers can be identified using a 
metabolomics approach;

• The mechanistic connection between CO and 
long-term neurological impairments; 

• Whether there is a safe lower limit for CO 
exposure.

He noted two important aspects that highlighted the 
value of pre-clinical basic research studies in this field:

• Behavioural outcomes can be measured: these 
can be complex and include cognitive outcomes 
as seen in humans;

• That exposure is to a defined concentration of CO.

In his study, repeated exposures would be modelled 
at 5-7 hours to mimic low, sub-acute daily exposure 
patterns generally found in the population.

He described the functional evaluation processes that 
would be used in the work, providing examples from 
published and unpublished work. The measures used 
to score TBI were:

• The ten outcome measures used to evaluate 
neurological function following TBI3;

• The use of gait analysis to highlight locomotor 
deficits (e.g. locomotion speed) and motor co-
ordination (e.g. placing of limbs)4;

• The important study of the effects that brain injury 
can have on long-term survival.

Robert described a method used in the detection 
and evaluation of memory loss associated with the 
hippocampus:

• This involved both auditory and non-auditory 
stimuli. The latter required dependency on 
hippocampal memory. TBI was shown to have 
an effect on hippocampal memory function, and 
currently unpublished data demonstrated other 
parameters of these effects;

• Unpublished histopathological imaging analysis 
revealed brain cell injury. 

Robert highlighted the use of a state-of-the-art small 
animal MRI Diffusion Tension Imaging (DTI) equipment 
at Imperial College.  

• The use of MRI DTI enables the damage to 
nerve fibres, post injury, to be quantified. 
Comparison was made with MRI used in human 
cases of CO poisoning which revealed damage 
to the basal ganglia.

Robert presented published and unpublished work 
that had been undertaken in studies of TBI on blood 
biomarkers using a novel metabolomics approach5: 
an approach that is sensitive to subtle changes in 
injury and can identify specific compounds that are 
increased in the trauma group. He explained that:

• A Nuclear Magnetic Resonance (NMR) machine 
will be used to look at all metabolites;

• The machine determines where in the spectra the 
exposed and control groups differ;

• Metabolites would be further investigated as 
candidate biomarkers of brain dysfunction.

The talk was concluded by highlighting the need for 
making a mechanistic connection between low level 
exposure and neurological impairment and in making 
the work translational to humans.

Evidence Session: 
Overview of Talks
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5

3,4 Campos-Pires R, et al. Xenon improves neurologic outcome and reduces secondary injury 
following trauma in an in vivo model of traumatic brain injury. Critical Care Medicine. 2015;43: 149-158

5 Dumas ME, Davidovic L. Metabolic Profiling and Phenotyping of Central Nervous System Diseases: 
Metabolites Bring Insights into Brain Dysfunctions  J Neuroimmune Pharmacol 2015 10; 402-424



5.2. GST Research Session 2
Stefania Oliverio Brunel University London and 
University Center of Legal Medicine Lausanne-
Geneva): Stefania introduced the work she was 
involved in, that sought to establish a standardised and 
reproducible method for measuring the total amount 
of CO in blood as opposed to the measurement of 
the classic biomarker CO bound to Hb (COHb), for 
clinical purposes and post mortem. The work was 
starting with measurements of CO in blood that would 
establish the optimum parameters for measuring 
CO, evaluating the effects of storage conditions both 
qualitatively and quantitatively and the establishment 
of optimum conditions for storage. Work would then 
proceed to the application of this novel approach to 
the analysis of CO poisoning cases.
Stefania outlined the reasons behind undertaking 
such work:
• There are different methodologies employed to 

measure CO and COHb and therefore a need 
to establish an understanding of the meaning of 
different results;

• There is disagreement between classification 
systems and levels of exposure;

• There is little correlation between measured 
COHb levels and symptoms of CO poisoning;

• Assessment of person to person variation is likely 
to have implications on the effect CO has on an 
individual and therefore needs to be investigated.

Analytical factors under consideration were:
• Exposed surface area to air (at the top of the 

storage vessel);
• Volume of air in sampling container;
• Presence/amount of O2;
• Storage temperature;
• Initial %COHb saturation levels;
• Post Mortem (PM) changes: thermo-coagulation, 

putrefaction, contamination, PM-CO-production.
Storage factors under consideration were:
• Preservatives (e.g. EDTA, Glucose);
• Storage temperature;
• Freeze/ thaw cycles;
• Re-opening of tubes;
• Consideration of dead space (air space above 

blood in the storage vessel).

Measurements for all the above are performed over a 
period of one month using:
• For COHb – CO-oximeter;
• For CO in head space – GC-MS;
• For CO in blood – GC-MS.
Optimisation of the method of storage has been 
established and other parameters are now under 
investigation. Interesting results were noted regarding 
the changes to PM blood samples (both peripheral 
and cardiac) when comparing the results from COHb 
with CO measurements, with CO measurements 
leading to higher CO levels than COHb 
measurements. This raised questions such as:
• Where does this excess CO come from? 
• Is there post mortem dissociation of CO from 

COHb? 
• Is there CO dissolved in the blood that is not 

linked to Hb at the moment of death?
Stefania explained that following completion of the 
practical work, it will be interesting to interpret the 
data from a statistical as well as an epidemiological 
perspective. This will help explain the effects and the 
influence of various factors involved in interpreting 
the measurements of CO as opposed to COHb in 
blood and possibly affirm the measurement of total 
CO amount in blood as a valid alternative biomarker 
to COHb.

Chris Morris (Newcastle University): Chris 
presented research that considered the utility of 
mitochondrial Complex IV (COX) analysis as a 
biomarker of CO exposure. This piece of work was 
undertaken due to a need to identify patients clinically 
or at post mortem who had been exposed to longer 
term chronic exposures. Studies in the published 
literature had indicated that CO may cause prolonged 
COX inhibition, even after CO exposure had ceased. 
This indicated that it was likely that markers of 
exposure would still be active at a cellular level long 
after exposure to CO had ceased and symptoms 
had disappeared. This work therefore focussed on 
establishing whether:
• COX, a major target for CO, is inhibited after 

exposure to CO has ceased; 
• COX activity can be used as a marker of CO 

exposure in forensic cases.

