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Abstract: With modern populations in developed countries spending approximately 90% of their
time indoors, and with carbon dioxide (CO;) concentrations inside being able to accumulate to much
greater concentrations than outdoors, it is important to identify the health effects associated with
the exposure to low-level CO; concentrations (<5000 ppm) typically seen in indoor environments
in buildings (non-industrial environments). Although other reviews have summarised the effects
of CO, exposure on health, none have considered the individual study designs of investigations
and factored that into the level of confidence with which CO, and health effects can be associated,
nor commented on how the reported health effects of exposure correspond to existing guideline
concentrations. This investigation aimed to (a) evaluate the reported health effects and physiological
responses associated with exposure to less than 5000 parts per million (ppm) of CO, and (b) to assess
the CO, guideline and limit concentrations in the context of (a). Of the 51 human investigations
assessed, many did not account for confounding factors, the prior health of participants or cross-
over effects. Although there is some evidence linking CO, exposures with health outcomes, such
as reductions in cognitive performance or sick building syndrome (SBS) symptoms, much of the
evidence is conflicting. Therefore, given the shortcomings in study designs and conflicting results, it
is difficult to say with confidence whether low-level CO, exposures indoors can be linked to health
outcomes. To improve the epidemiological value of future investigations linking CO, with health,
studies should aim to control or measure confounding variables, collect comprehensive accounts
of participants’ prior health and avoid cross-over effects. Although it is difficult to link CO; itself
with health effects at exposures less than 5000 ppm, the existing guideline concentrations (usually
reported for 8 h, for schools and offices), which suggest that CO; levels <1000 ppm represent good
indoor air quality and <1500 ppm are acceptable for the general population, appear consistent with
the current research.

Keywords: CO,; bio-effluents; cognitive effects; respiratory effects; neurological and irritation of
upper airway system; physiological effects; guidelines

1. Introduction

In indoor air, the primary source of carbon dioxide (CO;) is human respiration,
meaning that occupant density and ventilation are important determinants of indoor
concentrations. In poorly ventilated indoor environments, CO; can accumulate to several
times the background level, with potential health implications [1].
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Given increasing energy costs and concerns about the environmental impact of build-
ings, ventilation rates are being reduced to minimise heat losses and improve energy
efficiency [2]. However, this is allowing indoor air pollutants such as CO, to accumulate
to much greater levels than before. Because CO, concentration, human occupancy and
ventilation rates are linked to a great degree, CO, concentrations can be used to estimate
ventilation rates and the concentrations of human bio-effluents indoors [1,3]. Currently,
CO, is considered as an indicator for ventilation, as increased CO, levels indicate inade-
quate ventilation, which is often associated with poorer air quality [4].

As far back as 1881, Pettenkofer and Fliigge proposed a concentration of 700-1000 parts
per million (ppm) as the permissible indoor CO, concentration above which the air would
be considered ‘contaminated’. However, there was no physiological basis to this crite-
rion, with changes in respiration rates only seen with concentrations above 5000 ppm [5].
Eliseeva [6] made the first recorded investigation of the impacts of exposures to low levels
of CO,. Using a study with a small group, they investigated CO, exposures at concentra-
tions of between 500 and 1000 ppm. They found that at a concentration of 1000 ppm, there
was a marked change in respiration, with the amplitude of respiratory movements being
reduced. An effect on the circulatory system was noted by an increase in peripheral blood
flow. A study of cerebral electrical activity showed that at concentrations of 1000 ppm, CO,
may influence the functional state of the cerebral cortex and may increase the amplitude
of brain waves [6]. Although a very small-scale study, this formed part of a World Health
Organization (WHO) report [5], which cautiously suggested that a CO, concentration
of 1000 ppm in the indoor air may have a directly harmful effect. It was proposed that
concentrations of CO, should therefore not be allowed to exceed 1000 ppm and the average
concentration should be <500 ppm. However, this is not nowadays realistic to be achieved
by natural ventilation indoors, as the global average outdoor CO; levels in 2019 were
410 ppm [7]. There are numerous industrial, national and international standards for CO,
concentrations in various building types that have evolved with time and propose the
average CO; levels during the period of occupancy (e.g., CIBSE [8]; UK Department for
Education [9]). British Standard BS EN 16798-1: 2019 proposes the CO, concentrations
above those of the outdoors that should be achieved by mechanical ventilation to maintain
good indoor air quality (IAQ) [10].

Currently, within industry, academia and amongst policymakers, there is an increasing
concern regarding the possible health impacts of CO, exposures on building occupants
and the best strategies to mitigate these. Whilst the reported health impacts for higher
concentrations of CO, (>20,000 ppm) are well established [11,12], the evidence of possible
health effects at the average concentrations seen in buildings (typically <5000 ppm and
often <1500 ppm) is unclear, although some emerging research suggests lower-level
impacts may occur. Given that in developed countries people spend around 90% of their
time indoors [13] it is important to clarify if any exposure to CO; could cause harm, as this
would then act as an important modifier of population health.

A few recent reviews have investigated the effects of CO, exposure on human
health [14-17] The review of Azuma et al. [14] was short, looking at the impact of inhala-
tion exposure to CO, at a wide range of concentrations (varying from 500 to >100,000 ppm).
At low CO; levels, they focused on cognitive performance and concluded that exposure to
CO; may affect it, starting at concentrations of around 1000 ppm for short-term exposure;
they recommended further research on the impact of CO, exposure on cognitive perfor-
mance, at low levels, from 500 to 3000 ppm. Jacobson et al. [16] reviewed primary research
to assess the physiological changes, psychomotor performances and health symptoms
associated with CO, exposure. They concluded that the evidence indicates potential risks
at CO, exposures as low as 1000 ppm and made an urgent call for two types of studies:
(a) controlled chamber studies, to identify the health effects of acute exposure at environ-
mental CO; levels and (b) large, cohort-based longitudinal studies to evaluate the impacts
of long-term chronic CO; exposure. Du et al. [15] focused more specifically on reviewing
the evidence relating to indoor CO; concentrations and cognitive function. They identified
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cognitive assessment methods, the study design, uncertainty in exposures and individual
and population differences in subjects as major confounding factors. Seppéanen et al. [17],
provided a significant review of the effects of CO, concentrations and ventilation rates on
health; however, this is now significantly dated, and requires updating.

Our review moves one step ahead from previous reviews, reviewing analytically the
impact of exposure to low CO; levels, not only on cognitive performance, but also on
respiratory impacts, neurological effects and irritation of the upper airway system, as well
as on both human and animal physiological responses. We have identified a set of selected
criteria related to study design and we assessed each of the reviewed studies against these
criteria, to better understand the level of confidence we can have in results linking CO,
and health. We also reviewed existing CO, guidelines from a number of countries and
organisations, contextualised against the outcomes of our review. All the above work
aimed to identify if CO; is only an indicator of ventilation and pollutant accumulation or
is a pollutant itself at low levels (<5000 ppm).

2. Methods
2.1. Search Strategy

A systematic literature search was conducted using the following electronic databases:
EMBASE, GlobalHealth and Scopus. In addition, a grey literature search was conducted
including the WHO, Public Health England (PHE) and various worldwide standards to
identify guidelines and recommended limits for CO;, concentrations indoors.

A search strategy was developed incorporating key terms to explore the literature,
restricted by publication language (English) and date (1990-2019).

Considering all populations, the search strategy was divided into the following concepts:

Carbon dioxide terms;
Health/effect terms;
Location terms (indoor environments).

Using this framework, an initial set of keywords was developed to explore the litera-
ture. Additional terms and search strings revealed by the literature search were added and
investigated. The search strings used are specified in Appendix A.

2.2. Initial Literature Search and Analysis

The search resulted in 1314 papers after duplicates were removed. All 1314 papers
were screened independently by two reviewers by title and abstract and then were double-
checked by a third reviewer. After exclusions from the first round of screening, the
remaining papers (320) were sourced and screened by full text by two reviewers and
verified by a third. The search was conducted up to January 2020.

To identify only the literature that was appropriate for making comparisons between
indoor CO; concentrations and health effects, the following criteria had to be met for
inclusion: the investigation must (a) contain primary research, (b) report CO, concen-
trations, with some being less than 5000 ppm, (c) compare CO, concentrations against
measured health effects and (d) have CO, being measured in indoor environments. Figure 1
illustrates the systematic literature review process.

