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Abstract
Over the last decade, indoor air quality research has indicated that carbon dioxide
levels might negatively impact aspects of cognitive functioning, such as decision-making and
information processing, also at levels that are commonly present indoors. At the same time,
research has addressed the effects of carbon dioxide on human physiology, in order to
improve our understanding on how indoor carbon dioxide levels might affect well-being and
health. While clear indications of those effects have previously been found, inconsistencies
among findings across studies are also present. However, few research has structurally
addressed and investigated these inconsistencies in relation to the study-paradigms. A
quantification of the findings from previous studies is lacking and could potentially provide a
more precise estimate of the effects and, at the same time, could aid in explaining and
understanding the existing discrepancies among findings of studies within the field. The
current study conducted a meta-analysis regarding literature on the effects of indoor carbon
dioxide levels on human physiology and cognitive performance. An online search among
multiple databases was conducted and 1338 records were retrieved, of which the full texts of
32 studies were reviewed. Sixteen studies were included in the qualitative description of
which eight studies were included in the quantitative analysis. Effect sizes were calculated
and multiple forest plots were created, based on physiological indicators and cognitive
functioning domains that were most frequently present among the retrieved set of articles. The
results indicated a significant, positive association between indoor CO2 levels and heart rate,
while other physiological markers showed no statistically significant changes. No significant
effects of CO2 on cognitive performance were observed, although the results indicated trends
of improved attention and, to a lesser extent, of decreased executive functioning and working
memory. A significant limitation was the small amount of studies that were available to
appropriately include in the quantitative analysis. However, the current study provides an
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overview on the quantitative data regarding the effects of CO2 on cognitive performance and
physiology.
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Introduction
Since the 1970s, non-industrial buildings have been designed to be more energy
efficient and airtight, which has been accompanied by an increase in reports of headache,
fatigue and other health related symptoms among its occupants (Redlich, Sparer & Cullen,
1997). Since then, additional attention has been drawn to the relationship between indoor air
quality (IAQ) parameters and health related outcomes (Jones, 1999). Nowadays we spend an
increasing amount of time indoors and levels of indoor air pollutants may rise quickly as a
result of space heating and insufficient air ventilation, compared to outdoor levels. (World
Health Organization, 2010).Very recently, research on the COVID-19 transmission in indoor
environments has reinitiated the general interest towards the air we breathe in indoor
environments and has indicated that proper ventilation of spaces leads to a significantly lower
transmission risk of the virus (Somsen, van Rijn, Kooij, Bem & Bonn, 2020). Both these
trends indicate the importance and relevance of improving our understanding on how the
indoor air quality affects human health and well-being, in order to safeguard and optimize
healthy working conditions.
Over the last decade, research has specifically addressed carbon dioxide (CO2) as an
important IAQ parameter that could negatively impact the quality of working conditions. CO2
is a gas that is naturally present in the atmosphere and typical outside concentrations vary
between 380 and 500 parts per million (ppm) (Persily & De Jonge, 2017; Patel et al., 2020).
Indoors, these levels can rise to several thousand ppm as a result of human respiration and the
operational ventilation systems in buildings (Fehlmann & Wanner, 1993). Previously, indoor
CO2 levels were merely used as an indicator of airborne pollutants, such as volatile organic
compounds (VOC’s) and human bio-effluents, in order to obtain an estimation of the overall
indoor air quality (Persily & De Jonge, 2017) and to adjust ventilation rates accordingly
(Mudarri, 1997; Prill, 2000). However, findings of recent studies indicate that CO2 as a
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substance itself might negatively influence aspects of cognitive functioning, such as decisionmaking and problem solving abilities (Kajtar, Herczeg, Lang, Hrustinszky & Banhidi, 2006;
Satish et al., 2012; Allen et al., 2016). Also, these adverse effects on cognitive performance
were found at CO2 levels in the range of 1000 ppm to 4000 ppm, which reflect levels that are
commonly present indoors. This implies that, besides human bio-effluents and VOC’s, CO2
itself could be regarded as a significant indoor air polluter. Also, as decreased cognitive
performance can adversely impact productivity, learning and safety, this could have direct
implications for general well-being among indoor working environments.
At the same time, researchers have addressed the effects of elevations of indoor CO2
levels on physiological responses, as these might provide insights to the adverse effects on
cognitive performance and could potentially underly or moderate the effects of CO2 on
cognitive performance (MacNaughton et al., 2016; Vehviläinen et al., 2016; Zhang, Wargocki
& Lian, 2017b; Snow et al., 2019). Accordingly, physiological mechanisms have been
proposed that indicate increased arousal levels (Kim, Kong, Hong, Jeong & Lee, 2018) and
increased stress responses (Zhang et al., 2017b), as a result of accumulation of CO2 in the
body during exposure to elevated CO2 levels (Patel et al., 2020). However, these mechanisms
remain hypothetical and unclear, as many studies were not able to explain all found results
according to these mechanisms or did not incorporate various measures of physiological
indicators that relate to the same physiological mechanism.
As clear indications exist that elevated indoor CO2 levels can negatively impact
cognitive performance and affect physiological indicators, the degree to which findings are
consistent across studies is much less prevalent. A recent review by Azuma, Kagi, Yanagi and
Osawa (2018) elaborated on this by summarizing the effects of exposure to realistic indoor
CO2 levels on psychomotor performance and health-related symptoms. Based on evidence of
99 empirical studies, they reported a positive relationship between CO2 and cardiovascular
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systems and a negative association between aspects of cognitive performance (decisionmaking, problem resolution and speed of addition) and short-term exposure to CO2 levels
1000 ppm (Azuma et al., 2018). The authors reflected on the presence of other pollutants and
variation of subject characteristics and concluded that these might provide an explanation to
the inconsistency among findings of individual studies. Another review by Fisk,
Wargocki and Zhang (2019) summarized the findings of ten recent empirical studies and
additionally reported the significance levels of these findings, categorized by CO2 level. The
authors concluded that evidence a) remains inconsistent regarding the effects of moderate
elevations of CO2 on cognitive performance and b) is very limited in terms of physiological
outcomes, especially regarding elevated CO2 levels below 5000 ppm, with the exception of
heart rate and end-tidal CO2 (Fisk et al., 2019).
To summarize, indications of an effect of CO2 on physiological arousal levels and
cognitive performance exist. However, inconsistencies remain present among findings
between study paradigms and research that explicitly and structurally addresses the
inconsistencies among research findings and study paradigms is very limited. Quantifying the
results from previous studies could aid in understanding and explaining these consistencies
and inconsistencies and would be a valuable addition to the descriptive approaches taken by
previous literature overviews within this field of research. Therefore, the aim of the current
study is to systematically review and quantify the findings of earlier experimental studies
regarding the effects of realistic indoor CO2 levels on cognitive performance and
physiological arousal. The research question investigated within the current study is: what are
the effects of realistic indoor CO2 levels on cognitive performance and physiological arousal
among healthy individuals in indoor environments? Moreover, this work will critically reflect
on the reported findings in relation to the study paradigms.
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Methods
To structure the systematic literature search, the PICO framework was utilized. This
strategy was implemented to define search criteria based on the research question in a
systematic manner, by specifying the types of participants, interventions, comparisons and
outcomes of interest (Schardt et al., 2007). As the current study focused on realistic indoor
environments, CO2 levels in the range of 1000 - 3000 ppm were considered to be a suitable
scope for the intervention criterium. In order to investigate the effect of CO2 levels, a
reference condition or a specific referral to baseline indoor CO2 levels should be explicitly
addressed within the same study. The specified outcomes, investigated on the interventional
level as well as the comparison (baseline) level, should incorporate either an objective
physiological measure, a measure of cognitive task performance or both. An overview of
these specifications is provided in Table 1.
Table 1
Specification of the PICO framework

P

Participant

Healthy individuals (non-patients), both male & female, all
nationalities.

I

Intervention

Elevated indoor CO2 levels, within the range of 1000 ppm - 3000 ppm.

C

Comparison

A reference condition (approximately 500 ppm – 800 ppm) or a
comparable, study-specific control condition.

O

Outcome

At least one objective measure of physiological arousal or cognitive
task performance.