14
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Using post-mortem frontal cortex samples (96 
control, 3 CO exposed - acute high level) work was 
undertaken to answer these questions. Samples were 
prepared, dissected and assayed with parameters 
and activity measured at specific stages. 
Chris explained that the work was based on what 
was known of the physiological effects of CO in the 
regulation of blood pressure and the cellular effects 
of CO as a gaseous signalling molecule. Results are 
currently unpublished. Investigations were also made 
into the interaction of CO with reactions linked to 
cyclic GMP and proteins that interact with CO were 
also tested [results unpublished]. Outcomes related 
to P38MAPK and sGCSβ prompted phase two of the 
work, in which investigations are considering:

• Use of lymphocyte RNAseq for transcription 
analysis following carbon monoxide exposure in 
vitro;

© Including the discovery and validation of 
samples and protein validation (the latter as 
phase III).

 

Tim Marczylo (Public Health England): Tim 
presented the biomarkers section of a larger study 
being undertaken entitled ‘Screening for CO in 
emergency departments’. He explained that the 
biomarker work was first introduced into the study 
to confirm smoking status in those recruited. Whilst 
the primary aim of the study was to identify the 
proportion of patients with environmentally induced 
elevated CO levels (potentially caused by domestic 
or occupational sources), a secondary aim was the 
investigation of novel markers of CO-exposure using 
lipidomics and metabolomics. 

Investigations would be conducted on:

• COHb evaluation by headspace GC-MS of 
released CO;

© The accuracy of the spectrophotometric 
method used to determine routine 
venous blood COHb was poor at lower 
concentrations of COHb. In this study, whole 
blood was being collected allowing COHb 
levels to be determined by measurement of 
CO released from the blood by the addition 
of potassium ferricyanide. The CO would be 
detected using headspace GC-MS6 and a 
generated 13C-carboxyhaemoglobin would 
be used as an internal standard;

• Intact COHb by high resolution mass 
spectrometry;

© Direct infusion of Hb into electrospray 
ionisation high resolution mass spectrometer 
where Hb is detected and binds up to 4 
molecules of CO. Until the stabilities of COHb 
in the MS can be determined, this method is 
qualitative / semi-quantitative. 

• Smoking exposure by cotinine and nicotine 
quantitation in blood samples;

© Smokers are exposed to CO in cigarette 
smoke. Nicotine and cotinine in blood 
extracted by solid-phase extraction and 
samples analysed by isotope-dilution 
UHPLC-OrbiTrap mass spectrometry. This 
distinguishes between smokers and non-
smokers. The difficulty is distinguishing 
between tobacco users, users of nicotine 
replacement therapies and electronic 
cigarette users. 

• New biomarkers;

© This will be undertaken in non-targeted 
investigations of CO-exposed and non-
exposed populations of non-smokers. Blood 
will undergo a total analysis of lipids and 
lipid soluble biochemicals (lipidomics) and 
aqueous metabolites (metabolomics) to 
identify physiological effects of CO exposure 
using HR-MS and multi-variate statistical 
analysis of the data.

6 Hao H, et al. An accurate method for microanalysis of carbon monoxide in putrid postmortem blood by head-space gas chromatography-mass 
spectrometry (HS/GC/MS) .J Forensic Sci. Int. 2013 10;229(1-3):116-21 
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Discussion - GST Research6
The presentations of research on biomarkers 
being funded by the GST were well received by 
the delegates and presenters were congratulated 
on their work. 

Specific questioning related to the differences 
between the model of TBI presented to that of brain 
injury caused by CO. It was explained that: 

• TBI in this presentation was used as an example 
to illustrate the neurological testing procedure 
that would be undertaken in the study on 
CO exposure. It was acknowledged that the 
TBI model used was comparable to that of a 
blunt trauma that lead to the development and 
expansion of small areas of damage, oedema, 
swelling and the activation of cell death which 
differed from the hypoxic state experienced with 
CO poisoning.

There was specific discussion focussed on 
mitochondrial Complex IV:

• A paper was noted where Complex IV in white 
blood cells was suggested as a marker of severity 
of injury in cases of CO exposure. It was noted 
that this work raised a number of questions.

• Despite the half-life of COX being > 4 hours, 
once CO exposure ceased, COX suppression 
continued for many days. It was suggested that 
if COX was more persistent it might be a good 
marker of CO exposure. 

• It was noted that the principle mitochondrial 
target for both CO and cyanide is mitochondrial 
Complex IV. Whilst there are neurological effects 
associated with chronic low level cyanide 
exposure, there are differences between the 
effects of acute CO and acute cyanide exposure. 

• Whilst discussing other sources of poisoning, 
Cassava poisoning (mediated by cyanide 
contained in inadequately prepared Cassava) 
was noted to have similarities to CO poisoning 
in that a Parkinsonian effect is seen following 
chronic exposure. 

More general discussion followed:

• With scientific research moving away from COHb 
as a biomarker for CO exposure it was noted 
that greater emphasis and importance would be 
placed on endogenous signalling molecules;

• It was noted that very low levels of CO are used 
therapeutically which biomarkers (related to the 
condition being treated) respond to and can be 
seen changing;

• CO exposure in pregnancy was discussed and 
it was noted that this was an important area of 
research. Subject to funding, aspects of such 
future work in-vivo would be underpinned by 
the current work being undertaken by Robert 
Dickinson and colleagues;

• The effect of tobacco smoking was discussed: 
was the issue total CO intake or COHb levels? It 
was noted that COHb levels can be elevated but 
not cause a problem in smokers;

• Mitochondria were considered important and 
it was suggested that studies of mitochondrial 
function should be built into studies on CO 
where possible;

• It was suggested that in terms of looking at, for 
example, an inflammatory response in the work 
to be undertaken by Robert Dickinson and 
colleagues, that connections should be made 
between what is seen in blood and what is 
seen in the brain. This point was acknowledged 
and it was confirmed that this could be 
measured as cytokines released by glia cells 
will move to the blood;

• It was noted that the evolution of neurological 
disease needed to be considered as part of the 
work on CO, particularly with regard to lead times 
to disease onset. 