In addition to the systematic literature review, a grey literature review identified
national and international CO, guidelines and limit concentrations for indoor environ-
ments, specifically looking for any health or toxicological information that was used to
inform these.

2.3. Second Literature Search

A second literature search (using MEDLINE) was conducted to capture any papers
investigating the physiological responses of animals and humans exposed to CO,. To be
included in the review, the identified papers had to (a) be human or animal laboratory
studies examining the potential health effects of exposure to CO, and (b) have CO, exposure
concentrations of <5000 ppm. Figure 2 illustrates the second literature search process.
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Further papers were identified by reviewing the reference lists of the selected papers, in
addition to those identified in the initial search, and these were then assessed against the
inclusion criteria.

Records identified by EMBASE,
GlobalHealth and Scopus electronic
databases (n=1322)

Duplicates excluded (n=8)

1314 potentially appropriate titles /
abstracts were reviewed

Failure to meet selection criteria
(a), (b), (c) and (d) (n=994)

320 potentially appropriate full papers /
reports were reviewed

Failure to meet selection criteria
L (a), (b), (c) and (d) (n=269)

51 papers / reports included in this
report

Figure 1. A flow chart illustrating the initial systematic literature search process.

Records identified by MEDLINE
(n=2315)

2315 potentially appropriate

titles / abstracts were reviewed

Duplicates or failure to meet

inclusion criteria (a) and (b)
(n=2259)

56 potentially appropriate full
papers / reports were reviewed

Failure to meet the inclusion
criteria (a) and (b) (n=50)

Y

6 papers / reports included in this
report

Figure 2. A flow chart illustrating the second literature search process.
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3. Results and Discussion
3.1. CO; Concentration Guidelines and Recommended Limits

Table 1 shows existing guideline and limit concentrations for CO; in indoor environ-
ments ranging between 700 and 5000 ppm, as derived mainly from the grey literature.
This includes standards for residential, non-residential, workplace and school indoor en-
vironments. Their consensus is that CO, concentrations <1000 ppm represent good or
excellent indoor air quality (IAQ), 1000-1500 ppm represent acceptable or moderate IAQ
and concentrations >1500 ppm represent poor IAQ. However, for the majority of standards,
it is unclear how an acceptable CO, value is generated, and they are not based on robust
epidemiological or toxicological evidence.

Table 1. A summary of current CO, concentration guidelines and limits in indoor environments for different countries and
organisations. The colour coding corresponds with the consensus that <1000 ppm ~ good, 1000-1500 ppm =~ moderate and
>1500 ppm ~ poor indoor air quality.

CO; Guideline

Concentration Country Standard Year Description
(ppm)
Revised Finnish classification
: of indoor environment, Best quality, highest occupant satisfaction
750 Finland Society of Indoor Air Quality 20 (S1 target value, <350 above outdoor level)
and Climate (FISIAQ [18])
International ~ WELL Building Standard [19] 2016 (non-residential)
800 HKSAR-Indoor Air Quality 8 h average (excellent class)
Hong Kong Management Group [20] 2019 (non-residential)
Revised Finnish classification
. of indoor environment, Good indoor air quality
250 Lo Society of Indoor Air Quality 2L (S2 target value, <550 above outdoor level)
and Climate (FISTAQ [18])
BREEAM (Building Research
950 International Establishment Environmental 2019 High indoor air quality (non-residential)
Assessment Method) [21]
British Standard (BS EN Good indoor air quality (residential and
1000 UK 16798-1:2019) [10] 2019 non-residential)

BB101—Department for

LS Education (DfE [9])

2018 Good TAQ (schools)

US EPA Facilities Manual Vol
uUs 2: Architecture and 2020 8 h average
Engineering Guidelines [22]

GB/T 18883-2002, Indoor air

. . 24 h average
China quality standard. Standards 2002 o verag
Press of China [23] (0.1% CO; = 1000 ppm)
HKSAR-Indoor Air Quality
Hong Kong Management Group [20] 2005 8 h average (good class)
Germany pedee E(r{}/érzglr[gi?t HGEEy 2008 Hygienically safe

Singapore Institute of
Singapore Environmental Epidemiology 1996 8 h average
(SAIQQG) [25]

Korea Occupational Safety
and Health Agency (KOSHA),
Korea Guideline development for 2005 8 h average (office)
evaluation and management
of office air quality (II) [26]

Industry COP on IAQ

Malaysia Malaysia (DOSHM) [27]

2010 8 h average
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Table 1. Cont.

CO; Guideline

Concentration Country Standard Year Description
(ppm)
US Green Building Council
1030 International E(USGBC)—Leadersmp n 2010
nergy and Environmental
Design (LEED) [28]
ANSI/ASHRAE 62.1-2019. Acceptable
1100 ASHRAE Ventilation for acceptable 2019 (no greater about 700 ppm above
indoor air quality [29] outdoor levels)
National Collaborating
Comada  Conafor bl el 2019 A Sogte for human comf (o)
(NCCEH) [30]
Revised Finnish
classification of indoor A tabl
Finland environment, Society of 2018 cceptable
Indoor Air Quality and (S3 target value, <800 above outdoor)
Climate (FISIAQ [18])
BB101—Department for Acceptable
1200 IS Education (DfE [9]) e (schools)
British Standard (BS EN S . .
UK r1 1127983{1203111‘9) ([] 0] 2019 Medium indoor air quality
BREEAM (Building
International Research Establishment 2019 Medium indoor air quality
Environmental Assessment (non-residential)
Method) [21]
SAUDE E AMBIENTE E
ACAO CLIMATICA . .
1250 Portugal Porfaria n.° 138-G /2021 2021 P“’te"“(’rzcti‘rr:;heorfaﬁi lﬁlﬁf a:)ce margin
(Didrio da Republica, 1.7 &
série, 2021) [31]
BB101—Department for Acceptable max
1580 S Education (DfE [9]) 2L (schools)
UK BB101—Department for 2018 Need for additional ventilation
Education (DfE [9]) (schools)
UK Britli21719sétalr-1§()alr9d (]%(S) EN 2019 Poor indoor air qua.lity (residential and
1750 -1: ) [10] non-residential)
BREEAM (Building
TintEmeidermel Research Establishment 2020 Moderate or low indoor air quality
Environmental Assessment (non-residential)
Method) [21]
Federal Envi t L .
1000-2000 Germany deefcy a}’ggr)“[giﬁ‘ 2008 Hygienically noticeable
Federal Envi t L
>2000 Germany deel;?cy a}’ggr)‘r[gj? 2008 Hygienically unacceptable
BB101—Department for
2800 UK Education (BEE2]) 2018 (schools)
HSE EH40/2005 Workplace Permissible exposure limit 8 h time
UK S 2018
exposure limits [32] (workplaces)
National Occupational
Australia Health and Safety 1995 8 h average working day (workplaces)
Commission (NOHSC) [33]
Chartered Institute of
International Building Service Engineers 2011 8 h time-weighted average
(CIBSE) KS17 [8]
e National Institute for
Us Occupational Safety and 2019
Health (NIOSH) [34]
Commission for the
Investigation of Health
Germany Hazards of Chemical 2014 8 h average

Compounds in the Work
Area (MAK) [35]
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3.2. CO, Concentration and Health

The findings of the studies were divided into five groups based on the key health
effects, namely: cognitive performance effects, respiratory effects, neurological symptoms
and irritation of the upper airway system (knows as SBS—sick building syndrome symp-
toms), human physiological responses and animal physiological responses. A summary of
the health findings of each study, and the concentrations at which these occur can be seen
in Appendix B, Table A2 (cognitive performance effects), Table A3 (respiratory effects),
Table A4 (neurological symptoms and irritation), Table A5 (human physiological responses)
and Table A6 (animal physiological responses). Given the great variability in the reported
health effects, and to have confidence in the results of the above studies, we assessed the
human studies identified by the literature review against selected criteria; the criteria and
the analysis of the study design are discussed in the following Section 3.3.