Database sources and searches
A systematic database search was conducted between April and June 2020 in order to
find research articles related to indoor CO2 levels and cognitive performance and/or
physiological arousal in healthy people. The search was conducted among the online
databases of PubMed, ScienceDirect, Wiley and Taylor & Francis. In addition to that, back
and forward referencing was employed in order to search for additional research articles that
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were not retrieved by the database search but met the scope of the current review and metaanalyses.
Due to the focus on the effect of CO2 on both cognitive performance and physiological
arousal, two separate database searches were conducted in each of the online databases. One
of the searches was specified towards articles that were related to elevated indoor CO2 levels
and cognitive performance, while the second search targeted articles that were related to
elevated indoor CO2 levels and physiological markers. The separate database searches were
conducted by using two sets of search terms: one regarding the effects of CO2 and cognitive
performance and one regarding CO2 and physiological responses. For articles regarding the
relation between indoor CO2 levels and cognitive performance, the databases were
consistently searched for “indoor” AND “office” AND (“carbon dioxide” OR “CO2”) AND
(“human response” OR “participants”) AND (“cognitive performance” OR “mental work”
OR “cognition” OR “mental performance” OR “cognitive functioning”). For articles
regarding indoor CO2 levels and physiological markers, the databases were searched for
“indoor” AND “office” AND (“carbon dioxide” OR “CO2”) AND (“human response” OR
“participants”) AND (“physiology” OR “physiological response” OR “heart rate” OR
“respirat*”). Notably, the use of the asterisk (*) enabled the retrieval of different keywords
that start with “respirat”, such as “respiration” and “respiratory” by the database.
Study selection
The results of the database search were collected and stored in Mendeley, by saving
them to a custom library using the web browser extension for Google Chrome. The software
identified duplicate articles, which were manually checked and removed accordingly. The
remaining articles were screened on their titles and abstracts to assess on whether they were
relevant to include in the current study.
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Specific criteria were defined that would determine whether an article would be
included in the review and quantitative analysis. As previously stated, at least one measure of
cognitive task performance or physiological arousal should be studied in relation to CO2
levels. Therefore, studies were excluded in case only CO2 was investigated – without a
physiological or cognitive component – or in case these components were investigated in
relation to other indoor air quality parameters only, without mentioning CO2 levels explicitly.
Furthermore, records were excluded if the article was of any other type then a research article
(reviews, conference papers, books) or investigated the effects of CO2 on non-humans such as
plants or animals. As mentioned earlier, studies in which subjects were exposed to indoor CO2
levels up to 3000 ppm were included as these would be representative for realistic indoor CO2
levels. More specifically, inclusion would still yield if multiple experimental conditions were
reported of which at least one of them investigated CO2 levels below 3000 ppm, next to a
baseline or control condition. Additionally, exclusion would follow in case the effects of CO2
were investigated in combination with medical treatments and/or physical exercise, only
subjective outcomes were reported or when other IAQ parameters such as temperature were
deliberately raised or manipulated next to CO2 levels.
Data extraction
Of the included articles, all relevant study-characteristics were summarized into a
table. These entailed the operational study design, CO2 levels, exposure duration, conducted
measurements (both physiology & cognitive performance) and a descriptive summary of the
main findings. In case any of these characteristics could not be explicitly extracted from the
studies this would be indicated by an empty field. Additionally, each study was briefly
elaborated on in terms of its strengths, limitations in relation to the overall contributive value
to the context of the current study.
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Next, the studies from the qualitative description were assessed on whether the
required data was reported appropriately and therefore could be included in the quantitative
analysis. This was not always the case, as several studies only reported graphical data (of
which the exact values could not correctly be estimated), only reported outcomes on selected
measures or used a rather complex study design of which the data - although reported – could
not be interpreted accurately in relation to the used CO2 levels. If the article did not provide
numerical data regarding mean values and standard deviation (SD) or standard error (SE) for
each of the operational conditions, the authors were contacted and requested to provide the
data for the variables of interest. Of the in total seven requests that were sent, one author
responded and indicated that the data could not be shared as it was not stored at the
granularity required for the quantitative analysis. Next to that, observational and field studies,
in which CO2 levels were monitored but not deliberately modified, were excluded for the
quantitative analysis. These studies provided insights to the association between indoor CO2
levels and cognitive performance and/or physiological responses, however the reported effects
could not be directly attributed to the variation of CO2 alone.
Quantitative analysis
For the quantitative analysis, effect sizes of the individual studies were calculated,
categorized by physiological parameter and cognitive performance domains. The quantitative
analysis of cognitive performance was subdivided by separate analyses for the cognitive
domains of (1) executive functioning, (2) working memory and (3) attention. Cognitive
performance measures were included only if the author explicitly stated that the specific
measure could be attributed to one of these cognitive domains. For studies that used the SMStest, which consisted of a multiple measures that each related to different cognitive domains,
one measure was selected that specifically addressed one of the three cognitive domains only.
For executive functioning the selected SMS-test measure was “basic activity level”, for
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working memory the selected measure was “information usage” and for attention the measure
was “focused activity” (Streufert et al., 1988). If at least two of the included studies reported
data (appropriately) on the same physiological parameter or performance measure, the
standardized mean differences (SMD) were calculated accordingly and the adjusted Hedges’ g
was selected as a measure of effect size (Deeks et al., 2019)2019). In case data was reported
for two or more experimental conditions, we selected the two CO2 conditions (control &
experimental) that would be similar to the conditions of the other included study/studies for
that specific physiological indicator or cognitive performance measure. This selection
procedure was also conducted for the reported data format and exposure durations, in terms of
optimizing comparability between findings. The values of the SMD’s were calculated for the
mean values (and variation) of the operational experimental condition and the baseline or
reference condition. These calculation were carried out manually, according to the guidelines
reported in the handbook Introduction to Meta-Analysis (Borenstein, Hedges, Higgins &
Rothstein, 2011). Accordingly, the pre-calculated effect sizes were processed in R using the
meta package to create the forest plots (Schwarzer et al.2015).
Results
Study selection for physiological responses
A total of 1002 records in the search for papers on CO2 and physiology were retrieved,
of which 978 were obtained through the database search and an additional 24 through backand forward reference searching. After the removal of duplicate items (153), 849 records
remained that were individually screened and assessed based on the title and abstract. 834
articles, of which the title and/or abstract was in line with at least one of the exclusion criteria,
were excluded from the analysis. Next, a full-text review was conducted among the remaining
15 articles which resulted in additional exclusion of seven articles. In total, eight articles were
included in the qualitative description of which four investigated the effects of CO2 on
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physiology only and the remaining four included articles reported effects of CO2 on both
physiological markers and (aspects of) cognitive functioning. Four studies were identified that
could not be included in the quantitative analysis, as no data was reported for calculating an
effect size or as the employed study design consisted of an observational/field study – in
which CO2 levels were monitored but not manipulated. Figure 1 displays the selection
procedure, according to the structure of the PRISMA flowchart diagram (Moher et al., 2009).
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Figure 1
Flowchart diagram of the systematic selection of research articles regarding the relationship between CO2 and physiological
responses.
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Study selection for cognitive performance.
A similar selection procedure was conducted for articles on the effects of carbon
dioxide and cognitive performance. The database search resulted in 360 retrieved records and
the use of back- and forward referencing resulted in 26 additional records. After the removal
of 49 duplicates, the remaining 337 records were individually screened on their titles and
abstracts. In total, 319 articles were excluded, leaving a total of 18 studies that were assessed
for eligibility and inclusion by reading the full-text of these records. If a study would align
with at least one of the previously set exclusion criteria, the record would be excluded.
Accordingly, six studies were excluded and the remaining 12 studies, of which eight
investigated cognitive effects only and four investigated both cognitive and physiological
effects, were deemed suitable for inclusion in the qualitative description. Five out of the
twelve identified records were excluded for the quantitative analysis due to the absence of
required statistics or use of inappropriate study design. The full selection procedure regarding
effects of CO2 on cognitive performance is depicted in Figure 2.
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Figure 2
Flowchart diagram of the systematic selection of research articles regarding the relationship between CO2 and cognitive
performance.

17
In summary, the total amount of identified records concluded 20 studies as outcomes
of both selection procedures. Four duplicates were removed and 16 articles were included in
the qualitative review. Of those 16, four investigated physiological effects of CO2, four
studies investigated both physiological and cognitive effects of CO2 and eight articles
investigated cognitive effects of CO2.
Qualitative description
Study-specific characteristics of the 16 research articles included in the qualitative
analysis were categorized in a table and the strengths and limitations of each study were
briefly commented on. Three tables were created, which can be found under Appendix A. The
studies regarding CO2 and physiology can be found in the table under Appendix A1. The table
with studies that included both cognitive and physiological effects of CO2 is depicted in
Appendix A2. Appendix A3 concludes the table with studies on CO2 and cognitive
performance.
Quantitative analysis
Following the qualitative description, nine studies were included in the quantitative
analysis of which the SMD’s were calculated. Four forest plots were created regarding the
effects of CO2 physiological arousal and three forest plots were constructed for the effects of
CO2 on cognitive performance. Each forest plot represented the previously found effects on a
specific physiological indicator or cognitive performance measure, if at least two out of nine
studies reported data on the exact same measure.
Physiology
Heart rate, systolic blood pressure, diabolic blood pressure and respiration rate were
each found to be represented two times in the data. Zhang et al. (2017b) provided data for all
of these physiological markers, while Snow et al. (2019) reported outcomes for heart rate and
respiration rate only and Kim et al. (2018) reported data regarding both blood pressure
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parameters. The data was categorized by physiological parameter and an overview was
created for extracting comparable pieces of data, which is displayed in Table 2.
Table 2
Data selection overview for studies regarding the effects of CO2 and physiological parameters
Physiological
Parameter

Study

Selected CO2 level

Reported data format

Exposure
duration

Selected data format

Heart rate

Zhang et al. (2017b)

500 / 3000 ppm

Continuous data measured
at different time intervals.

4,25 hours

Average values at 128 minutes
after start of condition.

Snow et al. (2019)

830 / 2700 ppm

Average values per
condition (after exposure).

2 hours

Average values per condition
(after exposure).

Zhang et al. (2017b)

1000 / 3000 ppm

Pre/post values per
condition

4 hours

Post values.

Kim et al. (2015)

990 / 2400 ppm

Average values (after
exposure)

30 minutes

Average values after exposure.

Zhang et al. (2017b)

500 / 3000 ppm

Continuous data measured
at different time intervals.

4,25 hours

Average values at 128 minutes
after start of condition.

Snow et al. (2019)

830 / 2700 ppm

Average values per
condition

2 hours

Average values per condition.