17

Amanda Heslegrave (UCL): Amanda presented 
her talk entitled ‘Sensitive technologies for blood 
biomarkers in neurodegeneration and brain 
injury’. This presentation described the work 
being undertaken in the department to improve 
understanding of primarily Alzheimer’s Disease 
(AD), but also other dementias and diseases of the 
neurological system.
An overview of the equipment used in the work 
being described was given. Of particular importance 
was the Simoa HD-1 Analyzer. This uses ELISA 
based technology, but has a more sensitive and 
robust readout, being able to measure proteins 
down to femtomolar concentrations. Blood as well 
as cerebrospinal fluid (CSF) could be analysed. This 
specific analyser facilitated much of the work of the 
department, in particular in the development of new 
assays and in the proteomic and genomic work to 
identify risk factors for AD. 
One such assay was developed in the department 
to measure plasma tau. Whilst plasma tau is high in 
AD sufferers, it is also found in healthy subjects in 
varying levels: high levels of tau are not specific to 
AD. However, the high sensitivity of the Simoa HD-1 
Analyzer enabled the use of plasma tau to distinguish 
AD patients from controls (those without AD). 
Different scenarios that used blood measures of 
tau and serum neurofilament light (NfL) another 
protein released from neurones following damage, 
as an indicator of AD, traumatic brain injury (TBI), 
neurocognitive dysfunction, frontotemporal dementia, 
Huntington’s Disease, Multiple Sclerosis and familial 
AD were described.
Plasma tau was shown to:
• Distinguish AD patients from controls;
• Distinguish AD patients from controls and those 

with mild cognitive impairment (but not between 
mild cognitive impairment and controls)7.

There was no correlation between plasma tau and 
cerebrospinal fluid tau8.
Serum tau was shown to:
• Predict neurological outcome following a cardiac 

arrest that involved hypoxic brain injury. This 
study revealed both an elevation within 24hr and 
a delayed (24 - 48hr) elevation in serum tau9. 

NfL was noted as a good biomarker for brain injury 
and a promising biomarker candidate for prognosis, 
measuring the progression and severity of brain 
injury and potentially, recovery although, its potential 
use as a dynamic tracking biomarker requires more 
evidence. This protein has been shown to:
• Provide an indication of neurodegenerative 

disease progression when measured in 
cerebrospinal fluid (CSF);

• Provide an indication of disease severity in the 
case of frontotemporal dementia10;

• Correspond to clinical measures of Huntington’s 
Disease, particularly as a measure of Disease 
activity in subjects with the HTT gene mutation;

• Monitor tissue damage in subjects with multiple 
sclerosis11;

• Track treatment effects in multiple sclerosis12.
There was a correlation between plasma NfL and 
CSF NfL13.
Work to facilitate the use of these and other blood-
based biomarkers is expected to assist in the 
diagnostic evaluation of early neurodegeneration 
and in establishing what role they might play in 
prognostic work and outcome measures.
In conclusion:
• Serum/plasma NfL is a reliable biomarker for 

neurodegeneration/neuronal injury;
• Serum/plasma NfL detects onset of 

neurodegeneration in genetic neurodegenerative 
diseases;

• Serum/plasma NfL is a dynamic biomarker in 
traumatic and neuroinflammatory brain injury;

• Serum/plasma NfL normalizes in response to 
successful treatment;

• Less clear results for plasma tau and [molecular 
imaging of] Amyloid-β (Aβ) [another biomarker] 
(but statistically significant signals).

Educational Lectures 7

7 Mattsson N, et al. Plasma tau in Alzheimer disease. Neurology. 2016;(17)87:1835-1827
8 Zetterberg H, et al. Plasma tau levels in Alzheimer’s disease. Alzheimer’s Research & Therapy. 2013;5(2):9
9 Randall J, et al. Tau proteins in serum predict neurological outcome after hypoxic brain injury from cardiac arrest: Results of a pilot study. 

Resuscitation. 2013 84;(3)351–356
10 Rohrer J, et al. Serum neurofilament light chain protein is a measure of disease intensity in frontotemporal dementia. Neurology. 2016;87(13):1329-1336
11,12 Disanto G, et al. Serum Neurofilament Light: A Biomarker of Neuronal Damage in Multiple Sclerosis. Ann Neurol. 2017;81:857–870
13 Magnus G, et al.  Plasma concentration of the neurofilament light protein (NFL) is a biomarker of CNS injury in HIV infection: A cross-sectional study 

EBioMedicine 2015;3(216):135–140
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Steve White (Cromwell Hospital): Steve described 
the ‘neurobehavioural sequelae of carbon monoxide 
exposure’. He set the scene, highlighting the difficulties 
in assessing long term neurobehavioural outcomes 
from exposure due to the variables involved in 
poisoning in both the subject (individual variations, 
including time of onset) and in exposure (duration and 
level) and the general presumption that subjects that 
survive serious poisoning will ‘be ok’. Whilst there is a 
wealth of information in the psychology literature, the 
variability in clinical outcome is wide.
Case studies14 were described that covered both 
long term chronic exposure and short term mild to 
moderate exposure. These highlighted the general 
agreement that although there is no specific pattern 
of neuropsychological impairment, the majority of 
studies describe problems with:
• Memory;
• Visuo-spatial function;
• Executive function (frontal lobe impairment);
• Speech, language, reading and writing;
• Attention and cognitive processing speed;
• Co-ordination and fine motor control;
• Fatiguability.
Specifically, in the cases described, it was noted that:
• A routine neurological examination may be 

normal in people who show quite significant 
cognitive and neurobehavioural changes following 
CO exposure;

• Subtle neuropsychological impairments may 
persist after chronic CO exposure;

• Many people who have normal MRI scans 
following CO exposure have significant 
neuropsychological impairment;

• The time course of recovery is much longer than 
usually recognised and problems with cognition 
and behaviour can persist in the long term.