3.2.1. Cognitive Performance Effects

Ten of the reviewed studies [36—45] associated elevated levels of CO, with moderate
reductions in cognitive function around and above 1000 ppm, decreased test performance
(increased number of errors, reduced test scores and reductions in markers of decision
making) at 1400-1500 ppm and reduced performance above 1800 ppm (Appendix B,
Table A2). Gaihre et al. [46] and Kolarik et al. [47] associated an increase in the difference
between indoor and outdoor CO, concentrations (dCO;) of 100 ppm with a 0.2% decrease in
annual attendance and 2% increase in sick leave, respectively. Similarly, Shendell et al. [48]
associated a 1000 ppm increase in dCO; with a 0.5-0.9% decrease in annual average daily
attendance in schools.

On the contrary, five studies, mainly performed in labs where confounding factors
were controlled [46,49-52], reported no significant association between CO, concentration
and cognitive performance, academic attainment or the amount and quality of work produced.

Although Kajtar and Herczeg [50] reported no significant association between CO,
concentration and the amount and quality of work produced, at higher CO, concentrations
(4000-5000 ppm), they reported significant increases in blood pressure, respiratory frequen-
cies and volumes. Therefore, they postulated that it is likely that more mental effort was
needed at higher CO, concentrations. This is consistent with the findings of Maula et al. [53],
who found minimal significant impacts of 2200 ppm of CO, on cognitive performance, but
found a significant increase in the perception of fatigue and workload in participants.

Both Jaber et al. [43] and Satish et al. [44] reported negative cognitive effects at
1000 ppm, with none of the reviewed papers reporting specific cognitive effects at con-
centrations lower than 1000 ppm. Three studies [54-56] significantly associated CO,
concentrations with reduced ability to concentrate, whilst two studies [45,57] found no
significant association between the two.

At 700-4000 ppm, Vehvildinen et al. [58] associated CO; with transcutaneously as-
sessed partial pressure of CO, (pCO;) in blood circulation, elevated CO, concentrations
in tissues, changes in heart rate variation and an increase in peripheral blood circulation,
which they noted could be linked to reductions in cognitive performance. However, Bloch-
Salisbury et al. [49] found no association between pCO, levels in blood and cognitive
performance or alertness.

Two of the most complete studies, in terms of accounting for almost all the confound-
ing factors [59,60] which were performed in labs, concluded that there were no statistically
significant effects on perceived air quality, acute health symptoms or cognitive performance
during exposures when CO, was added. They concluded that the presence of moderate
concentrations of bio-effluents (an atmospheric pollutant that emanates from humans or
animals) and CO, at 3000 ppm will result in harmful effects on occupants during typical
indoor exposures, but not pure CO,.

Finally, on a different note, stressful activity may further increase CO, levels compared
to a relaxing activity, as the recent work by Gall et al. [61] shows, which looked at the
impact of cognitive tasks on human emission rates of CO, and isoprene.
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3.2.2. Respiratory System Effects

From studies performed in schools, two [62,63] found a significant association be-
tween elevated CO, concentrations (above 2000 ppm) and wheezing, while four stud-
ies [64—67] found no significant association. Two studies [57,68] found no association
between CO, concentration and difficulty breathing, while Mi et al. [65] significantly asso-
ciated 500-1900 ppm of CO, with daytime breathlessness but not nocturnal breathlessness.
Mi et al. [65] found a significant association between CO; and asthma, while Kim et al. [63]
found no significant association between the two. Two school studies [62,69] found a sig-
nificant association between CO; concentration and coughing (at levels >2100 and >1000,
respectively), while Madureira et al. [64] found no significant association between the two,
at levels between 1000-3000 ppm. At low concentrations of CO, (400-800 ppm) in an
office environment, Mendell et al. [70] observed no significant association with respiratory
illnesses, respiratory-illness-related absences, building-related symptoms or dissatisfac-
tion with indoor air quality and odours. At levels above 2000 ppm, Shriram et al. [3],
in a lab study, associated CO, with reductions in forced expiratory volume and forced
vital capacity.

3.2.3. Neurological Symptoms and Irritation of the Upper Airway System

Several studies investigated the effects of increased CO; concentration on neurological
symptoms (headaches, fatigue, stress, dizziness and insomnia), as well as irritation of the
upper airway system (e.g., eye irritation: tired or strained eyes, dry, itching eyes; rhinitis;
dry cough) (Appendix B, Table A3). Some studies [71-75] reported significant associations
between CO; and a range of neurological symptoms as well as irritation of the upper
airway system generally at CO; levels above 1000 ppm, whilst three studies [63,76,77]
found no clear associations. Carreiro-Martins et al. [78], focussing on children in daycare
centres, found conflicting results between the two phases of the project, regarding the
CO; association with wheezing. Lu et al. [57] found an increase of 100 ppm in dCO; to be
significantly associated with both neurological symptoms and irritation, i.e., dry throat,
tiredness and dizziness, but not with eye dryness, nose itching, runny nose, stuffy nose,
sneezing, skin dryness or irritability. Similarly, Norback and Nordstrém [68] significantly
associated increases in CO, concentrations with headaches, but not with eye symptoms,
sinusitis symptoms, dermal symptoms, tiredness or nausea. Chatzidiakou et al. [72] and
MacNaughton et al. [74] associated 1000-2000 ppm of CO, and an increase of 1000 ppm
in dCO; concentrations, respectively, with significant increases in dissatisfaction with
perceived air quality and a lack of air movement.

3.2.4. Human Physiological Responses

Several studies also investigated human physiological responses to increased CO,
concentrations (Appendix B, Table A5). Jung et al. [79] reported that increased CO, concen-
trations indoors were positively associated with allostatic load (the cumulative burden of
chronic stress) on the neuroendocrine system, which may be linked to sick building syn-
drome (SBS). Lu et al. [80] associated 400-1500 ppm of CO, with higher levels of 8-OHdG
(a biomarker of oxidative stress) in urine, which was then significantly associated with
eye dryness, nose itching, sneezing, dry throat, skin dryness and dizziness. Similarly,
Tomoda et al. [81] associated 700-1500 ppm of CO; with increases in urinary pH and
bicarbonate levels. MacMaughton et al. [74] Zhang et al. [59] and Vehvildinen et al. [58]
associated CO; concentrations with changes to heart rate and or increases in peripheral
blood circulation. At CO, concentrations of 2000-3000 ppm, Shriram et al. [3] predicted
an increase in the pCO; in the lungs of 3 mm Hg and a decrease in the partial pressure
of oxygen of 7 mm Hg. However, this did not cause a significant reduction in oxygen
saturation content in the blood. In Zhang et al. [59], exposure to 3000 ppm and bio-
effluents, by restricting ventilation, significantly increased diastolic blood pressure and
salivary a-amylase (biomarker of stress) levels compared to 500 ppm. However, no sig-
nificant effects were observed when exposed to 3000 ppm generated by the addition of
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pure CO;. Zhang et al. [52] did not observe significant changes in the measured physio-
logical responses, which included blood pressure, respiration rate and stress biomarkers.
However, the two studies [52,59] found associations with increases in end tidal CO,, the
concentration of CO; in exhaled air. Finally, Vehvildinen et al. [58] also associated CO,
concentrations with transcutaneously assessed pCO; (the partial pressure of CO;) in blood
circulation and elevated CO, concentrations in tissues, whilst Terleph et al. [82] associated
CO;, concentrations with elevated cortisol levels in children susceptible to CO,-induced
panic attacks.

3.2.5. Animal Physiological Responses

The animal physiological responses are summarised in Appendix B, Table A6. Thom et al. [83]
reported inflammatory responses in mice exposed to 2000 or 4000 ppm CO; for two hours.
The CO; exposures stimulated neutrophils to produce microparticles containing high
concentrations of the pro-inflammatory cytokine interleukin-13. Inflammatory vascular
damage was also observed, including vascular leaks in the brain, muscle and distal colon.
There were no signs of compromised physical or gastrointestinal function and all changes
were resolved 13 h post exposure [83]. Similarly, in an ex vivo study, human and murine
neutrophils generated microparticles containing high levels of interleukin-13 when incu-
bated in a buffer equilibrated with 1000 to 4000 ppm CO, [84]. Increased expression of
the inflammatory marker ICAM-1 (intercellular adhesion molecule 1) was observed in the
bronchial epithelium of mice exposed to 5000 ppm CO; for six hours [85].