Systolic &
diastolic blood
pressure

Respiration rate

Note. The reported CO2 levels, of which two levels were selected as depicted in the table, can be found in the qualitative
description in Appendix A1 and Appendix A2.

Based on the selected data, effect sizes for the individual studies were calculated. The
step-by-step calculations are denoted in Appendix B - D. The pre-calculated Hegdes’ g and its
standard error were processed in R. Four forest plots were created accordingly, displaying the
reported effects of CO2 on the included physiological arousal parameters, as denoted in Figure
3.
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Figure 3. Forest plots on the effects of CO2 on physiological arousal, categorized by the physiological parameter of heart rate, respiration rate
, systolic blood pressure and diastolic blood pressure.

For each study, the center of the boxes indicate the SMD and the size of the boxes
indicate the weight of the result, in relation to the other studies within the plots. The values
“TE” and “seTE” indicate the pre-calculated Hedges’ g value and its standard error. The
horizontal lines next to the boxes, depict the 95 percent confidence interval. The width of the
confidence intervals provides an indication on the reliability of the finding and is related to
the sample size of the study. For studies that have larger samples, these confidence intervals
typically are smaller and, as a result, are weighted to a larger extent.
The results indicated a significant positive effect of CO2 on heart rate, which is of a
low to moderate magnitude (SMD = .31, CI = [0.04;0.57]), Z = 2.26, p = .024), based on a
total participant pool of 56 subjects. Both blood pressure parameters were not significantly
affected by elevated CO2 levels in the range of 1000 -3000 ppm. Similarly, the effect of CO2
on respiration rate was statistically insignificant. The heterogeneity across studies within all
four plots is not significantly different from zero (with p-values ranging from 0.50 – 0.93) and
therefore implies high between-study homogeneity: the variation among the effect sizes of the
individual studies is very similar.
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Cognitive performance
Four studies were included in the analysis on executive functioning, while the analyses
on working memory and attention included the study by Maula et al. (2017) in addition to
those four studies. In all three plots each individual study addressed a different cognitive
performance task related to that specific cognitive domain, with the exception of studies that
employed the SMS-test. The direction of the calculated effects was checked and adjusted
where necessary, so that a higher score indicated improved performance.
Similar to the analyses on physiology, CO2 conditions (at which the performance
measures were conducted) of individual studies were selected to be comparable to the
conditions used in the other included studies. Table 3 illustrates an overview of the measures
of cognitive performance and the selection of data, categorized by cognitive domain.
Table 3
Data selection overview for studies regarding the effects of CO2 on cognitive performance.
Cognitive domain

Study

Selected CO2 levels (a)

Performance measures of the cognitive
domain

Exposure duration

Executive functioning

Satish et al. (2012)

600 / 2500 ppm

“Basic activity level” (SMS-test)

2.5 hours

Zhang et al. (2017a)

500 / 3000 ppm

Stroop task (% error)

4.25 hours

Scully et al. (2019)

600 / 2500 ppm

“Basic activity level” (SMS-test)

3 hours

Snow et al. (2019)

reference / 2700 ppm

“Executive functioning”

2 hours

Satish et al. (2012)

600 / 2500 ppm

“Information usage” (SMS-test)

2,5 hours

Zhang et al. (2017a)

500 / 3000 ppm

Grammatical reasoning task (total error)

4.25 hours

Maula et al. (2017)

540 / 2260 ppm

Operation span task (accuracy)

4 hours

Scully et al. (2019)

600 / 2500 ppm

“Information usage” (SMS-test)

3 hours

Snow et al. (2019)

reference / 2700 ppm

“Working memory”

2 hours

Satish et al. (2012)

600 / 2500 ppm

“Focused activity” (SMS-test)

2,5 hours

Zhang et al. (2017a)

500 / 3000 ppm

Continuous data measured at different
time intervals.

4.25 hours

Maula et al. (2017)

540 / 2260 ppm

Star counting task (accuracy)

4 hours

Scully et al. (2019)

600 / 2500 ppm

“Focused activity” (SMS-test)

3 hours

Snow et al. (2019)

reference / 2700 ppm

Average values per condition

2 hours

Working memory

Attention

Note.The reported CO2 levels, on which the selected levels, can be found in the qualitative description in Appendix A2 and
Appendix A3.
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The calculations of the effect sizes on the cognitive domains are depicted in Appendix
F to H. Figure 4 indicates displays the three forest plots that were created, regarding the
effects of CO2 on cognitive performance (categorized by cognitive domain).

Figure 1 Forest plots on domains of cognitive performance

Figure 4. Forest plots on the effects of CO2 on cognitive performance, categorized to the cognitive domains of executive functioning, working
memory and attention.

The results in Figure 4 indicate an insignificant negative effect of CO2 on executive
functioning (SMD = -0.65, CI = [-1.49;0.20], Z = -1.49, p = .14), which is, on average, of a
moderate-to-high magnitude, and an insignificant negative effect on working memory (SMD
= -0.31, CI = [-0.88;0.27], Z = -1.04, p = .29), indicating, on average, a small-to-moderate
size. A trend for a positive effect with a small magnitude was observed for attention, which
was insignificant as well (SMD = 0.25, CI = [-0.03;0.53], Z = 1.72, p = .0.09). The results are
based on 99 subjects for executive functioning and 135 subjects for both working memory
and attention. In contrast with the forest plots on physiological parameters, heterogeneity
among the reported effect sizes was found to be very large and highly significant for all three
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cognitive domains. The value of tau2, indicating the between-study variability, was found to
be very large for the effect of CO2 on executive functioning and working memory. The forest
plot of attention indicated a large degree of between-study variability in the reported effects,
although this was found to be slightly smaller compared to the plots of executive functioning
and working memory The effect sizes of all included studies indicated a trend towards
improved attention, although four out of five were statistically insignificant.
Discussion
The aim of the current study was to systematically review the existing literature and
quantify previous results regarding the effects of elevated indoor CO2 levels on cognitive
performance and physiological markers. Database searches were conducted in which a total of
16 studies were identified and subjected to a qualitative review. Of these, nine studies were
found to be eligible for inclusion in the quantitative analysis. Effect sizes regarding the
outcomes of included studies were calculated and displayed through several forest plots,
categorizing these effects by physiological marker and cognitive functioning domain.