In conclusion
• Significant residual symptoms - particularly in 

the cognitive and neurobehavioural domains - 
may persist for 12 months or more and may be 
permanent;

• Comprehensive neuropsychological evaluation 
is an essential part of the assessment after CO 
exposure;

• There is an urgent need to increase awareness 
of the long-term cognitive and neurobehavioural 
effects of mild to moderate CO exposure 
amongst GPs, neurologists and psychiatrists, 
who may all see people who have been affected; 

• Although existing neurorehabilitation services 
may care for people with severe CO exposure, 
there is very limited support for those with milder, 
persisting problems, particularly following chronic, 
lower level exposure.

14 Devine S, et al. MRI and neuropsychological correlates of carbon monoxide exposure: a case report. Environmental Health Perspectives. 
2002;110:1051-1055
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Delegates were interested in what they had 
heard from both speakers. Little was known by 
delegates on the work described by Amanda 
Heslegrave and it was agreed that some areas 
of the work described would be likely to help 
in the identification of biomarkers for CO 
and assist in the understanding of some of 
the effects of CO. It was agreed that further 
discussion to address future possibilities for 
collaboration should be undertaken.

The case studies revealed to many delegates the 
extent of the effect that different exposure patterns 
and levels of exposure can have on neurobehavioural 
sequelae. It was agreed that there was no definitive 
explanation for the occurrence of such sequelae, or 
for their persistence. This was seen as a gap in the 
evidence base.

It was noted that:

• There needed to be clear definitions of high and 
low exposure to help with obtaining comparable 
data. This was considered important not only 
for the research community but also across all 
sectors involved with CO, including industry and 
government;

• CO alarms with accumulative exposure level 
features were now available, making the work 
presented and future work discussed important 
for the development of policy as well as for the 
alarm industry;

• Discussion of scientific research being undertaken 
amongst academics and clinicians, was important 
to move the work in this field forward.

Discussion 8

Workshops 9
9.1. Workshop Session 1 
i. What do clinicians need in a CO 

biomarker for exposure, treatment and 
outcome assessment and referral: ways 
forward and translational experiences

When considering a biomarker, its practical use 
for clinicians and the techniques that are useful for 
research purposes are not usually compatible.

The group concluded that a biomarker needs to be:

• Stable;

• Able to provide results quickly;

• Cheap;

• Easy to undertake;

• Dose dependent;

• Preferably non-invasive.

It was noted that only CO or CO bound to something 
else can currently be measured, so non-invasively, 
this requires either a pulse-CO oximeter (COHb) or 
breath analysis (measuring expired CO). Whether 

there are other substances that could be measured is 
unknown, although as CO is not a reactive molecule 
no evidence of exposure would be found, for 
example, from skin or hair. 

It was suggested that it might be possible to identify 
a signal on haemoglobin (Hb). A change to Hb could 
be either structural or linked to the degradation of a 
protein. This could be useful and should be pursued 
given the significant developments in analytical 
technology. If a change to Hb by CO could be 
detected, information could be obtained on whether 
exposure was chronic or acute. However, smoking 
status would need to be taken into account.

It was asked whether anyone knew of any other 
molecules being investigated as a clinical biomarker. 
The molecule S100B (a calcium binding protein) was 
being investigated, although it was noted that it didn’t 
appear at this stage to be any better than COHb.

The problem of biomarker degradation and logistics 
in the clinical environment were raised, noting that 
the issue for the healthcare professional is the delay 
between exposure ending and the time to a sample 
being taken. For the clinician, a biomarker for CO 
exposure needs to differentiate between hypoxic 
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injury produced by processes not involving exposure 
to CO, traumatic injury and CO related injury. 
Discussion of the hospital environment, prompted the 
suggestion that combining the outcomes of in-vivo 
studies with hospital studies might be a way forward.

It was agreed that the:

• Work being undertaken using a direct 
measurement of CO was an interesting way 
forward;

• Mitochondrial work is important and if expanded 
would improve current understanding of the 
mechanisms of CO injury;

• Work on blood proteins could have a role in 
developing this area of work;

• That researcher’s need to link with / use clinical 
samples.

ii. State of play: pathways and 
biomarkers of exposure and effect: 
where next for CO?

It was agreed that this was a complex area as there 
was a mixed picture in terms of what was occurring 
as a direct effect of CO exposure and what was 
occurring in response to an hypoxic effect, noting 
that the effect of CO exposure was hypoxia and most 
likely also something else.

It was agreed that biomarkers of exposure to lower 
levels of CO posed a problem due to a significant 
lack of knowledge on what happens mechanistically 
during low level poisoning: the effects of CO exposure 
lack specificity. It was suggested that there might be 
a marker for overactivation to the effects of CO.

It was suggested that:

• The blood samples from Robert Dickinson and 
colleague’s work should be analysed by Amanda 
Heslegrave’s group at UCL to measure blood 
proteins - such work would be useful and novel 
(applicable if there is cell damage or death). There 
should be a subtle change in function prior to cell 
death which should also be investigated if possible;

• Work conducted on micro-RNA (miRNA) would 
pick up changes early on in the metabolic 
pathway and that Chris Morris’s group at 
Newcastle could assist with such work.

Biomarkers in other areas were discussed:

• It was noted that hippocampal damage and time 
to neuronal loss appeared to be variable.

• Cardiac and splenic damage were suggested, 
but it was noted that their inflammatory response 
reactions might be too great and non-specific;

• It was suggested that the work by Robert 
Dickinson and colleagues should consider urine, 
using absorbent mats to facilitate collection of a 
clean sample;

• Auto-antibodies could also be measured from 
exposure to the auto-immune system.