Rats exposed to 3000 ppm pure CO, for 30 days showed significant decreases in food
intake, increased total body sodium and reduced adrenal mass, which is consistent with
low-grade stress [86].

Young female rats exposed to 700 ppm pure CO; six hours per day for 15 days
displayed changes in behaviour including increased inactivity and grooming and increased
levels of corticosterone, which may be indicative of a stress response. Increased drinking
and changes in muscle composition were also observed in the animals exposed to 700 ppm
CO, [87].

Plasma calcium levels and kidney calcium content were significantly increased in
guinea pigs exposed to 5000 ppm CO; for eight weeks. All values returned to control levels
following an eight-week recovery period [88].

Exposure to 1000 ppm or 3000 ppm CO; in utero and during early development
resulted in increased anxiety behaviour, elevated corticosterone levels and structural
changes in the brains of adolescent rats. Blood and brain levels of insulin-like growth factor
1 (IGF-1), which plays a role in brain development, were reduced in animals exposed to
1000 ppm and 3000 ppm CO,. Spatial learning and memory were also impaired in animals
exposed to 3000 ppm CO; [89].

3.3. Analysis of Study Design

To better understand the level of confidence we can have in results linking CO,
and health, the individual human study designs of investigations were assessed against
selected criteria:

Were confounding factors that may have affected health outcomes controlled or
accounted for? The confounding factors identified were temperature, humidity, noise,
ventilation, human bio-effluents, lighting and indoor air pollutants.

Was the prior health of participants controlled or accounted for?

Were there potential cross-over effects from having multiple experiments over a
short period?

Was the cohort large enough (more than five participants)?

Was the duration of CO, measurement sufficient to well characterise the range of CO,
concentrations present?

Can we have confidence in the certainty of the CO, measurement equipment?
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For each of the criteria, the studies were classed as “satisfactory”, “unclear” or “un-
satisfactory”. Good study design is especially important when understanding health
outcomes; for example, when there are several confounding factors in an environment, it is
very difficult to identify with confidence which may be responsible for health outcomes.

The results of this analysis are shown in Table 2. Most of the experimental conditions
are summarised in Du et al. [15], so are not repeated here.

Table 2. A comparison of each investigation against the study design criteria, green/v = satisfactory, yellow/~ = unclear
and red/X = unsatisfactory. For the confounding factors, T = temperature, RH = relative humidity, N = noise, IAP = indoor
air pollutants, V = ventilation, HB = human bio-effluents and Li = lighting. For the study type, L = laboratory or controlled
setting, S = school or daycare based, O = office based and H = home based.

Test Subjects
. . Certainty -
Prior Duration = Statistically
Source Study CO,Levels 1 py N AP V HB Li Healthof %rg::— of Mea- “S‘ult_/[efia' Significant
Type (ppm) Partici- sure- Effects
P PP ants Effects ment CO, Reported
P Data 4
Cognitive performance studies
Bloch-
Salisbury et al. L N/A ~ -~ o~ /v s - v v N/A N/A X
[49]
Hong et al. [40] L >1000 oo/ o~ o~~~ v X v v v
Satishetal. [44] L 1000,2500 v /o~ o~ /X -~ ~ ~ N/A v v
Allen et al. [38] L 945, 1400 A A A A v N/A N/A v v
Maddajepaetal. 1800 v oo/ v v X X v X N/A ~ v
Mauja ctal. L 540,220 4 00X o~ 4 / /-~ v v N/A 4 v
Allen et al. [39] L 1500,2500 N ~ X N/A v ~
Snow et al. [51] L 830, 2700 Y T ~ ~ N/A v X
ZhaE‘SgZ]et al. L 500,500 v 4 4/ /v v - v v X
Zhaf};%]et al. L 10003000 < V V V J v v v v v X
Zhang et al. 1500, 3500,
e L 5000 Y O S ~ v N/A v X
HKaltar and L 4000,5000 v v/ /L X X N/A v -
erczeg [50]
Lucetal. [57] o Inereaseof x x  x X x X X ~ N/A v v v
Vehviffigenetal. o 7004000 X X X X / X X ~ N/A v v v
Gaile ctal. s 1000 v v X X x X X ~ N/A v v v
Petersenetal s 1500 X X X X v x X X v v v v
Madureiraetal. g 50-1700 X X X X X X X v N/A ~ v v
Jaber et al. [43] s 1000,1800 v / /X X X X ~ N/A v v
Twarc%ilgl]a etal. S 2115 X X X X v/ X X ~ N/A v 4 v
Ferreira and
Cardoso [35] s 900-2500 X X X X X X X X N/A v v v
Coley et al. [54] s 2900 /X X X v X x X X v v v
Huttes etal s 350-3000 X X X X X X X ~ N/A v ~ ~
Dori[zgag] etal. S N/A X X X X X X X X N/A v 7 v
dCO,
Shen&eglll etal. S 000ppm X X X X / X X X N/A v v v
increase
Increase of
100
Kolarik et al. S Variable, X X X X X X X - N/A v/ v/ X
47 depending
on
ventilation
Respiratory system effects
Shriragn etal. L 2000,3000 v v 0/ o~ /X 9~ ~ v N/A v v
Mendelletal o 400800 X X X X X X X ~ N/A v v X
Mohd Nor
Rawi et al. [66] s 579-784 X X X X X X X = N/A = v X
Slm([)ég]et al. g 1000 X X X X X X X ~ N/A 4 v 4
Norback and S 700-1500 X X X X v X X - v ~ v v

Nordstrom [68]
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Table 2. Cont.

Test Subjects
Prior Cross-  Duration Cif‘rtlcli:;_y Statistically
Source Study CO; Levels T RH N IAP V HB 1j Healthof Over of Mea- sured Significant
Type (ppm) Partici- Effects sure- CcO Effects
pants ment Data Reported
Mi et al. [65] S 500-1900 X X X X X X X ~ N/A ~ v v
Fraga et al. [62] S >2100 X X X X X X X ~ N/A v v v
Ferreira and
Cardoso [76] S 984-2942 X X X X X X X ~ N/A 4 v ~
Kim et al. [63] S 900-4000 X X X X X X X v N/A v v v
Madu[rgf]a etal. g 800-3000 X X X X X X X ~ N/A v v X
Saetal. [67] S 1700-4000 X X X X X X X ~ N/A ~ v X
Neurological symptoms and irritation of the upper airway system
Norb[i‘)%li etal. H 850, 1020 X X X X X X x v N/A = v v
Hill et al. [77] o <600 X X X X X X X ~ N/A v v X
Tsai et al. [75] o >800 v v X v X X X v N/A v v v
Luetal. [57] o 467 to 2800 v v X v v X X X N/A v v v
Erdmann and dCO,
(e} 100 ppm v v X v v X X v N/A v v v
Apte [71] increase
Muscatielloetal. g >1000 X X X X X X X ~ N/A v v v
Carreiro- Median
Martins et al. S 1440 v v X X X X X ~ N/A ~ v ~
[78] (1085-1970)
‘3 Average
Cham[c}lza]kou etal. g 7641206 < 0/ X /X X ~ N/A v v v
Max: 2061
J ura[d;;]et al. s 1400 X X X X X X X ~ N/A v v v
Kim et al. [63] S 900-4000 X X X X X X X v N/A 4 v X
Reduced air
flow: 1030
Norbick and to 1170
Nordstrom [68] u Increased 4 v X v v X v 4 N/A 4 v X
air flow:
1200 to 920
Human Physiological Responses
Zhaf‘ggz ]Et al. L 500,500 v 0/ 0/ 4/ J / v ~ v v X
Zhaf‘q%]et al. L 1000,3000 v / 0/ 0/ /  J / v v v v X
Lu {et a_il. [92] o ~400-1500 X X X X X X X ~ N/A 4 v v
Veh“l[a;g‘]e“ etal. 7004000 X X X X /X X ~ N/A v v v
Jung et al. [79] e} N/A X X X X X X X =~ N/A v v v
MaCNE%h“’“ etal. v oV X v/ X %X X N/A v v v
T"m‘[’gﬁ etal. S 700-1500 X X X X X X X N/A N/A v v

Firstly, from Table 2, it can be seen that many important confounding factors (tem-
perature, humidity, noise, ventilation, human bio-effluents, lighting and other indoor air
pollutants) are often not controlled or accounted for by all studies. They are more properly
controlled in lab studies but not in indoor microenvironmental studies. Secondly, cross-
over effects are often unaccounted for in many laboratory-based studies, with participants
being subject to several exposure conditions over a single day. Thirdly, the prior health
of participants is not reported sufficiently in a number of studies. Finally, there is limited
concern surrounding the measurement accuracy and duration for CO, measurements (if
the period is long enough to capture any effects in the lab experiments), with CO, being
measured accurately with relative ease and low cost.