Physiological arousal
The results indicated that elevated indoor CO2 levels were overall associated with
significant increases in heart rate among subjects. Looking at the studies individually, the
effect was most prominent for the study by Zhang et al. (2017b) and a similar trend was found
in the study of Snow et al. (2019). It should be noted that the difference in exposure duration
between these studies was relatively large. The study by Snow et al. (2019) reported an
exposure duration of one hour (per condition), while this duration was four hours in the study
by Zhang et al. (2017b). As the effects of CO2 partially depend on duration of exposure (Rice,
2003), this might explain why Snow et al. (2019) found the effect to be slightly smaller
compared to Zhang et al. (2017b).
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The significant increase of heart rate as indicated by the forest plot is in line with
findings of previous studies that were not included in the quantitative analysis. MacNaughton
et al. (2016) estimated a significant increase of heart rate by 2.3 beats per minute when CO2
levels increased by 1000 ppm from reference CO2 levels. Also, Kajtar et. al (2006) found that
heart rate was significantly higher among subject when CO2 levels increased up to 5000 ppm,
compared to ambient levels of 600 ppm, over an exposure duration of four hours. Contrary to
these findings, the study by Vehviläinen et al. (2016) did not find significant changes in heart
rate after four hours of exposure to similar CO2 levels, although the standard deviation
between consecutive heart beats (SDNN component of heart rate variability) increased.
A biological mechanism that might explain the positive relationship between elevated
CO2 levels and heart rate is increased activity of the sympathetic nervous system (SNS).
When the ambient concentration of CO2 increases, the concentration of CO2 in the lungs
increases accordingly (Patel et al., 2020). Once present in the lungs, CO2 diffuses into the
bloodstream and is transported to the cell and organ tissues, contributing to the acidification
of the blood as the excessive amount of dissolved CO2 lowers its pH value (Geers et al., 2000;
Doyle et al., 2018). The partial pressure of CO2 (pCO2) in the cells and tissues rises and
sensitive chemoreceptors in the body quickly respond to the increased pCO2 and lowered pH
value of the blood (Patel et al., 2020). As a result, the SNS is activated to get rid of the excess
amount of CO2 in the body, in order to maintain homeostasis in the body. This sympathetic
activation (SA), when sufficiently present, can lead to an elevation of heart rate, blood
pressure and respiration rate (MacNaughton et al., 2016).
Both the forest plots on respiration rate and blood pressure, however, do not show
significant changes as a result of elevated CO2 levels up to 3000 ppm. If activation of the SNS
would be the underlying mechanism of the observed changes in heart rate, one might expect
that this would result in changes in respiration levels and blood pressure levels as well.
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Previous studies that investigated higher CO2 levels have reported these effects to become
more prevalent at CO2 concentrations above 5000 ppm (Garner et al., 2012; Fisk et al, 2019).
However, according to Zhang et al. (2017b), CO2 levels in the range of 1000 - 3000 ppm
might still be associated with sympathetic activity to a certain extent, as indicated by
increased heart rate. The observed changes in heart rate were statistically significant but
indicate an increase of only several beats per minute when looking at the data. As the practical
implications of these changes are potentially low, it could be the case that no notable changes
in respiration rate have been observed accordingly. Next to breathing frequency, the
respiratory system can modulate the inflow of air in multiple ways (Cotes et al., 2006).
Another respiratory marker is end-tidal CO2 (ETCO2), which is the concentration of CO2
measured at the end of an exhaled breath. This marker was found to significantly increase as
CO2 levels rose, which indicates an increased concentration of CO2 in the lungs (Zhang et al.,
2017b). However, as breathing frequency did not change, these findings could be explained
by subjects (unconsciously) altering the depth of breathing or tidal volume instead of
adjusting their breathing frequency. Following a similar explanation, this might also be at play
regarding blood pressure. As elevated CO2 levels in the range of 500 – 3000 ppm are expected
to result in very subtle effects, the small increase of sympathetic activation could possibly
have been masked by the dilation flexibility of the blood vessels and arteries (Kim et al.,
2018). As a result, it could be the case that no effect of CO2 on blood pressure parameters was
found.
Cognitive performance
Based on the results regarding cognitive performance, no clear association between
elevated CO2 levels and executive functioning or working memory could be appointed. An
interesting finding however is the opposing effects regarding all three cognitive domains
found among the studies by Satish et al. (2012) and Scully et al. (2019). Especially, since they
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both used the exact same cognitive performance measure, used comparable experimental CO2
levels and administered the test at a similar timepoint after the start of exposure to CO2. This
discrepancy could be partially attributed to the variation of participant characteristics, as the
study by Satish et al. (2012) tested students while Scully et al. (2019) specifically investigated
astronaut candidates as subjects. This sub-population is relatively often exposed to high levels
of CO2 and they are trained to perform optimally under such extreme conditions (Scully et al.,
2019). It could be stated that this sub-population has a general higher ‘resistance’ to moderate
elevations of ambient CO2 levels.
Next to that, another contrasting finding was identified when comparing the studies by
Maula et al. (2017) and Snow et al. (2019) in the forest plot on working memory. The study
by Maula et al. (2017) found a significant decrease in working memory, while the findings of
Snow et al. (2019) indicated that working memory significantly improved. Maula et al. (2017)
allowed bio-effluents to be present in the higher CO2 condition to which subjects were
exposed for four hours. Snow et al. (2019) reported a positive significant effect after an
exposure duration of one hour, without the presence of bio-effluents. Snow et al. (2019)
explained these findings according to a learning effect, as subjects conducted the cognitive
performance task during a baseline measurement shortly prior to the experimental conditions.
This indicates that both methodological aspects, such as learning effects, and the influence of
environmental factors (presence of bio-effluents) might be confounding to the effect of CO2.
Regarding attention, all five included studies indicated, on average, an insignificant
positive relationship between CO2 levels and attention, suggesting improved concentration
ability at higher CO2 levels. The study by Satish et al. (2012) found a significant and
distinctively large effect. According to the authors, this finding reflects a mental state of
“overconcentration” in which attentional resources are focused on one specific aspect at the
expenses of the broader perspective to the task at hand (Satish et al., 2012). It should be noted
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that this interpretation is in line with the results on the other cognitive measures of the SMStest, as seven out of 8 measures – decreased significantly, with the exception of focused
attention and information search. The posed theory by Satish could partially explain why
other studies found association between CO2 and attention in a positive direction, but does not
clarify the differences in magnitude found between studies in itself. As the current study
investigated realistic CO2 levels, the effects of CO2 on the various cognitive domains were
expected to be of a magnitude less than reported by Satish et al. (2012). The degree of
complexity of the administered cognitive task could be identified as a potential moderating
variable here. The study by Satish et al. (2012) used the Strategic Management Simulationtest as a measure of cognitive performance, which is a relatively complex test compared to
other cognitive performance tests (Streufert et al., 1988). Notably, Scully et al. (2019) used
the SMS-test as well, indicating that the interplay between task complexity and the studyspecific participant characteristics might have led to the discrepancies among these findings
within the forest plots.
Limitations
Several limitations can be identified that influenced the reliability of the results and
the comparability of the effects as displayed in the forest plots. These can mainly be attributed
to the limited amount of studies that could be incorporated in the quantitative analysis and the
relatively low amount of participants. Also, the variability of methodological approaches used
among the studies included in the quantitative analysis is a factor that limits the reliability of
the results. First of all, the experimental manipulation of the included studies existed of
different CO2 levels and varying exposure durations to these levels. As discussed in the
previous section, these variations between study characteristics could be used to investigate
and explain the discrepancies among the findings of studies . However, at the same time, such
variations could have led to additional factors that potentially are confounding to the effects
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of CO2. To illustrate, longer exposure durations generally result in longer experiments.
Subjects therefore spend an increased amount of time on conducting the experiment, which
may lead to increased fatigue or boredom. In this case, the effect of CO2 might be moderated
by fatigue or tiredness, in addition to the moderation by exposure duration. This makes it
more difficult to draw conclusions regarding the cognitive performance results, as the effect
sizes might be more diverse due to these variations.. Secondly, a variety of cognitive tests was
used among individual studies which increased the difficulty of comparison. In addition to
that, comparing the variety of cognitive tests also implies that a certain variability is present
with regards to the difficulty of the task, as not all tasks might be equally demanding or
complex. Notably, this variety of different study paradigms should not be considered as a
limiting aspect in itself. A large variation of studies would generally be beneficial for a metaanalysis in case the results are found to be relatively robust. However, in combination with a
limited amount of available studies, these variations are typically undesired as they may
provide heterogenous outcomes that negatively influence the precision of the results.
The meta-analysis was conducted according to the random effect model, assuming that
the ‘true effect’ of CO2 on cognitive performance and physiology consists of a range rather
than a single point estimate. A problem arises when few studies are included, as the estimated
between-study variance (tau2) will be of poor precision. In this specific case, the random
effects model is still the proper model to use, however there is insufficient information to
obtain precise summary estimates from the forest plots. According to Borenstein et al., (2009)
in this case it might be desirable to use the fixed-effects model instead. However, this would
pose an additional limitation to the models in general, as the effects of CO2 are commonly
known to vary from person to person and would therefore be incorrectly modeled by
assuming one ‘true’ effect. Next to that, this does imply that the reported summary effects as

28
indicated by our forest plots should in any case be interpreted carefully, as erroneous
conclusions might be drawn based on these effects alone.
Suggestions for future work
The current study has addressed several aspects that pose limitations to the reliability
and accuracy of the findings. Based on the results and these limitations, recommendations for
future work are suggested.
Researchers should consider the use of similar methods when investigating the effects
of CO2 during future studies. This will improve the overall comparability of findings, as
currently a large variety of methodological approaches are used among studies that examine
the effects of CO2. By doing so, the gap between study paradigms that currently exists can be
narrowed down and the outcomes of individual studies can be interpreted and compared with
higher precision. In addition, better comparability of studies will provide a more reliable basis
for conducting future reviews and meta-analyses. Next to that, additional emphasis should be
placed on reporting sufficient and appropriate statistics regarding future findings. These
should preferably be reported in a consistent manner across studies, which would support the
implementation of future reviews and meta-analyses on the effects of realistic indoor CO2
levels.
Related to the previous suggestion, future studies should aim to isolate the effects of
CO2 better by investigating these in a more controlled manner. As the current review has
addressed, there are many environmental (and methodological) factors that might have been
confounding to the investigated effect of interest. This resulted in the exclusion of quite a few
(observational) studies during the study selection process, as these studies did not explicitly
manipulate CO2 levels as their main independent variable or did not sufficiently control these
confounding factors. If we were to include these studies in the eventual analyses, the coherent
effect sizes would be rather indicative of ‘overall indoor air quality’ instead of CO2.levels.
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Therefore, it is suggested that potential confounding variables (such as the presence of other
air polluters) that are not directly within the scope of the study, are kept constant across
conditions as much as possible. New research on the effects of CO2 this should preferably
adhere to randomized controlled trials in combination with the use of controlled
environments, such as climate chambers, if possible.
Future work should examine changes of the ANS as a possible mechanism underlying
or moderating the effects of CO2 on cognition. In addition to heart rate variability parameters
that have been used by previous studies, additional measures of the ANS should be
implemented and conducted in parallel with cognitive performance tasks. In addition to the
recommendation of using highly controlled environments, future field studies could
potentially be promising to explore how the effects of CO2 on cognition and physiology might
vary over longer periods of time. The implementation of such studies would be of higher
ecological validity compared to controlled lab settings, which can provide new insights for
maintaining and optimizing healthy working environments. However, in such cases, the
influence of confounding variables to the effects of CO2 should be taken into account.
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Conclusion
From the current study it can be concluded that heart rate was observed to significantly
increased when CO2 concentration levels increased up to 3000 ppm. A positive (insignificant)
trend was observed for attention, suggesting improved concentration ability at higher CO2
levels, and (insignificant) negative trends were observed for executive functioning and
working memory. Based on our data, it might be concluded that the effects of CO2 on
cognitive performance could arguably be more context dependent than the effects of CO2 on
physiological arousal, as the between-study variation of the effects was found to be very large
for all three cognitive performance domains. Moderator variables such as task complexity,
duration of exposure and individual differences could potentially amplify the effects on
cognitive performance. Lastly, it is concluded that there is a very limited amount of studies
examining and statistically reporting on the effects of realistic indoor CO2 levels on cognitive
performance and especially physiology.
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Appendix A1.
Qualitative description of studies regarding the effect of CO2 and physiological responses.
Authors (publication year)

Study design (a)

CO2 levels & exposure duration

Sample

Measures

Results

Comments

Systolic blood pressure & diastolic
blood pressure (mmHg).