During the discussion of neurobehavioural sequelae, 
it was explained that a change in behaviour did not 
require the presence of morphological damage. 
However, a change in gene expression was sometimes 
seen: functionally, a change of specific genes could 
lead to a considerable change in behaviour.

Having discussed chemical biomarkers and 
neurological effects, it was then suggested that in the 
search for new biomarkers, researchers should also 
consider non-chemical biomarkers and not be limited 
to looking at neurological effects of CO exposure.

It was agreed that this area presented a huge area for 
research.
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9.2. Workshop Session 2
i. CO poisoning: might it have a role in 

the precipitation of diseases?
It was questioned whether there is any existing 
evidence for CO having a role in the precipitation of 
other diseases. It was agreed that for other types 
of brain injury there certainly is, leading to dementia 
in later life. For example, boxers, rugby players 
and other sportsmen who suffer head traumas are 
known to suffer later from parkinsonism, dementia 
and similar disorders, so the workshop question was 
considered theoretically plausible.

A query was raised about how CO affects the basal 
ganglia and how this leads to parkinsonian symptoms. 
It was noted that such symptoms can resolve, but it 
was queried whether symptoms recur?

A Taiwanese retrospective study15 found that acute 
high level CO exposure leads to increased incidence 
of dementia (although cognitive problems were not 
well characterised). Cognitive problems do occur if 
there is sufficient damage. 

Low level undetected exposures are impossible to 
follow up for longer term sequelae. It was suggested 
that animal studies could examine effects of long term 
low level CO exposures - including delayed effects 
and impacts on life span.

Questions were raised regarding effects on the 
cardiovascular system:

• Could low level CO exposure cause early onset 
dementia and cardiovascular problems?  

• Is there any evidence for changed blood 
pressure in CO exposed individuals? It was 
felt that effects on the cardiovascular system 
should be investigated, especially considering 
the propensity of CO to bind with myoglobin 
(and therefore possibly to the myoglobin in 
cardiomyocytes).

It was agreed that if CO leads to general inflammatory 
effects, then other organs could be affected, but it 
was questioned whether this happens only if cell 
damage is occurring? It was noted that in mice, low 
level chronic inflammation can initially be somewhat 
neuroprotective, but neuronal effects follow. It is known 
that repeated small ischaemic episodes can provide 
an increment of protection that builds up resilience 
to more significant episodes. This raised further 

questions: can the response to low concentrations of 
CO be characterised as an example of hormesis and 
can such exposures lead to a measure of protection 
against the effects of further exposures? Can low level 
exposures that do not produce a hypoxic response 
lead to long term health effects?

The effects on the unborn child were discussed, 
raising questions such as: What are the effects of 
chronic low level exposure on the unborn child? 
Can it lead to low birth weight and the known 
consequences of this on the health of the child over 
his or her lifecourse? Can it lead to autism, ADHD 
and/or similar neuro-behavioural conditions? These 
questions were then considered in light of fetal blood 
and its higher affinity for CO than that of the mother’s.

A question was raised as to how CO is metabolised 
in the body? What is the pathway for its removal? 
This highlighted a gap in an understanding of the 
mechanisms of CO.

It is known that individual responses to CO 
exposure can be markedly different, but the causes 
of these responses are unknown. This raised 
discussion on whether there are genetic/race 
differences when considering responses to CO 
exposure? It was confirmed that different strains 
of mice respond differently to neuronal damage 
produced by other toxins. 

What could be achieved and what questions could be 
addressed in (future) clinical and animal studies? 

• A large scale epidemiological study on low 
level exposures, whilst extremely difficult to 
undertake, would be valuable. It should be 
possible to do prospective and/or retrospective 
studies on acute poisoning cases (e.g. look 
at the reported cases and collect relevant 
information through the GP database).

It was noted that on a practical level it was difficult 
to establish a baseline for cognitive function as this 
would require testing subjects prior to exposure. 
However, other resources were then considered and 
it was noted that there was a wealth of biological 
materials in Biobanks and for some future studies, 
there were a variety of brain models that could also 
be utilised in investigations.

Whilst a number of questions had been raised by this 
session, it was clear that mapping the pathophysiology 
of CO poisoning would be a useful undertaking.

15 Lai et al,. Patients with carbon monoxide poisoning and subsequent dementia. Medicine 95:e24182016
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ii. Identification of individuals at high 
risk of developing neurological 
dysfunction and morbidity and the 
use of neuropsychological tests,  
tools and biomarkers

It was confirmed that individuals at greatest risk of 
developing neurological sequelae are those whose 
exposure to CO makes them catastrophically ill. 
However, as exposure levels decrease, the accuracy of 
such predictions becomes poor. If significant problems 
are present after the first month post exposure, it is 
more likely that problems will continue for longer.

It was suggested that a study was required 
that tracked patients either prospectively or 
retrospectively. GP data could also be analysed to 
establish if there were any patterns in their number 
of consultations at primary care level. It was agreed 
that work was required to assist in the identification of 
individuals at high risk of neurobehavioural sequelae 
and the outcome of such work would assist in 
protocol and pathway development. It was noted that 
NPIS do hold an amount of information on ToxBase®, 
but that there would be issues regarding the 
contacting of patients due to patient confidentiality.

Another suggestion was to extrapolate from data on 
other conditions or undertake active recruitment. In 
light of this latter suggestion, it was noted that some 
similar work had been undertaken on encephalitis 
and had provided useful results.

Active recruitment of subjects into a specifically 
designed study was preferable as new and more 
precise tools for testing cognitive functioning had 
been developed e.g. ‘CANTAB cognitive tests’16, 
that could now incorporate assessments of reaction 
times. This was important in CO poisoning cases 
as often higher achievers would use compensatory 
techniques in more standard tests to reach the 
correct answer, preventing issues with neurocognition 
from being identified. Newer tests are also able to 
assess more accurately a failure to progress.