4. Discussion
4.1. CO; and Health

When considering the individual design of each study, and using that to determine
our level of certainty in the results, alongside the conflicting results in research, overall, it
is not possible to say with confidence what, if any, of the potential health effects associated
with low-level (<5000 ppm) exposure to CO, indoors may be.



Environments 2021, 8, 125

12 of 25

Although it is difficult to understand with confidence what the health outcomes of
exposure to low levels of CO; may be, there were physiological changes reported in both
human and animal studies.

Human exposures to <5000 ppm CO, were associated with allostatic load on the
neuroendocrine system [79] and increases in 8-OHdG, pH and bicarbonate in urine [80,81].
Associations were also found with changes in heart rate [58,59,74], increases in peripheral
blood circulation, increased transcutaneously assessed pCO, in blood and elevated CO,
concentrations in tissues [58]. Finally, increases in the partial pressure of CO; in the
lungs [3], increases in salivary a«-amylase (a stress biomarker) [59] and elevated cortisol
levels in children susceptible to CO;-induced panic attacks [82] were associated with
CO;, exposures.

There is some evidence of effects in laboratory animals exposed to CO, ranging from
700-5000 ppm. Effects reported include inflammation [84,85], stress responses, kidney
calcification [89] and impaired spatial learning and memory [89]. In studies with a post-
exposure recovery period, in normal CO, conditions, all changes resolved [85,89]. Some of
the effects reported in these studies are at a cellular level, with no observable impact on
the overall health of the animal. Each study varies considerably in study design including
the endpoints investigated, animal model used, number of animals, exposure duration
and source of CO;. Animal laboratory test environments can more easily control for
confounding factors such as temperature, ventilation, light, noise, humidity and other
air pollutants. However, these environments are not typically representative of human
indoor environments such as schools and offices. Overall, it is not possible to draw any
definitive conclusions on the potential health effects of exposure to CO, (<5000 ppm) from
the animal data identified.

There is some evidence from epidemiological studies to suggest that exposure to
<5000 ppm CO, is associated with reduced cognitive performance and sick building
syndrome. However, some results are conflicting and when confounding factors are
unaccounted for, as is the case for many of the non-laboratory investigations, it is very
difficult to understand with confidence which of several factors may have been responsible
for the reported health effects. For example, the temperature may have an effect on
performance in standardised tests [40,43] and relative humidity can cause respiratory
effects which resemble SBS [93]. In cognitive performance studies, the choice of cognitive
function test may influence the study outcome as there are several different tests that
assess different aspects of brain function. For example, Du et al. [15] found that in studies
where pure CO; was added to the environment, effects on high-level decision-making
performance were only reported when the Strategic Management Simulation (SMS) battery
of tests was used. Finally, because CO, and other human bio-effluents are linked to a
great degree, it is often difficult for researchers to differentiate between the health effects of
exposures to each of these components individually.

In laboratory-based studies, it is often easier to control for confounding factors such
as temperature, humidity, noise, ventilation, lighting and indoor air pollutants. However,
laboratory-based investigations often perform multiple exposures to differing concentra-
tions of CO, over a single day. This can potentially cause cross-over effects which makes it
difficult to assess which health outcomes can be associated with which individual expo-
sures. Some laboratory-based studies controlled well for a variety of confounding factors
but had multiple participants occupying the test environment at the same time. Because
humans produce a range of bio-effluents other than CO,, which can potentially cause
physiological effects [59], these will act as an additional confounding factor that needs to
be controlled for.
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4.2. Improving Study Design

There were two main types of studies identified by this critical review. Firstly, school
or office-based studies where CO, is measured and health questionnaires are collected
from participants occupying the environments, to determine whether there is a relationship
between CO, and health. Secondly, laboratory or chamber-based studies where participants
are exposed to varying concentrations of CO; in a controlled setting with health outcomes
being measured.

In school or office-based studies, it is important to account for confounding factors.
Ideally, if time and resources are unlimited, temperature, humidity, noise, ventilation,
human bio-effluents, lighting and other indoor air pollutants could be controlled so that
the only variable is CO, concentration. Where heating, ventilation, and air conditioning
(HVAC) systems are available, temperature, humidity and ventilation rates should remain
stable. HVAC systems also often contain MERV- or HEPA-type filters, which can also
help to reduce particulate matter. When confounding factors are not easily controlled,
measurement is an alternative option. If the temperature of a study environment cannot be
controlled, measurements can help to understand the temperature variation, and therefore
whether it is likely to be an important factor affecting health. For example, in some studies
where the temperature could not be controlled, they measured and reported variations
in temperature, and informed decisions can be made as to whether this is a factor likely
to be affecting health or not. Allen et al. [38] | provide an example of where several
confounding factors are carefully reported, making it easier to assess the epidemiological
value of the investigation.

School- or office-based studies will often collect measurements in multiple schools or
offices. When this is the case, it is necessary to consider the duration of the measurements.
In some studies, only 30 min to two hours of CO, measurements were collected in each en-
vironment, and this may not be sufficient to represent the wide range of CO, concentrations
experienced in that environment. The more measurements that can be collected within an
environment, the better the understanding of the full range of CO, concentrations is and
the better this can be linked to health outcomes.

For laboratory-based studies, it is essential to avoid cross-over effects by not having
participants subjected to multiple different exposure conditions over a day. Additionally,
having multiple participants in a single test environment should be carefully considered,
as other human bio-effluents may act as confounding factors.

The studies identified by this review are short-duration studies, ranging from 1 day
to a month. A longer-term study measuring potential health effects and CO, concentra-
tions in a typical indoor working environment, such as a school or office, would give a
better understanding of potential long-term health impacts. The home environment also
needs to be considered, as it is the main working/living environment within the current
pandemic situation.

4.3. CO;, Guideline Concentrations

To summarise the existing CO; concentration guidelines, CO; levels <1000 ppm repre-
sent good or excellent indoor air quality, 1000-1500 ppm represent acceptable or moderate
IAQ and concentrations >1500 ppm represent poor IAQ. These levels appear consistent with
the existing literature, which reports effects starting at as low as 1000 ppm CO; [38,43,44,46].
Two human studies investigating lower concentrations (~400-800 ppm) [66,70] found no
significant correlation with health outcomes. Only one of the 51 papers reviewed reported
significant effects at <1000 ppm [75]. Recent scientific evidence indicates a support of
the initial studies [5,6] in the 1960s, which were used to inform the guidance. However,
we cannot be confident that the health effects informing the guidelines are due solely to
exposure to CO,, due to the limited toxicological / physiological evidence and shortcomings
in study design.
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5. Conclusions

Within the current project, we carried out a systematic literature search to identify
primary research considering the relationship between CO, and health effects. We investi-
gated the grey literature to identify CO, guideline and limit concentrations and assessed
whether they corresponded well with the existing research. This investigation evaluated
the reported health effects of exposure to less than 5000 ppm of CO; and the potential
physiological links between CO, and health effects.

While assessing the study designs of investigations, it was found that many did
not account and control for confounding factors such as temperature, humidity, noise,
ventilation, human bio-effluents, lighting and other indoor air pollutants. Especially in the
case of the home environment used as an office, the ventilation behaviour of the occupants
should be considered. There is little concern surrounding the accuracy of CO, monitoring,
with CO; being measured with relative ease and at low cost.

Although several investigations associated low CO, concentrations (<5000 ppm) with
effects on health, others did not, and given the shortcomings of study design, it is difficult
at present to accurately link CO, exposure below 5000 ppm with any health effects. Given
that CO; is commonly linked with other human bio-effluents, which may have effects on
health [74], it is difficult to say whether CO; itself is directly responsible for the health
effects observed.