SBP decreased when CO2 decreased in
seated state (no tasks).
SBP & DBP increased when conducting
cognitive tasks under 1000 ppm.

(-) No results reported on
comparison of working conditions
for both CO2 conditions. (-) Only 30
minutes exposure to conditions of
interest. (-) Non-randomized
conditions. (+) Highly controlled
environment. (+) Data on SBP &
DBP reported.

-

Skin temperature(°C), skin
conductance (μS) & heart rate
(bpm)

Estimated Increase of 1000 ppm CO2
associated with an increase of HR by 2.3
bpm, according to model. Results on skin
temperature & skin conductance not
reported.

(-) Monitored CO2, no
manipulation. (-) Varying amount of
subjects per condition & difficult
study design. (+) Relatively large set
of data, but (-) HR data not
reported.

-

Spirometry test, measuring lung
functions: FEV1 and FVC (L),
FEV1/FVC (%) & Peak respiratory
flow (L/s). Partial pressure of CO2
(PaCO2) was determined from
lung functions.

FEV1 & FVC decreased when CO2 levels
reached 2000 ppm and above.
Partial pressure of CO2 increased slightly by
3 mmHg. Indicate moderate CO2 retention as
a result of restrictive lung functions.

(-) Limited amount of subjects
(-) No data on lung functions
reported. (+) Multiple measures of
lung functions.

Reported in related paper
(Zhang et al., 2017a)

ETCO2 (%), Nasal peak flow (L/m),
Respiration rate (L/m), Heart rate
(bpm), DBP & SBP (mmHg), SpO2
(%), Salivary a-amylase (U/ml) &
Salivary cortisol (U/ml)

End-Tidal CO2 was found to stabilize after 2
hours of exposure. No differences in RR
found. Heart Rate lowered over time (0 – 2
hr.) in all conditions, but remained
significantly higher in conditions where CO2
was elevated.

(-) No baseline measurement used.
(+) Strong study design: effect CO2
isolated & counterbalanced order.
(+) Data reported extensively.

Cognitive performance

Kim, J., Kong, M., Hong, T.,
Jeong, K., & Lee, M. (2018)

Lab study - within subjects.
Controlled climate room,
one scenario employed
different CO2 levels at a
constant temperature level.

Sedentary for 1 hour, after which
office work was simulated during 30
minutes. 2 Conditions in fixed order:
▪
2408 ppm (b)
▪
993 ppm.

22 subjects
(16 male),
mean age:
27,6 yr.

MacNaughton, P., Spengler, J.,
Vallarino, J., Santanam, S.,
Satish, U., & Allen, J. (2016)

Longitudinal field study –
within subjects. Monitoring
CO2 among three different
types of office environments
over 4 weeks, including
relocation after week (n=24)

Working hours (9:00 – 17:00), .
Simulated offices served as
conditions:
▪
520 ppm (green+)
▪
750 ppm (green)
▪
950 ppm (conventionl.) (b)

30 subjects,
professional
employees &
knowledge
workers (15
male).

Shriram, S., Ramamurthy, K.,
& Ramakrishnan, S. (2019)

Field study – within subjects.
Flexible workspace at
University where CO2 was
controlled through
employed ventilation
system to maintain target
levels.

3 hour trials for each of the
conditions. Order counterbalanced:
▪
380 ppm (control)
▪
1000 ppm (b)
▪
2000 ppm (b)
▪
3000 ppm (b)

8 subjects (all
male), mean
age: 25 yr.

Zhang, X., Wargocki, P., & Lian,
Z. (2017b)

Lab study – within subjects.
Climate chamber, CO2
artificially raised (cond 1 –
3), and accompanied by bioeffluents (cond 4-5). Latin
square design of 5 groups x
5 conditions.

(a)
(b)
(c)

4,25 hour trials for each of the
conditions. Order counterbalanced:
▪
435 ppm (control)
▪
1083 ppm (c)
▪
3004 ppm (c)
▪
1124 ppm (b)
▪
3192 ppm (b)

25 subjects
(10 male),
mean age: 23
yr.

Independent variable. set
of six cognitive tasks that
resemble office work
employed to simulate
working conditions

Physiological

“Lab study” implies that the environment and influential variables were under full control. “Field study” indicates that CO2 levels were monitored, or otherwise not fully controlled. If the author stated that the study took place in
a (simulated) lab, but the environment was controlled to a very limited extent, this was denoted as a “field study”.
Presence of bio-effluents in addition to CO2.
“Pure” CO2 gas was added to the ventilation system, in order to reach the targeted CO2 levels.
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Appendix A2.
Qualitative description of studies regarding the effect of CO2 on cognitive performance and physiological responses.
Authors (publication year)

Study design (a)

Cao, X., MacNaughton, P.,
Cadet, L. R., Cedeno-Laurent, J.
G., Flanigan, S., Vallarino, J., &
Allen, J. G. (2019)

Lab study – within subjects.
Flight simulator, CO2 was
artificially raised to match
target values, ventilation
rate high (850 L/s) &
environmental factors held
constant.

Kajtar, L., Herczeg, L., Lang, E.,
Hrustinszky, T., & Banhidi, L.
(2006)

Lab study – within subjects.
Simulated office,
CO2 artificially raised to
match target values. Limited
presence other air polluters.

Snow, S., Boyson, A. S., Paas,
K. H., Gough, H., King, M. F.,
Barlow, J., & Noakes, C. J.
(2019)

Lab study - within subjects.
Simulated office in
education building. Artificial
CO2 was added to the
naturally ventilated room in
order to maintain target
values.

Vehviläinen, T., Lindholm, H.,
Rintamäki, H., Pääkkönen, R.,
Hirvonen, A., Niemi, O., &
Vinha, J. (2016)

Field study – within subjects.
Conference room, varying
the ventilation levels &
monitoring natural CO2
levels. Ventilation rate shut
off in condition two (CO2
++); for condition one put
very low*.

(a)
(b)
(c)
(d)

CO2 levels & exposure
duration

3 hour simulation trials for each
pair (15) of subjects (N=2) per
condition. Order
counterbalanced:
▪
700 ppm
▪
1500 ppm (c)
▪
2500 ppm (c)
4 hour trials for each of the
conditions, in fixed order::
▪
600 ppm
▪
1500 ppm (c)
▪
2500 ppm (c)
▪
4000 ppm (c)
▪
5000 ppm (c)

Approximately 1 hour exposure
to conditions, order
counterbalanced:
▪
830 ppm
▪
2700 ppm (c)

Three session consisting of
exposure for 4 hours to each of
the conditions:
▪
906 ppm (b)
▪
2756 ppm (b)

Sample

Measures

Results

Comments

Cognitive performance

Physiological

3 flight maneuver (varying
difficulty), counterbalanced
order. Performance rated by
pilot examiners.

HRV parameters
▪
RMSSD (ms)
▪
SDNN (ms)
▪
LF (ms2)
▪
HF(ms2)
▪
LF/HF ratio

Odd ratio’s passing maneuvers were sig. higher
when CO2 was lower. Better performance (20%37% improvement) when stress was lower,
indicated by increased SDNN, RMSSD &
decreased LF/HF. Interaction of CO2 and HRV
not significant.

(-) Data not reported in
appropriate format.
(+) High ventilation rate:
removal of other air
pollutants

10 subjects (5
male),
students, mean
age: 21.5 yr.

Reading a text (quantity
aspect) & finding typing errors
(quality aspect).

SBP & DBP (mmHg)
Heart rate (bpm)
Skin temperature (°C).
HRV parameters:
▪
MF
▪
HF
▪
MF/HF ratio

Reduced quality aspect (increase of errors)
found after 70 mins at 4000 ppm (sig.) and
after 140 mins at 3000 ppm. Decrease of MF
component of HRV when CO2 > 3000 ppm →
increase in mental effort. HR decreased in each
session, no (sig.) differences found on SBP or
DBP.

(-) Graphical data format
only, no raw values
reported. (+) Controlled
environment and (+) variety
of CO2 levels & measures
used.

31 subjects,
university
employees/stu
dents.
Mean age: 23.3
yr.

CNS Vital signs test battery*:
Stroop task, Shifting Attention
Task, Continuous Performance
test,4-pt. Continuous
Performance test.

Skin temperature (°C)
Heart rate (bpm)
Respiration Rate (breaths/min)
EEG (μV)

No effect of CO2 on EEG, respiration rate and
skin temperature. Skin temp decreased over
sessions, regardless of order CO2 condition
(sig.). Main effect of CO2 condition on increased
heart rate (sig.). Executive functioning &
cognitive flexibility increased relative to
baseline → authors: “learning effect”.

(+) Extensively reported
numerical data. (+) Natural
ventilation combined with
adding CO2 to the
environment.

30 subjects (all
male), active
airplane pilots.
Age range: 30 –
50+ yr.

4 subjects (all
male), mean
age 41,3 yr.

Flicker Fusion Tester (FFT):
assessed sleepiness &
decreased alertness.

Brachial Blood Pressure (bar)
Skin temperature(°C)
pCO2 (kPa) and SpO2 (%) (d)
Salivary a-amylase & Cortisol (U/ml) (d)
HRV parameters:
▪
RMSSD (ms)
▪
SDNN (ms)

SDNN increased after two hours in both
conditions and continued to increase only in
condition two. CO2 level of the blood (pCO2)
and SDNN both were higher at the end of
condition two compared to condition one (sig.).
No effects found on a-amylase & cortisol levels.
Skin temperature was lower in condition one,
compared to condition two.