• It was suggested that an amendment be made 
to the CO screening study where patients with 
confirmed CO exposure should undertake an 
appropriate CANTAB test and be followed up 
after one month.

Co-morbidities were implicated as factors that 
influenced the impact CO exposure had on 
neurological sequelae. Co-morbidities such as a 
family history of dementia / AD.

In considering age and gender it was suggested that 
the literature on TBI should be examined. It was well 
known that there were associations between the long 
term effects of head injury and age. The scientific 
literature also confirmed that children below the age 
of 10 have a better outcome following a head injury 
than older age groups.

There followed discussion on age and AD. 
Accelerated decline in AD was associated with age 
(>80yrs) being a main driver. 

• It was suggested that specialist dementia clinics 
might have information on whether a patient 
has been exposed to CO. This was considered 
worth investigating.

It was questioned whether socioeconomic status 
affected recovery from neurological impairments, but 
results were not clear.

16 http://www.cambridgecognition.com/
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Over the course of the day a number of 
recommendations were made, some more 
specific than others. These are listed below:

10.1  Broad recommendations to develop 
the research area

Epidemiological Study
1. It was suggested that a study was required 

that tracked patients either prospectively or 
retrospectively, utilising GP data. 

Biomarker Studies
2. Biological materials stored in Research Tissue 

Banks should be used in biomarker research;

3. Research on biomarkers should not be limited to 
the investigation of chemical biomarkers;

4. It was suggested that studies of mitochondrial 
function should be built into studies on CO 
poisoning and into the development of new 
biomarkers where possible;

5. Research on biomarkers should consider non-
neurological effects;

6. Research on biomarkers should include the use 
of clinical samples.

Mechanistic Studies
7. Research should be undertaken to improve our 

understanding of mechanisms of effect following 
exposure to lower levels of CO.

Neurological Sequelae
8. The outcomes of in-vivo studies should be 

combined with outcomes of hospital studies that 
focus on the patient with neurological sequelae;

9. Researchers should make used of the different 
brain models that could be utilised in the 
investigation of neurological sequelae.

Vulnerable Groups
10. Investigation into why differences in individual 

responses to CO exposure are observed, 
including genetic /race differences should be 
undertaken;

11. CO exposure in pregnancy was noted as an 
important area for research. Work in this field was 
required at a public health level and in-vivo;

12. Research that explained the occurrence of 
neurological sequelae and their persistence is 
required.

10.2. Specific research recommendations
Imperial College
1. The current in-vivo work should consider the 

testing of urine, using recommended absorbent 
mats to facilitate collection of a clean sample;

2. Cytokine release from glia cells should be 
measured in the brain and blood as part of the 
current in-vivo work;

3. Blood samples from the in-vivo work should be 
analysed by Amanda Heslegrave’s group at UCL 
to measure blood proteins – such work would be 
useful and novel (applicable if there is cell damage 
or death). The subtle changes in cell function 
which would be expected prior to cell death 
should also be investigated if possible/applicable.

Newcastle University
4. Work conducted on micro-RNA (miRNA) and 

similar molecules should pick up early changes 
in metabolic pathways. Chris Morris’s group at 
Newcastle could assist with such work.

CO Screening Study
5. It was suggested that an amendment be made 

to the CO screening study where patients with 
confirmed CO exposure should undertake an 
appropriate CANTAB test and be followed up 
after one month.

Long Term Health Effects
6. It was suggested that specialist dementia clinics 

might have information on whether individual 
patients had been exposed to CO - this was 
thought to be worth investigating; 

7. Research is needed to establish whether exposure 
to low concentrations of CO that do not produce 
effects attributable to hypoxia leads to long term 
effects on health.

Mechanistic Work
8. Mapping the pathophysiology of CO poisoning 

would be a useful undertaking;

9. Research to establish how CO is metabolised in 
the body and what pathways are responsible for 
its removal are;

10. Establish whether the response to low 
concentrations of CO can be characterised 
as an example of hormesis and whether such 
exposures lead to a measure of protection 
against the effects of further exposures.

Recommendations 10
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Biomarker Work
11. Identifying whether there is a signal left on Hb 

could be useful and should be pursued given the 
significant developments in analytical technology;

12. What are the effects of chronic low level exposure 
on the unborn child? Can it lead to low birth 
weight and the known consequences of this on 
the health of the child over his / her lifecourse? 
Can it lead to autism, ADHD and/or similar 
neurobehavioural conditions?

Other tissues
13. Is there any evidence for changed blood pressure 

in CO exposed individuals? It was felt that effects 
on the CV system should be investigated;

14. Effects of CO exposure on the spleen, kidney and 
heart should be considered.

Definitions
15. Clear definitions of high and low exposure are 

required to help with obtaining comparable data.

Summary and Close11
Frank Kelly thanked all participants for their 
involvement in the workshop and for giving 
their time and expertise to the consideration of 
novel biomarkers for CO exposure. He noted 
that plenty of gaps in our understanding of 
CO had been highlighted and he hoped that 
this would help the GST shape their research 
programme. Frank acknowledged that a 
number of specific suggestions for work going 
forward would enhance current projects. That 
this work would require collaboration amongst 
the different institutions represented at the 
workshop was positive.

Frank thanked the GST and BTS for supporting the 
event, Baroness Finlay for co-chairing, Alan Boobis 
and Paul Harrison for their additional participation as 
workshop rapporteurs and Isabella for organising.

Susan Bews, on behalf of GST thanked all the 
attendees for being so generous with their time and 
expertise. She stated how important it was for GST to 
understand the questions that needed to be answered 
by toxicological research as GST would be looking 
to close these gaps in knowledge by developing a 
research call that tackled the questions raised.

Delegates were reminded to complete their feedback 
forms (see Appendix 3).