In the future, in school- or office-based studies, confounding factors should ideally be
controlled, with CO, being the only variable. If this is not feasible, investigations should
aim to measure and report the variation in confounding factors to allow health scientists
to understand whether these are likely to impact the measured health outcomes or not.
While measuring in a variety of indoor environments, the exposure period is crucial; it is
essential to measure for a long enough duration to fully represent the variability in CO,
concentrations that may be present.

In laboratory-based studies, it is essential to ensure that participants are not exposed
to varying concentrations in a single day, as this can lead to cross-over effects, making the
interpretation of results complex. Finally, it should be carefully considered as to whether
other human bio-effluents will act as confounding factors when multiple participants are
occupying the test environment at once.

Although it is not possible to say with confidence whether CO; alone is responsible for
health effects at low exposures (<5000 ppm) and whether it is itself a pollutant, the existing
guideline CO, concentrations can be indicative of ventilation, human bio-effluent and
indoor air pollution concentrations, and therefore, the current consensus that <1000 ppm,
1000-1500 ppm and >1500 ppm represent good, moderate and poor indoor air quality,
respectively, seems appropriate.
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Appendix A

Table A1. Search strings used for the literature review.

# Database

Search Term

1 EMBASE

(((COy OR “carbon dioxide”).ti,ab OR “CARBON DIOXIDE” /) AND ((effect * OR symptom * OR
health OR impact).ti,ab OR (headache * OR migrain *).ti,ab OR (sleep * OR drows * OR tired * OR
fatigue * OR exhaust *).ti,ab OR (respirat * OR asthma * OR breath *).ti,ab OR (lung OAD]1 (function *
OR behavio?r)).ti,ab OR (attendance OR absence *).ti,ab OR (neurodevelopmental OR neurolog * OR
cognit * OR neurobehavioral OR neurophysiological).ti,ab OR (performance OR “decision making” OR
concentrat * OR confusion).ti,ab OR (dizz * OR disorient *).ti,ab OR (hypercapnia).ti,ab OR
(cardiovascular OR heartbeat OR arrhythmia OR “heart rate”).ti,ab OR (depress * OR paranoi * OR
anxiety OR anxious OR “panic attack *”).ti,ab OR (physiolog * ADJ1 (response OR change *)).ti,ab OR
(blood OAD]J1 (pressure OR circulation)).ti,ab OR (muscle * ADJ1 twitch *).ti,ab OR (skin AD]J3 flush
*).ti,ab OR (development * OR “nervous system” OR inflam * OR consciousness OR seizure).ti,ab))
AND (indoor OR building * OR workplace * OR (work ADJ1 environment *) OR office * OR occupation
* OR profession * OR home * OR house * OR accommodation OR residen * OR dwell * OR tenant * OR
nurser * OR (“day care” ADJ1 (centre * OR center *)) OR school * OR schoolchild * OR classroom * OR
student * OR pupil * OR college * OR universit *).ti

2 Scopus

(TITLE-ABS-KEY (CO; OR “carbon dioxide”)) AND (((ABS (effect * OR symptom * OR health OR
impact)) OR (ABS (headache * OR migrain *)) OR (ABS (sleep * OR drows * OR tired * OR fatigue * OR
exhaust *)) OR (ABS (respirat * OR asthma * OR breath *)) OR (ABS (respirat * OR asthma * OR breath

*)) OR (ABS (lung W/1 (function * OR behavio?r))) OR (ABS (attendance OR absence *)) OR (ABS

(neurodevelopmental OR neurolog * OR cognit * OR neurobehavioral OR neurophysiological)) OR
(ABS (performance OR “decision making” OR concentrat * OR confusion)) OR (ABS (dizz * OR
disorient *))) OR ((ABS (hypercapnia)) OR (ABS (cardiovascular OR heartbeat OR arrhythmia OR
“heart rate”)) OR (ABS (depress * OR paranoi * OR anxiety OR anxious OR “panic attack *”)) OR (ABS
(physiolog * W/1 (response OR change *))) OR (ABS (blood W/1 (pressure OR circulation))) OR (ABS
(muscle * W/1 twitch *)) OR (ABS (skin W/3 flush *)) OR (ABS (development * OR “nervous system”
OR inflam * OR consciousness OR seizure)))) AND ((TITLE (indoor OR building * OR workplace *)) OR
(TITLE (office * OR occupation * OR profession * OR home * OR house * OR accommodation OR
residen * OR dwell * OR tenant * OR nurser *)) OR (TITLE (school * OR schoolchild * OR classroom *
OR student * OR pupil * OR college * OR universit *)) OR (TITLE (work W/1 environment *)) OR
(TITLE (“day care” W/1 (centre * OR center *))))

3 Global Health

TT (CO, OR “carbon dioxide”) OR SU (CO, OR “carbon dioxide”)

4 Global Health

AB (effect * OR symptom * OR health OR impact) OR AB (headache * OR migrain *) OR AB (sleep * OR
drows * OR tired * OR fatigue * OR exhaust *) OR AB (respirat * OR asthma * OR breath *) OR AB (lung
w1 (function * OR behavio?r)) OR AB (attendance OR absence *) OR AB (neurodevelopmental OR
neurolog * OR cognit * OR neurobehavioral OR neurophysiological) OR AB (performance OR “decision
making” OR concentrat * OR confusion) OR AB (dizz * OR disorient *) OR AB hypercapnia OR AB
(cardiovascular OR heartbeat OR arrhythmia OR “heart rate”) OR AB (depress * OR paranoi * OR
anxiety OR anxious OR “panic attack *”)

5 Global Health

AB (physiolog * n1 (response OR change *)) OR AB (blood w1 (pressure OR circulation)) OR AB muscle
*nl twitch * OR AB skin n3 flush * OR AB (development * OR “nervous system” OR inflam * OR
consciousness OR seizure)

6 Global Health

TI (indoor OR building * OR workplace *) OR TI work n1 environment * OR TI (office * OR occupation *

OR profession * OR home * OR house * OR accommodation OR residen * OR dwell * OR tenant * OR

nurser *) OR TI (“day care” n1 (centre * OR center *)) OR TI (school * OR schoolchild * OR classroom *
OR student * OR pupil * OR college * OR universit *)

7 Global Health

4or5

8 Global Health

3and 6and 7
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Table Al. Cont.

# Database Search Term

(((toxic *).ti,ab OR ((adverse OR health) ADJ2 effect *).ti,ab OR (“immune response”).ti,ab OR (“serum
bicarbonate”).ti,ab OR (“end tidal CO,” OR “end-tidal CO,”).ti,ab OR (Acidosis).ti,ab OR ((“acid-base”
OR “acid base”) ADJ1 (disturbance OR alteration)).ti,ab OR (“elevated plasma calcium”).ti,ab OR
(inflammation).ti,ab OR (“vascular damage”).ti,ab OR (adaptive ADJ1 (change OR compensation)).ti,ab
OR (bone ADJ1 (deminerali?ation OR deposition)).ti,ab OR (“kidney calcification”).ti,ab OR
9 Medline (“Oxidative stress”).ti,ab OR (“Reactive oxygen species”).ti,ab OR (“Endothelial dysfunction”).ti,ab OR

((vulnerable OR sensitive) AND population).ti,ab OR (“CO, hypersensitivity”).ti,ab OR (“brain
development”).ti,ab OR (“impaired learning” OR memory).ti,ab OR (elevat * ADJ2 (corticosterone OR
corticosteroid)).ti,ab OR (“growth reduction”).ti,ab OR (“apoptotic activity” AND brain).ti,ab OR
(hypercapnia).ti,ab) AND (*”CARBON DIOXIDE” /OR (“Carbon dioxide” OR CO, OR CO,).ti)) [DT
2000-2020] [Languages English]

Appendix B

Table A2. A summary of primary research associating CO, with cognitive performance effects.