(-) Limited amount of
subjects (-) No controlled
manipulation of CO2 levels,
which increased gradually
during four hour exposure
settings. (-) VOC’s and other
confounding pollutants
present.

“Lab study” implies that the environment and influential variables were under full control. “Field study” indicates that CO2 levels were monitored, or otherwise not fully controlled. If the author stated that the study took place in
a (simulated) lab, but the environment was controlled to a very limited extent, this was denoted as a “field study”.
Presence of bio-effluents
“Pure” CO2 gas was added to the ventilation system, in order to reach the targeted CO2 levels.
Physiological parameters were not measured continuously: pCO2 and SpO2 were measured once every hour. Salivary a-amylase & cortisol were measured every two hours.
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Appendix A3.
Qualitative description of studies regarding the effect of CO2 on cognitive performance
Authors (publication year)

Study design

CO2 levels & exposure duration

Sample

Measures
Cognitive performance

Allen, J. G., MacNaughton, P.,
Satish, U., Santanam, S.,
Vallarino, J., & Spengler, J. D.
(2016)

Longitudinal field study – withinsubjects. CO2 monitored over six
days among simulated office
environments. CO2 level
artificially raised only for the
“High CO2” condition.

Maddalena, R., Mendell, M. J.,
Eliseeva, K., Chan, W. R.,
Sullivan, D. P., Russell, M. &
Fisk, W. J. (2015)

Longitudinal* Field study –
within-subjects. Simulated office
environment. Ventilation rate per
occupant and per floor area are
main independent variables. CO2
monitored and other pollutants
were present.

Maula, H., Hongisto, V.,
Naatula, V., Haapakangas, A. &
Koskela, H. (2017)

Lab study - Within-subjects.
Open-plan office. Ventilation
rate was the main independent
variable of interest, mean values
of monitored CO2 levels reported.

Rodeheffer, C. D., Chabal, S.,
Clarke, J. M., & Fothergill, D.
M. (2018)

Lab study - between subjects.
Controlled climate chamber. CO2
was artificially raised &
ventilation was adjusted to
maintain target values. Random
assignment of subjects to 1 of 3
groups.

(a)
(b)
(c)
(d)

Exposure to CO2 levels on regular work
days (9:00 – 17:00):
▪
550 ppm (“Green+”)
▪
945 ppm (“Moderate CO2”)
▪
1400 ppm (“High CO2”) (c)

24 subjects (10
male),
professional
employees, age
range 20 – 70 yr.

Strategic Management
Simulation test (SMS-test)

4 hours exposure to each condition,
order counterbalanced:
▪
900 ppm (average)
▪
1800 ppm (average) (b)

16 subjects,
University
students.

SMS-test, administered after 2
hours of exposure.

4 hours exposure to each of the
conditions, order counterbalanced:
▪
540 ppm
▪
2260 ppm (b)

2,5 hours exposure to each of the
conditions, order counterbalanced:
▪
500 ppm
▪
2500 ppm (c)
▪
15000 ppm (c)

36 subjects (15
male),
undergraduate
University
students. Median
age: 25 yr.

36 subjects (all
male), submarinequalified sailors,
mean age = 30 yr.

Battery of multiple cognitive
tasks (d)

SMS-test, administered after
45 minutes of exposure.

Results

Comments

-

Average cognitive scores (for seven of the
nine cognitive domains measured by the
SMS-test) were 15% lower for the
moderate CO2 condition and 50% lower for
the high CO2 condition, relative to the
green+ condition. CO2 was independently
modeled and associated with decreased
cognitive scores (sig.)

(-) Limited manipulation of CO2
levels. (-) numerical cognitive
performance scores not reported

-

Lower cognitive function scores on all nine
domains, except for “information
management”, when ventilation rates
were low.

(-) Monitored CO2 levels in
combination with presence of
other air pollutants. (-) only 8
participants were exposed to the
second condition.

-

High CO2 condition had a negative effect on
performance in the information retrieval
task (sig.) and on performance in the
operation span task (approaching sig.). No
effect was found for other cognitive
performance measures.

(-) CO2 was monitored and used
mainly as an indicator of bioeffluents. (+) Data from cognitive
performance measures reported
appropriately.

-

No significant differences found between
the three CO2 conditions for any of the nine
cognitive domains measured by the SMStest (p-values were all > 0.4).

(-) Between subjects design
including 36 subjects in total →
inter-individual differences as
confounding factor. (+)
Controlled climate chamber &
manipulation of CO2 levels.

Physiological
responses

“Lab study” implies that the environment and influential variables were under full control. “Field study” indicates that CO2 levels were monitored, or otherwise not fully controlled. If the author stated that the study took place in
a (simulated) lab, but the environment was controlled to a very limited extent, this was denoted as a “field study”.
Presence of bio-effluents
“Pure” CO2 gas was added to the ventilation system, in order to reach the targeted CO2 levels.
Typing task (psychomotor performance), Star counting task (attention), Operation span task (working memory), N-back task (working memory), Information retrieval task (working memory), creative thinking task and long-term
memory task.
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Satish, U., Mendell, M. J.,
Shekhar, K., Hotchi, T.,
Sullivan, D., Streufert, S., &
Fisk, W. J. (2012)

Lab study - Within subjects.
Environmental chamber to
simulate office, CO2 was
artificially raised to meet
target levels – levels were
maintained by ventilation
valves.

Scully, R. R., Basner, M.,
Nasrini, J., Lam, C. W.,
Hermosillo, E., Gur, R. C. &
Ryder, V. E. (2019)

Lab study -Mixed design.
Controlled environment at
Johnson Space Center. CO2
was artificially raised to
meet target levels.
Cross-over study, subjects
randomly assigned to 4
groups.

Twardella, D., Matzen, W.,
Lahrz, T., Burghardt, R.,
Spegel, H., Hendrowarsito, L.,
... & Fromme, H. (2012).

Field study – mixed design.
CO2 was monitored among
20 classrooms. Ventilation
was adjusted in order to set
conditions.

Zhang, X., Wargocki, P., Lian,
Z., & Thyregod, C. (2017a)

Lab study – within subjects.
Artificial CO2 added for
condition 2 & 3. Condition 4
& 5: ventilation restricted.

(a)
(b)
(c)
(d)

3 sessions of 2,5 hour exposure to each of the
conditions, order counterbalanced:
▪
600 ppm (control)
▪
1000 ppm (c)
▪
2500 ppm (c)

22 subjects (10
male), University
students > 18 yr.

SMS-test, taken after 45
minutes of start exposure.

22 subjects (14
male), astronaut
candidates, mean
age = 38.8 yr.

SMS-test, after 30 mins.
Cognition battery, multiple
measurements. (15 min, 2.5
hour and 15 min after
exposure)

(approximately) 2 hour exposure duration to
conditions of:
▪
2115 ppm (‘worse’) (b)
▪
1045 ppm (‘better’) (b)

417 3rd grade pupils
(9-10 yr.) sampled
from 2 to 6 classes
per school. 6 schools
in total.

Primary measure: D2
attention test. Secondary
measure: total number of
characters processed (TN) &
amount of errors

4,25 hour exposure duration to each of the
conditions, counterbalanced:
▪
435 ppm (control)
▪
1083 ppm (c)
▪
3004 ppm (c)
▪
1124 ppm (b)
▪
3192 ppm (b)

25 subjects (10
male), university
students. mean age:
23 yr.

3 hour exposure duration to each of the
conditions, order counterbalanced:
▪
600 ppm (control)
▪
1200 ppm (c)
▪
2500 ppm (c)
▪
5000 ppm (c)

Battery of multiple cognitive
tasks (d)

-

Six out of nine measures of cognitive
performance decreased at CO2 level of 1000
ppm. Seven out of nine decreased at CO2 level
of 2500 ppm (both sig.). “Focused attention”
improved, while no effect on “information
search” was found.

(+) Strong study design on
isolating the effects of CO2. (-)
All sessions conducted on one
single day

-

At 1200 ppm, 8/9 measures decreased (sig.)
(except for “information utilization”).
At 2500 ppm, task orientation & applied
activity increased significantly compared to
the 600 ppm condition. At 5000 ppm, focused
activity was significantly larger, while basic
activity was lower compared to 600 ppm.

(+) Controlled lab study with
cross-over study design.
(+) Numerical data on SMStest reported appropriately
(-) Specific group of subjects

-

No significant effect of the experimental
condition on concentration performance (D2)
or TN was found. Amount of errors were
increased significantly during the ‘worse’
condition, compared to ‘better’ condition.

(-) Data not provided in
appropriate format.
(+) Relatively large sample,
although (-) specific subject
group.

-

No (sig.) effects were found on cognitive
performance when CO2 was artifically added
(cond. 2 & 3). Lower speed in addition &
quicker response in redirection found when
bio-effluents were present (cond. 4 & 5).
No indication present that pure CO2 results in
adverse effects.

Similar comments as with
Zhang et al. (2017b).