Appendix 1: Programme

Morning Sessions
Chairman: Professor the Baroness Finlay of Llandaff  

 1. 10.30 – 10.35 Welcome and Introductory Remarks 

 2. 10.35 – 10.45 Setting the Scene: Need for CO Biomarkers of Exposure and Effect 

 3. 10.45 – 11.05 GST Research Session 1: 
   i.  Low level exposure work  (Imperial College – Robert Dickinson) 

 4. 11.05 – 11.35 GST Research Session 2: 
   i. Blood biomarker work  (Lausanne – Stefania Oliverio)
   ii. Mitochondrial work & blood biomarker work  (Newcastle – Chris Morris) 
   iii. Screening for CO in EDs 2017,blood biomarker work  (PHE – Tim Marczylo)

 5. 11.35 – 11.50 GST Research Q&A

 6. 11.50 – 12.20 GST Educational Lecture - Translational Experiences: 
   i. UCL - Amanda Heslegrave
   ii. Cromwell Hospital – Steve White

 7. 12.20 – 12.30 Discussion 

  12.30 – 13.15 LUNCH  

Afternoon Sessions
Chairman: Professor Frank Kelly

 8. 13.15 – 14.25 Current situation 
   i. What clinicians need in a CO biomarker for exposure, treatment and outcome 
   assessment and referral: ways forward and translational experiences
   ii. State of play: pathways and biomarkers of exposure: where next for CO?
   iii. State of play: pathways and biomarkers of effect: where next for CO?

 9. 14.25 – 14.40  Presentation of Working Group discussions

   COFFEE available throughout afternoon

 10. 14.40 -15.40 Discussion and Debate: Questions that need to be addressed & ideas for future 
   and collaborative research on: 
   i. CO poisoning: might it have a role in the precipitation of other diseases? 
   (consideration of, for example, epigenetics, neurological diseases)
   ii. Identification of individuals at high risk for developing neurological dysfunction  
   and morbidity & the use of neuropsychological tools and biomarkers

 11. 15.40 – 15.55  Presentation of Working Group discussions

 12. 15.55 – 16.00  Summary & Close 
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Appendix 2: Participant List

Adrian McConnell Gas Safety Trust

Aina Roca-Barcelo Imperial College London

Alan Boobis Imperial College London

Amanda Heslegrave University College London

Andy Shaw Liverpool John Moore’s University

Professor the Baroness Finlay of Llandaff House of Lords

Chris Morris Newcastle University

Dafydd Walters St George’s University 

Daniela Gentile NPIS

Frank Kelly King’s College London

Fred Piel Imperial College London

Isabella Myers Independent Consultant

Nabil Hajji Imperial College London

Paul Harrison IEH Consulting Ltd

Phillip Aitken Imperial College London

Phil Brown Gas Safety Trust

Robert Dickinson Imperial College London

Simon Clarke ED Physician and Toxicologist

Stefania Oliverio Brunel University London and University Center of Legal   
 Medicine Lausanne-Geneva

Steve White Cromwell Hospital

Susan Bews Gas Safety Trust

Tim Gant Public Health England

Tim Marczylo Public Health England

Biomarkers Workshop: Participants
Thursday 7th September 2017
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Appendix 3: Summary of Feedback and Suggestions Form
15 Feedback and Suggestions Forms were received

Biomarkers Workshop: Summary of 
Feedback and Suggestions Form

Thank you for attending the workshop.  We would greatly appreciate if you would take a few minutes to 
complete this form.  Using the scale below (1-5), please rate:

 1 2 3 4 5

 Strongly Agree Agree Neither Agree nor Disagree Disagree Strongly Disagree

     Your rating (1-5)

The workshop was useful and informative.   14x1 / 1x2

The workshop highlighted issues which are relevant to my work area.   10x1 / 4x2 / 1x NA

The workshop enabled me to network with known and new colleagues.  6x1 / 9x2

The workshop has raised recommendations for research that my   6x1 / 6x2 / 1x3 /
organisation / group would potentially be interested in applying for.  2xNA

I would be interested in undertaking collaborative work on CO with 
attendees at this  workshop and researchers internationally.  13x1 / 1x2 / 1xNA

Would a future event be useful for continuing work in this area?  13x1 / 1x2 / 1x3

As a result of this workshop, I am considering undertaking the following actions: 
(please provide details below)

•  Looking up the physiology of COHb interactions
•  Expanding understanding of fetal outcomes
•  Looking at other haem proteins as biomarkers
•  Getting the [CO Screening] study underway
•  Look into mitochondrial work and other analysis methods (HR-MS)
•  Look into epidemiological aspects
•  Seek funding for epidemiological study of national routine health data
•  Explore possibility of study of CO in sickle cell disease patients
•  Examination of neurological markers of damage
•  Analysis of biological samples for biomarker identification
•  Examine NFL following exposure [Imperial College study]
•  Examine mitochondrial function [Imperial College study]
•  Do a more broad literature review on some of the points raised
•  Feedback on real time research being undertaken
•  Looking at possible future collaborations
•  Research a number of unknowns with respect to CO toxicity, neurotoxicity, biomarkers etc. that may help 

develop future grant applications and research directions
•  Write a possible research application
•  Look at additional work areas in relation to CO
•  Add additional areas to current study [Newcastle] e.g. new samples, new collaboration

(Continued overleaf)
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Do you have any research recommendations or advice (broad or specific) that you think would help 
develop the areas discussed today, that were either not mentioned or that you think are of particular 
importance? (Please provide details below)  

•  Detailed research into the pathological mechanisms of CO on nerve tissue and perhaps other tissue 
biochemistry.

•  Ongoing large scale epidemiological studies could link neurodegenerative diseases and cardiac disease to 
CO exposure if records of acute exposure or chronic exposure e.g. workplace which are at risk - welder, 
mechanics - are recorded.

•  Epidemiological aspects of CO poisoning and how epi studies can help to have a better picture of this issue. 
It is important to not stick only to experimental or cohort/case-control studies but consider as well ecological 
studies. There is much data that could be analysed and with a lot of potential.