CO; Concentration

Source Health Effects/Comments

(ppm)
Lab: High partial pressure of CO; in arterial blood has no significant effects on
aati cognitive function or alertness.
Bloch-Salisbury, 2000 N/A Low partial pressure of CO, in arterial blood has no significant effects on
cognitive function or alertness.
Hong et al., 2018 >1000 Lab: Statistically significant decreases in task performances observed.
Satish et al., 2012 1000 Lab: Moderate and sta't1§t1cally s'1gn1f1cant reductions were seen for 6 out of
9 markers of decision-making performance relative to 600 ppm.
Lab: Large and statistically significant reductions were seen for 7 out of 9 of
2500 the markers. Two markers, “Focused Activity” and “Information search” did
not seem to be significantly affected by changes in CO, concentration.
Lab: For seven out of nine cognitive function domains, average scores
Allen et al., 2016 945 decreased as CO, concentrations increased. Aggregate cognitive scores
dropped by 15%.
1400 For seven out of nine cognitive function domains, average scores decreased as
CO, concentrations increased. Aggregate cognitive scores dropped by 50%.
Maddalena et al., 2015 1800 Lab: Reduced performances in decision-making tests relative to 900 ppm.
Maula et al,, 2017 540 Lab: Office workers: High ventilation rat? (28.11/s/p). No health symptoms
were found to office workers.
Low ventilation rate (2.311/s/p). Exposure of office workers had a weak
2260 negative effect on performance only in the information retrieval tasks and
slightly increased subjective workload and perceived fatigue. No effects on
health symptoms were found.
Lab: Pilot’s odds of passing a manoeuvre was 1.52 times larger when exposed
Allen etal,, 2019 1500 to 1500 ppm rather than 2500 ppm.
2500 Pilot’s odds of passing a manoeuvre was 1.69 times larger when exposed to

700 ppm rather than 2500 ppm.

Lab: 31 volunteers; experiment of <60 min; reported no significant association
between CO, concentrations, cognitive performance, academic attainment and
Snow et al., 2019 830, 2700 quality of work produced. The addition of CO, may have influenced aspects
of cognitive performance only after certain periods. There was absence of clear
physiological drivers.

Lab: 2.5 h exposure to artificially raised CO, up to 5000 ppm compared to
Zhang et al., 2016 500, 5000 500 ppm did not cause any significant change in perceived air quality, acute
health symptoms or the performance of tasks (typical office work).
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Source

CO; Concentration

(ppm)

Health Effects/Comments

Zhang et al., 2017

1000, 3000

Lab: 25 subjects were exposed for 255 min to each condition. Subjective
ratings, physiological responses and cognitive performance were measured.
No statistically significant effects on perceived air quality, acute health
symptoms or cognitive performance were seen during exposures when CO,
was added. Exposures to bio-effluents with CO, at 3000 ppm reduced
perceived air quality; increased the intensity of reported headache, fatigue,
sleepiness, and difficulty in thinking clearly; and reduced speed of addition,
the response time in a redirection task,
and the number of correct links made in the cue-utilization test. This suggests
that moderate concentrations of bio-effluents, but not pure CO,, will result in
deleterious effects on occupants during typical indoor exposures.

Zhang et al., 2020

1500, 3500, 5000

Lab: For the subjective mental workload, there were no significant differences
at different CO; conditions. The MATB (Multi-attribute Task Battery) task
performance declined significantly when the CO, concentration increased

from 1500 ppm to 3500 ppm, but there was no significant difference between

3500 ppm and 5000 ppm, or 1500 ppm and 5000 ppm.

Kajtar and Herczeg, 2012

4000

Lab: Participants struggled with maintaining concentration over the 2-3 h
period, reporting high scores on the tiredness scales and showing decreased
mental performance.

5000

Subjects perceived the environment as more unpleasant and exhausting. At
5000 ppm, a small but significant increase in diastolic blood pressure was
observed. At 5000 ppm, the majority of subjects experienced greater
respiratory frequency and volumes. This indicates that although the work
output and quality was not significantly affected by CO, concentration, more
mental effort was required at higher CO, concentrations.

Luetal., 2015 Increase of 100 Office workers: Not significantly associated with difficulties in concentrating
Office workers: Associated with an elevated CO; level in transcutaneously
- assessed pCO; in blood circulation, elevated CO, concentrations in tissues,
Vehvildinen et al.,, 2016 700-4000 changes in heart rate variation and an increase in peripheral blood circulation.
This may be associated with reductions in functional ability.
600-5000 Amount and quality of work produced by subjects was not significantly
impacted by the degree of CO, concentration.
. School children: time-weighted CO, average was significantly associated with
Gaihre etal., 2014 1000 decreased attendance but was not associated with academic attainments.
Increase of 100 Significantly associated with a reduced annual attendance of 0.2%.
Petersen et al.. 2016 1500 School children: Associated with decreased numbers of correct answers and
7 increased numbers of errors in four performance tests compared to 900 ppm.
Madureira et al., 2009 500-1700 School children: Associated with concentration difficulties.
. School children: Statistically significant decrease in accuracy in performance in
Riham Jaber et al., 2017 1000 all tasks relative to 600 ppm (5.3% errors).
1800 Statistically significant decrease in accuracy in performance in all tasks relative
to 600 ppm (12.16% errors).
School children: No significant effect on participants concentration
Twardella ot al.. 2012 2115 performance or amount of work completed compared to 1045 ppm. However,
v a significant increase in the total number of errors was observed
1.65 (95% CI 0.42-2.87).
Ferreira and Cardoso, ~900-2500 School children: Lack of concentration significantly correlated with CO,
2014 concentrations.
Coley et al., 2007 2900 School children: Statistically significant decrease in power of attention of

approximately 5% relative to 690 ppm.
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Source

CO; Concentration

Health Effects/Comments

(ppm)
Hutter et al., 2013 350-3000 School children: Significantly decreased cognitive performance observed.
Dorizas et al., 2015 N/A School chlldre.n: 17 Jo increase in 1r}door CO, associated w1t0h a statistically
significant reduction in test performance of 16%.
School children: 1000 ppm increase above the outdoor concentration was
Shendell et al.. 2004 Increase of associated with a 0.5-0.9% decrease in annual average daily attendance (ADA)
v 1000 dCO, of students, corresponding to a relative 10-20% increase in student absence.
Annual ADA was 2% higher in traditional than in portable classrooms.
Kolarik et al., 2016 Increase of School children: Associated with a 2% increase in sick leave

100 dCO,

(not statistically significant).

Table A3. A summary of primary research associating CO, with respiratory system effects.

Source

CO; Concentration
(ppm)

Health Effect

Shriram et al., 2019

2000

Lab: Statistically significant reduction in forced expiratory volume and forced
vital capacity relative to 1000 ppm.

3000

Statistically significant reduction in forced expiratory volume and forced vital
capacity relative to 1000 ppm.
A predicted increase in the partial pressure of CO; in the lungs of 3 mm Hg
and a decrease in the partial pressure of O2 of 7 mm Hg. This did not cause a
significant reduction in oxygen saturation content in the blood.

Mendell et al., 2015

400-800

Office workers: Not significantly associated with respiratory illnesses and
respiratory-illness-related absences, building-related symptoms and
dissatisfaction with indoor air quality and odours. However, this may be due
to relatively high ventilation rates and low CO, concentrations.

Mohd et al., 2015

579-784

School children: Not significantly associated with decreased lung function
or wheezing.

Simoni et al., 2010

>1000
Increase of 100

School children: Significantly associated with dry cough (OR 2.99, 95% CI
1.65-5.44) and rhinitis (OR 2.07, 95% CI 1.14-3.73).
Significantly associated with dry cough (OR 1.06, 95% CI 1.00-1.13) and
rhinitis (OR 1.06, 95% CI 1.00- 1.11).

Schools: Significantly associated with asthma and need for asthma medication

Mi et al., 2006 500-1900 as well as daytime breathlessness. Not significantly associated with wheezing
or nocturnal breathlessness.
School children: Statistically significant association with exercise-induced
Fraga etal., 2008 >2100 wheeze (OR = 1.86 (95%CI:1.20-2.89)) and night cough (OR = 1.40 (4.20-2.89))
Ferrelraza(l)rij gardoso, 984-2942 School children: Decreased spirometry values.
. School children: Significantly associated with wheeze (OR = 1.03 (1.001-1.06)),
Kim etal,, 2011 900-4000 but not with doctor diagnosed asthma (OR = 1.01 (0.97-1.04)).
Madureira et al., 2015 800-3000 School ch11c.1ren: No clear relationship ‘Petween CO, concer}tratlon and
wheezing, nasal allergy, cough episodes or phlegm episodes.
Sa et al., 2019 1700—-4000 School children: No significant association with wheezing.
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Table A4. A summary of primary research associating CO, with neurological symptoms and irritation of the upper

airway system.