“Lab study” implies that the environment and influential variables were under full control. “Field study” indicates that CO2 levels were monitored, or otherwise not fully controlled. If the author stated that the study took place in a
(simulated) lab, but the environment was controlled to a very limited extent, this was denoted as a “field study”.
Presence of bio-effluents
“Pure” CO2 gas was added to the ventilation system, in order to reach the targeted CO2 levels.
Office-work resembling tasks (proofreading, addition, subtraction, and text typing), redirection task, grammatical reasoning task, digit span task, Stroop task (with & without feedback), Tsai-Partington test & D2 attention test.
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Appendix B
effect size calculations heart rate

Zhang (2017b)
Mean + SE values reported. Within subjects,
r = 0,5. Total N = 25

Calc SD’s from SE’s:
SD1 = SE1 * Sqrt(N) = 1.7 * Sqrt(25)
= 8,5
SD2 = SE2 * sqrt(N) = 2.4 * Sqrt(25) = 12,00
Pooled standard deviation = Sqrt(S1^2 + S2^2 – 2 * r * S1 * S2) = 10,689
S(diff) == S(within), as r == 0,5.
Standardized mean differences = Mean differences / pooled standard deviation
= (76,9-72,3)/10,689
= 0,430
Variance SMD = (1/N) + (SMD^2/N*2) * (2*(1-r))
= (1/25) + ((0,430)^2/50) * 1
= 0,0474
Standard Error of SMD = Sqrt(Variance SMD)
= 0,218
Correction factor (J) = 1-(3/4*Df -1)
= 1-(3/4*24 -1)
= 0,9684
Hedges G = J * SMD = 0,9684 * 0,430
= 0,416
Variance Hedges G = (J^2) * Variance SMD
= 0,044
Standard Error Hedges G = Sqrt(Variance Hedges G)
= 0,211
Confidence intervals = HedgesG +- 1.96 * SEhedgesG
LL = 0,416 - 1.96 * 0,211= 0,002
UL = 0,416 + 1.96 * 0,211 = 0,830
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Snow (2019)
Mean + SD reported. Within
subjects. r = 0,5. N = 31.

Pooled standard deviation = Sqrt(S1^2 + S2^2 – 2 * r * S1 * S2)
= Sqrt(8^2 + 8.8^2 – 2 * 0,5 * 8 * 8,8)
= 8,4285
S(diff) == S(within), as r == 0,5.
Standardized mean differences = Mean differences / pooled standard deviation
= (74,1-72,1)/8,4285
= 0,237
Variance SMD = (1/N) + (SMD^2/N*2) * (2*(1-r))
= (1/31) + ((0,237)^2/62) * 1
= 0,03316
Standard Error of SMD = Sqrt(Variance SMD)
= 0,182
Correction factor (J) = 1-(3/4*Df -1)
= 1-(3/4*30 -1)
= 0,9748
Hedges G = J * SMD = 0,9684 * 0,237
= 0,2295
Variance Hedges G = (J^2) * Variance SMD
= 0,0315
Standard Error Hedges G = Sqrt(Variance Hedges G)
= 0,1775
Confidence intervals = HedgesG +- 1.96 * SEhedgesG
LL = 0,2295 - 1.96 * 0,1775 = -0,1184
UL = 0,2295 + 1.96 * 0,1775 = 0,5774
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Appendix C
Effect size calculations Respiration Rate

Zhang (2017b)
Mean + SE values reported. Within
subjects, r = 0,5. Total N = 25

Calc SD’s from SE’s
SD1 = SE1 * Sqrt(N) = 0,5 * Sqrt(25) = 2,50
SD2 = SE2 * sqrt(N) = 0,5 * Sqrt(25) = 2,50
Std dev. of the differences (Sdiff) = Sqrt(S1^2 + S2^2 – 2 * r * S1 * S2)
= Sqrt(2,50^2 + 2,50^2 – 2 * 0,5 * 2,50 * 2,50)
= 2,50
S(diff) == S(within), as r == 0,5.
Standardized mean differences = Mean differences / Swithin
= (18,6-19,0)/2,50
= -0,160
Variance SMD = (1/N) + (SMD^2/N*2) * (2*(1-r))
= (1/25) + ((-0,160)^2/50) * 1
= 0,041
Standard Error of SMD = Sqrt(Variance SMD)
= 0,201
Correction factor (J) = 1-(3/(4*(N-1) -1))
= 1-(3/4*24 -1)
= 0,968
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Hedges G = J * SMD = 0,968 * -0,160
= -0,155
Variance Hedges G = (J^2) * Variance SMD
= 0,038
Standard Error Hedges G = Sqrt(Variance Hedges G)
= 0,196
Confidence intervals estimated effect size = (Hedges G +- 1,96 * SEhedgesG)
LL = -0,155 - 1.96 * 0,196 = -0,539
UL = -0,155 + 1.96 * 0,196 = 0,229

Snow (2019)
Mean + SD reported. Within
subjects. r = 0,5. N = 31.

Std dev. of the differences (Sdiff) = Sqrt(S1^2 + S2^2 – 2 * r * S1 * S2)
= Sqrt(2,1^2 + 2,3^2 – 2 * 0,5 * 2,1 * 2,3)
= 2,21
S(diff) == S(within), as r == 0,5.
Standardized mean differences = Mean differences / Swithin
= (16,5-16,6)/2,21
= -0,045
Variance SMD = (1/N) + (SMD^2/N*2) * (2*(1-r))
= (1/31) + ((-0,045)^2/62) * 1
= 0,032
Standard Error of SMD = Sqrt(Variance SMD)
= 0,180
Correction factor (J) = 1-(3/(4*(N-1) -1))
= 1-(3/4*30 -1)
= 0,975
Hedges G = J * SMD = 0,968 * -0,160
= -0,044
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Variance Hedges G = (J^2) * Variance SMD
= 0,030
Standard Error Hedges G = Sqrt(Variance Hedges G)
= 0,174
Confidence intervals estimated effect size = (Hedges G +- 1,96 * SEhedgesG)
LL = -0,044 - 1.96 * 0,174 = -0,385
UL = -0,044 + 1.96 * 0,174 = 0,297
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Appendix D
effect size calculations systolic blood pressure

Zhang (2017)
Mean + SE values
reported. Within
subjects, r = 0,5.
Total N = 25
Calc SD’s from SE’s
SD1 = SE1 * Sqrt(N) = 1.9 * Sqrt(25) = 9,50
SD2 = SE2 * sqrt(N) = 1,7 * Sqrt(25) = 8,50
Std dev. of the differences (Sdiff) = Sqrt(S1^2 + S2^2 – 2 * r * S1 * S2)
= Sqrt(9,50^2 + 8,50^2 – 2 * 0,5 * 9,50 * 8,50)
= 9,04
S(diff) == S(within), as r == 0,5.
Standardized mean differences = Mean differences / pooled standard deviation
= (109,7-109,6)/9,04
= 0,011
Variance SMD = (1/N) + (SMD^2/N*2) * (2*(1-r))
= (1/25) + ((0,011)^2/50) * 1
= 0,040
Standard Error of SMD = Sqrt(Variance SMD)
= 0,200
Correction factor (J) = 1-(3/4*Df -1)
= 1-(3/4*24 -1)
= 0,9684
Hedges G = J * SMD = 0,9684 * 0,011
= 0,011
Variance Hedges G = (J^2) * Variance SMD
= 0,0375

Standard Error Hedges G = Sqrt(Variance Hedges G)
= 0,194
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Confidence intervals estimated effect size = (Hedges G +- 1,96 * SEhedgesG)
LL = 0,011- 1.96 * 0,194 = -0,369
UL = 0,011 + 1.96 * 0,194 = 0,391
Kim (2018)
Mean + SD values reported. Within
subjects, r = 0,5. Total N = 22

Std dev. of the differences (Sdiff)
= Sqrt(S1^2 + S2^2 – 2 * r * S1 * S2)
= Sqrt(10,564^2 + 10,995^2 – 2 * 0,5 * 10,564 *
10,995)
= 10,786
S(diff) == S(within), as r == 0,5.

Standardized mean differences = Mean differences / S(within)
= (125,107 – 126,106)/ 10,786
= -0,093
Variance SMD = (1/N) + (SMD^2/N*2) * (2*(1-r))
= (1/22) + ((-0,093)^2/44) * 1
= 0,046
Standard Error of SMD = Sqrt(Variance SMD)
= 0,214
Correction factor (J) = 1-(3/4*Df -1)
= 1-(3/4*21 -1)
= 0,964
Hedges G = J * SMD = 0,9684 * -0,093
= -0,090
Variance Hedges G = (J^2) * Variance SMD
= 0,043
Standard Error Hedges G = Sqrt(Variance Hedges G)
= 0,207
Confidence interval estimated effect size = (Hedges G +- 1,96 * SEhedgesG)
LL = -0,090 - 1.96 * 0,207 = -0,496
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UL = -0,090 + 1.96 * 0,207 = 0,316
Appendix E
Effect size calculations Diastolic blood pressure