•  Looking at epidemiological discussions/ prospective studies: do we run the risk of ‘researchers’ approaching 
same primary care/ hospitals for same patient information? Consider one ‘big’ collaboration to address this?

•  Fetal exposures and effects of acute and chronic CO exposure.

•  Identification of novel biomarkers.

•  Epidemiology of acute CO exposure and health outcomes.

•  Exposure biomarkers.

•  In-vivo animal studies – novel biomarker identification, effects of low level CO on lifespan, onset of long term 
cognitive decline, effect of pre-natal exposure to CO.

•  Prospective follow-up study of neurobehavioural outcome of CO exposure.

•  Think that metabolomic investigations that RD was talking about will yield interesting data for a specific CO 
biomarker.

If you have any further comments about the event or the issues raised at the event, please include 
them here: 

•  Happy to speak to people about blood measurements for brain injury biomarkers.

•  Excellent meeting!

•  Very Good!

•  None I can think of now. It was a pleasure.

•  Great event. Should be done regularly and maybe useful to extend to a European or global level since CO is 
a global issue and there probably is a lot of research done in many other countries that could be relevant in 
answering questions raised today.

•  Consider more rigorous statutory regulations for CO alarms - universal use.

Thank you for taking the time to complete this questionnaire
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Appendix 4: Biographies

Professor The Baroness Finlay of Llandaff 
FRCP, FRCGP, FMedSci, FHEA, FLSW 

Baroness Finlay is a Welsh doctor, professor 
of palliative medicine, and an Independent 
Crossbench member of the House of Lords. 
Baroness Finlay is President of the Chartered 
Society of Physiotherapy, and Past President of 
the Royal Society of Medicine and the British 
Medical Association.  

She co-chairs the All-Party Parliamentary 
Carbon Monoxide Group, which brings together 
parliamentarians committed to tackling carbon 
monoxide poisoning. In October 2011, following 
a six-month inquiry which she chaired, the Group 
produced a report entitled Preventing Carbon 
Monoxide Poisoning, including a number of 
recommendations for policy and behaviour change. 
She sits on the Built Environment Committee.  

As a Crossbench Peer in the House of Lords (since 
2001), she has served on key committees including: 
Science and Technology, Assisted Dying for the 
Terminally Ill, and Public Services and Demographic 
Change. She introduced the Smoking in Public 
Places (Wales) Bill, took the Sunbeds Act through 
the Lords and led the re-instigation of the post of the 
Chief Coroner. 

Lady Finlay has also recently influenced the ban on 
smoking in cars with children present, standardised 
tobacco packaging, and compassionate leave for 
those caring for bereaved children when in receipt of 
universal credit. 

Professor Frank Kelly  
Professor of Environmental Health; Director, 
Environmental Research Group; Deputy Director of 
the MRC-PHE Centre for Environment and Health   

Professor Frank Kelly holds the chair in 
Environmental Health at King’s College 
London, where he is Director of the Analytical 
& Environmental Sciences Division. His other 
positions of responsibility are Director of the 
Environmental Research Group, Director of 
the NIHR Health Protection Research Unit 
in Health Impact of Environmental Hazards 
and Deputy Director of the MRC-PHE Centre 
for Environment & Health. From these dual 
positions he is able to combine his two main 
research interests, namely free radical/
antioxidant biochemistry and the impact 
of atmospheric pollution on human health.  
Further details of this activity can be found on 
the ERG and London Air websites.  

In addition to his academic work Frank is past 
President of the European Society for Free 
Radical Research and past Chairman of the 
British Association for Lung Research. He is also 
involved with providing policy support to the WHO 
on air pollution issues and is the Chairman of the 
Committee on the Medical effects of Air Pollution 
(COMEAP). 
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Dr Amanda Heslegrave 
Senior Research Associate, Molecular Neuroscience, 
Institute of Neurology, Faculty of Brain Sciences, 
University College London 

Amanda is a post-doctoral research associate 
within the LWBL and collaborates with various 
groups to develop new biomarker assays for 
both newly discovered markers and those 
which need more sensitivity. She manages 
the Simoa-HD1 super-sensitive immunoassay 
platform. 

 

Dr Steven White  
MA DPhil MB BChir MRCPsych FRCP

Consultant Neurophysiologist, Cromwell Hospital, 
London 

Dr Steven White’s background is in 
neuropsychology, neuropsychiatry and EEG, 
he has a longstanding interest in cognitive and 
neurobehavioural changes following acquired 
brain injury.

Mrs Isabella Myers   
BSc DIC MSc MRSB 

Independent Consultant on Health, Policy and the 
Environment   

Isabella Myers is an independent consultant 
with over 20 years’ experience on the health 
effects associated with environmental hazards 
in the indoor and outdoor environment.  

Between 2001 - 2015, Isabella was a member of 
the Public Health England (PHE) Toxicology Unit 
at Imperial College, London, where she supported 
the Air Pollution and Climate Change Group 
within PHE and provided advice via this role on air 
pollution, climate change, extreme events and noise 
pollution. She was responsible for: the development, 
implementation and support of health-based 
policies for government departments; leading the 
scientific work on indoor air pollution, creating and 
implementing the strategic approach to the protection 
of public health from the effects of carbon monoxide 
poisoning. She provided scientific Secretariat support 
to the Government’s Expert Committee on the 
Medical Effects of Air Pollutants (COMEAP).

She is the Chairman of the All Party Parliamentary 
CO Group (APPCOG) Stakeholder Forum’s Medical 
Sub-Group (COMED); An advisory board member 
of the APPCOG Stakeholder Forum, is a Committee 
Member of the UK Indoor Environments Group 
(UKIEG) and works independently with a number of 
organisations. She is an associate of IEH Consulting 
Ltd (IEH-C), Improving Performance in Practice 
(IPIP) and Prism Institute, Canada and is a member 
of both the Royal Society of Biology and the British 
Toxicology Society. 
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