CO, Concentration

Health Effect

Home: Significantly associated with nocturnal chest tightness.

Office workers: CO, concentrations had no significant effect on a variety of
health outcomes.

Office: Compared with workers exposed to CO, concentrations of less than
500 ppm, office workers exposed to CO, concentrations of >800 ppm were
more likely to report SBS symptoms: “eye irritation” and “upper respiratory
symptoms”, and more specifically, “tired or strained eyes”, “dry, itching, or
irritated eyes” and “difficulty in remembering things or in concentrating”.
Headache was marginally increased at CO; levels >800 ppm.

Female workers were more likely to report SBS than male workers, and more
specifically “eye irritation”, “nonspecific symptoms”, “higher respiratory
symptoms” and “skin irritation”. Workers with a history of allergies tended to
report more “eye irritation,” “nonspecific symptoms” and “lower
respiratory symptoms”.

Office workers: After controlling for personal and environmental variables,
per 100 ppm increase in dCO, had significant associations with dry throat,
tiredness, dizziness and non-specific syndrome, but had a protective
association with eye irritation.

Office workers: Covariate-adjusted odds ratios per 100 ppm increases in dCO,
were statistically significant for dry eyes, sore throat, nose/sinus, sneeze and
wheeze symptoms and ranged from 1.1 to 1.2.

School teachers: Non-significantly associated with increased reporting of
neuro-physiological (i.e., headache, fatigue, difficulty
concentrating) symptoms.

Children in daycare centres.

Phase I: exposure of 3186 children (mean age 3.1 & 1.5 years) to indoor CO,
concentration was associated with reported wheezing in the past 12 months
(27.5%) (adjusted odds ratio (OR) for each increase of 200 ppm.

Phase I: the association in the subsample of 1196 children seen in 19 out of the
initial 45 DCCs was not significant.

Schoolchildren: Significantly related to neurological symptoms (headaches,
fatigue, malaise) and dissatisfaction with perceived IAQ.
Subjective air quality perception was significantly related to indoor
environmental conditions such as temperature and CO, levels, higher
concentrations of airborne dust (PM10), exposure to microbial parameters,
such as Penicillium spp./Aspergillus spp., cat allergen (Der f 1), and
Streptomyces spp. and exposure to high VOC levels, such as formaldehyde
and limonene.

Prevalence of dermal and mucosal symptoms, often associated with SBS
symptoms, were slightly higher in an urban school, while eczema prevalence
was slightly higher in a suburban school.

Source
(ppm)
Norback et al., 1995 850 and 1020
Hill et al., 1992 <600
Tsai et al., 2015 >800
Luetal., 2015 467 to 2800
dCO, (difference
Erdmann and Apte, 2004 be’Fween /0 COy)
increased per
100 ppm
Muscatiello et al., 2015 >1000
Carreiro-Martins et al., Median 1440
2014 (1085-1970)
Lo Average: 764-1206
Chatzidiakou et al., 2014 Max: 2061
Jurado et al., 2014 ~1400

Schools: Statistically significant associations with eye irritation, nasal irritation,
throat irritation, headaches, difficulties in concentration and fatigue.

Variable, depending
on ventilation
Norback and Nordstrom, Reduced air flow:

University room temperatures and CO; levels were positively associated with
different types of SBS symptoms. After mutual adjustment, independent
effects of room temperature could be demonstrated, while the associations
between CO; levels and symptoms were reduced and mostly no longer
statistically significant. Headache and tiredness were most prevalent; mucous
membrane symptoms were less prevalent.

2008 1030 to 1170
Increased air flow:
1200 to 920
Kim et al., 2011 900-4000

Not significantly associated with headaches (OR 1.00, 95% CI 0.97-1.02) or
tiredness (OR 1.01, 95% CI 1.00-1.03)
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Table A5. A summary of primary research associating CO, with human physiological responses.

CO; Concentration

Health Effect
(ppm)

Source

Lab: Statistically significant reduction in forced expiratory volume and forced
vital capacity relative to 1000 ppm.
Statistically significant reduction in forced expiratory volume and forced vital
capacity relative to 1000 ppm.
A predicted increase in the partial pressure of CO; in the lungs of 3 mm Hg
and a decrease in the partial pressure of O2 of 7 mm Hg. This did not cause a
significant reduction in oxygen saturation content in the blood.

2000

Shriram et al., 2019 3000

Lab: Exposure to 3000 ppm and bio-effluents, by restricting ventilation,
significantly increased diastolic blood pressure and salivary x-amylase
(biomarker of stress) levels compared to 500 ppm. They only found
associations with ETCO,.

Zhang, Wargocki and

Lian [74] 500, 3000

Lab: Compared to CO, at 500 ppm, 2.5 h exposures to artificially raised CO,
up to 5000 ppm increased ETCO; slightly more. No other significant changes
were seen in the measured physiological responses that included blood
pressure, respiration rate and stress biomarkers.

Zhang et al. (2016) 500, 5000

Office: Associated with higher levels of 8-OHdG in urine. Higher levels of
Luetal., 2007 a ~400-1500 8-OHdG in urine were significantly associated with eye dryness, nose itching,
sneezing, dry throat, skin dryness and dizziness.

Office workers: Associated with an elevated CO; level in transcutaneously
assessed pCO; in blood circulation, elevated CO, concentrations in tissues,

hvilai 1,201 7004 . L : . . . .
Vehvildinen et al.,, 2016 00-4000 changes in heart rate variation and an increase in peripheral blood circulation,
through changes in ventilation rate.
Office: CO, concentrations, the difference in concentration between indoor
and outdoor and the ratio of indoor and outdoor CO, concentrations had a
Jung et al., 2014 N/A statistically significant association with allostatic load on the neuroendocrine

system, with allostatic load on the neuroendocrine system being hypothesised
to be related to increased incidence of sick building syndrome. This may
provide a mechanism by with CO, is related to sick building syndrome.

Office workers: Participants who perceived a lack of air movement would
report on average 67% more symptoms each day. The 1000 ppm increase was
MacNaughton et al., 2016 Increase of 1000 associated with a 43% increase in reported symptoms per person per day and
a 2.3bpm statistically significant increase in heart rate, after accounting for
potential confounding factors.

Tomoda et al., 1995 700-1500 School: Associated with increases in urinary pH and bicarbonate levels

Table A6. A summary of primary research associating CO, with animal physiological responses.

Animal Physiological Responses

CO; Concentration

Source Animal Health Effect
(ppm)
Martrette et al., 700 Young female rats Lethargy, 1r.1c.reased groommg and drmkmg, changes in muscle
2017 composition and increased plasma corticosterone levels.
At 1000 and 3000 ppm increased anxiety behaviour, structural
Kiray et al., 2014 1000 and 3000 Postnatal rats changes in the brain, elevated corticosterone levels and reduced

insulin-like growth factor 1 levels in the blood and brain. At
3000 ppm spatial learning and memory impaired

Increase in plasma calcium and kidney calcium content. All
5000 Guinea pigs values returned to control levels following an 8-week
recovery period

Schaefer et al.,
1979
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Table A6. Cont.

Animal Physiological Responses

CO; Concentration

Source Animal Health Effect
(ppm)
Increased expression of inflammatory marker ICAM-1
Schneberger et al., 5000 Mice (intercellular adhesion molecule 1). Co-exposure to CO, and

2017 hog barn dust resulted in a dose-dependent increase in
expression of other pro-inflammatory markers

Ex vivo—human At 1000-4000 ppm, increased human and murine neutrophil
Thom et al., 2017 1000, 2000 and 4000 and murine production of microparticles that contain high levels
neutrophils of Interleukin-13

Thom et al., 2017 1000, 2000 and 4000 Mice

At 20004000 ppm, increased neutrophil production of
microparticles that contain high levels of Interleukin-1p3. Signs
of inflammatory vascular damage in various tissues which
resolved 13 h post exposure

Wade et al., 2000 3000 Rat

At 3000 ppm, decreases in food intake, increased total body
sodium and reduced adrenal mass
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