Zhang (2017)
Mean + SE values reported.
Within subjects, r = 0,5. Total
N = 25
Calc SD’s from SE’s
SD1 = SE1 * Sqrt(N) = 1,4* Sqrt(25) = 7,00
SD2 = SE2 * sqrt(N) = 1,3 * Sqrt(25) = 6,50
Pooled standard deviation = Sqrt(S1^2 + S2^2 – 2 * r * S1 * S2)
= Sqrt(7,00^2 + 6,50^2 – 2 * 0,5 * 7,00 * 6,50)
= 6,764
S(diff) == S(within), as r == 0,5.
Standardized mean differences = Mean differences / pooled standard deviation
= (71,9-72,2)/6,764
= -0,044
Variance SMD = (1/N) + (SMD^2/N*2) * (2*(1-r))
= (1/25) + (-0,164)^2/50) * 1
= 0,040
Standard Error of SMD = Sqrt(Variance SMD)
= 0,200
Correction factor (J) = 1-(3/4*Df -1)
= 1-(3/4*24 -1)
= 0,9684
Hedges G = J * SMD = 0,9684 * -0,044
= -0,043
Variance Hedges G = (J^2) * Variance SMD
= 0,038
Standard Error Hedges G = Sqrt(Variance Hedges G)
= 0,194
Confidence intervals = (Hedges G +- 1.96 * SEhedgesG)
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LL = -0,044 - 1.96 * 0,194 = -0,424
UL = -0,044 + 1.96 * 0,194 = 0,336
Kim (2018)
Mean + SD values reported.
Within subjects, r = 0,5. Total N
= 22

Pooled standard deviation = Sqrt(S1^2 + S2^2 – 2 * r * S1 * S2) = 7,668
S(diff) == S(within), as r == 0,5.
Standardized mean differences = Mean differences / pooled standard deviation
= (83,776-83,917)/7,668
= -0,018
Variance SMD = (1/N) + (SMD^2/N*2) * (2*(1-r))
= (1/22) + ((-0,018)^2/44) * 1
= 0,045
Standard Error of SMD = Sqrt(Variance SMD)
= 0,213
Correction factor (J) = 1-(3/4*Df -1)
= 1-(3/4*21 -1)
= 0,964
Hedges G = J * SMD = 0,964 * -0,018
= -0,017
Variance Hedges G = (J^2) * Variance SMD
= 0,042

Standard Error Hedges G = Sqrt(Variance Hedges G)
= 0,204
Confidence intervals = (Hedges G +- 1.96 * SEhedgesG)
LL = -0,017 - 1.96 * 0,204 = -0,417
UL = -0,017 + 1.96 * 0,204 = 0,383
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Appendix F
Effect size calculations Executive functioning

Data Table

Pooled standard deviation = Sqrt(S1^2 + S2^2 – 2 * r * S1 * S2) =
Satish = 7,319
Zhang = 7,000
Scully = 37,923
Snow = 15,577
S(diff) == S(within), as r == 0,5.
Standardized mean differences = Mean differences / pooled standard deviation
Satish = -4,211
Zhang = 0,014
Scully = 0,361
Snow = -0,085
Variance SMD = (1/N) + (SMD^2/N*2) * (2*(1-r))
Satish = 0,448
Zhang = 0,040
Scully = 0,036
Snow = 0,033
Standard Error of SMD = Sqrt(Variance SMD)
Satish = 0,669
Zhang = 0,200
Scully = 0,190
Snow = 0,183
Correction factor (J) = 1-(3/4*Df -1)
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Satish = 0,964
Zhang = 0,968
Scully = 0,964
Snow = 0,974
Hedges G = J * SMD
Satish = -4,059
Zhang = -0,014 (negative sign added, for direction → errors increased)
Scully = 0,348
Snow = -0,083
Variance Hedges G = (J^2) * Variance SMD
Satish = 0,416
Zhang = 0,037
Scully = 0,033
Snow = 0,031
Standard Error Hedges G = Sqrt(Variance Hedges G)
Satish = 0,645
Zhang = 0,192
Scully = 0,183
Snow = 0,177
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Appendix G
Effect size calculations Working memory

Data Table

Pooled standard deviation = Sqrt(S1^2 + S2^2 – 2 * r * S1 * S2) =
Satish = 2,782
Zhang = 12,500
Maula = 10,392
Scully = 3,404
Snow = 8,700
S(diff) == S(within), as r == 0,5.
Standardized mean differences = Mean differences / pooled standard deviation
Satish = -2,566
Zhang = -0,056
Maula = -0,289
Scully = 0,353
Snow = 0,400
Variance SMD = (1/N) + (SMD^2/N*2) * (2*(1-r))
Satish = 0,195
Zhang = 0,040
Maula = 0,015
Scully = 0,048
Snow = 0,036
Standard Error of SMD = Sqrt(Variance SMD)
Satish = 0,442
Zhang = 0,2
Maula = 0,122
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Scully = 0,219
Snow = 0,190
Correction factor (J) = 1-(3/4*Df -1)
Satish = 0,964
Zhang = 0,968
Maula = 0,978
Scully = 0,964
Snow = 0,974

Hedges G = J * SMD
Satish = -2,474
Zhang = 0,054
Maula = -0,283
Scully = 0,340
Snow = 0,390
Variance Hedges G = (J^2) * Variance SMD
Satish = 0,181
Zhang = 0,037
Maula = 0,014
Scully = 0,045
Snow = 0,034
Standard Error Hedges G = Sqrt(Variance Hedges G)
Satish = 0,426
Zhang = 0,194
Maula = 0,120
Scully = 0,211
Snow = 0,185
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Appendix H
effect size calculations on attention

Data Table

Other values for Zhang →
286.8±13

288.0±16

Pooled standard deviation = Sqrt(S1^2 + S2^2 – 2 * r * S1 * S2) =
Satish = 3,305
Zhang = 14,731
Maula = 18
Scully = 3,477
Snow = 5,658
S(diff) == S(within), as r == 0,5.
Standardized mean differences = Mean differences / pooled standard deviation
Satish = 0,992
Zhang = 0,081
Maula = 0,056
Scully = 0,230
Snow = 0,092
Variance SMD = (1/N) + (SMD^2/N*2) * (2*(1-r))
Satish = 0,068
Zhang = 0,040
Maula = 0,028
Scully = 0,047
Snow = 0,033
Standard Error of SMD = Sqrt(Variance SMD)
Satish = 0,261
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Zhang = 0,200
Maula = 0,167
Scully = 0,217
Snow = 0,183
Correction factor (J) = 1-(3/4*Df -1)
Satish = 0,964
Zhang = 0,968
Maula = 0,978
Scully = 0,964
Snow = 0,974
Hedges G = J * SMD
Satish = 0,956
Zhang = 0,078
Maula = 0,055
Scully = 0,222
Snow = 0,090
Variance Hedges G = (J^2) * Variance SMD
Satish = 0,063
Zhang = 0,037
Maula = 0,027
Scully = 0,044
Snow = 0,031
Standard Error Hedges G = Sqrt(Variance Hedges G)
Satish = 0,251
Zhang = 0,194
Maula = 0,164
Scully = 0,209
Snow = 0,177
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Appendix I
R-script for forest plot creation, based on calculated effect size data

library(meta)
library(grid)
#Physiology -------------------#hr_R_processed <- meta::metagen(Te,seTE,data=hr_pre,studlab=paste(Author), comb.fixed
= FALSE, comb.random=TRUE, sm="SMD")
#forest(hr_R_processed, xlim=c(-1,1))
#grid.text("Forest plot - effects of carbon dioxide on heart rate", .5, .75, gp=gpar(cex=1.5),
draw = TRUE)
#sys_R_processed <- meta::metagen(TE,seTE,data=sys_pre,studlab=paste(Author),
comb.fixed = FALSE, comb.random=TRUE, sm="SMD")
#forest(sys_R_processed, xlim=c(-1,1))
#grid.text("Forest plot - effects of carbon dioxide on systolic blood pressure", .5, .75,
gp=gpar(cex=1.5), draw = TRUE)
#dia_R_processed <meta::metagen(TE,seTE,data=Diastolic_R_format,studlab=paste(Author), comb.fixed =
FALSE, comb.random=TRUE, sm="SMD")
#forest(dia_R_processed, xlim=c(-1,1))
#grid.text("Forest plot - effects of carbon dioxide on diastolic blood pressure", .5, .75,
gp=gpar(cex=1.5), draw = TRUE)
#respi_R_processed <- meta::metagen(TE,seTE,data=respi_pre,studlab=paste(Author),
comb.fixed = FALSE, comb.random=TRUE, sm="SMD")
#forest(respi_R_processed, xlim=c(-1,1))
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#grid.text("Forest plot - influence of carbon dioxide on Respiration rate", .5, .75,
gp=gpar(cex=1.5), draw = TRUE)
#Cognitive performance -----------------------#executive_R_processed <meta::metagen(Te,seTE,data=Executive_precalc,studlab=paste(Author), comb.fixed =
FALSE, comb.random=TRUE, sm="SMD")
#forest(executive_R_processed, xlim=c(-5,1))
#grid.text("Forest plot - effect of carbon dioxide on executive functioning", .5, .75,
gp=gpar(cex=1.5), draw = TRUE)
#working_R_processed <meta::metagen(TE,seTE,data=cog_workingmem,studlab=paste(Author), comb.fixed =
FALSE, comb.random=TRUE, sm="SMD")
#forest(working_R_processed, xlim=c(-3,1))
#grid.text("Forest plot - effect of carbon dioxide on working memory", .5, .75,
gp=gpar(cex=1.5), draw = TRUE)
#attention_R_processed <meta::metagen(TE,seTE,data=cog_attention,studlab=paste(Author), comb.fixed = FALSE,
comb.random=TRUE, sm="SMD")
#forest(attention_R_processed, xlim=c(-1,1))
#grid.text("Forest plot - effect of carbon dioxide on attention", .5, .75, gp=gpar(cex=1.5),
draw = TRUE)
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