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Abstract

To generate further evidence on the effects of pure CO,
on cognitive performance, an experiment was conducted
in an environmentally controlled chamber. Sixty-nine
healthy university students were exposed individually
for seventy minutes, in three separate sessions, to three
CO, conditions of 600, 1500 and 2100 ppm (crossover
design). A validated neurobehavioral BARS test battery
was used to assess participants’ cognitive performance.
Results indicated that the cognitive performance of uni-
versity students, measured by the BARS test battery, was
not adversely affected by pure CO, below 2100 ppm.
The findings are consistent with some prior studies,
indicating that pure CO, within the guideline range
does not imply any harm and could be treated primarily
as a proxy for ventilation rates and indoor air quality in
the indoor environments.

Introduction

Human exposure to indoor carbon dioxide has
increased over the years due to climate change, given
the growth in atmospheric CO, concentration [1],
whilst, on the other hand, ventilation rates have been
drastically reduced for energy-saving reasons [2]. Raised
concerns about the impacts of elevated CO, concentra-
tions on performance in the educational environment
have drawn lots of attention, as schools normally face
the problems of increased occupancies and decreased
ventilation rates. In the UK, the Department for
Education and Skills provides a guidance standard
document Building Bulletin 101 (BB101) for educa-
tional buildings [3], which recommends an average

concentration of CO, should not exceed 1500 ppm
and 2100 ppm with a minimum ventilation rate of
3L/s-p. Average levels of CO, concentrations normally
range from 600 to 1000 ppm in the educational envi-
ronment, sometimes may surpass 2000 ppm and even
reach a peak level of 4000 ppm [4], [5]. Cognitive
performance and learning outcomes [6]—[8] showed
decrements with inadequate air quality (characterized
by CO, levels) in schools. In these studies, poor air
quality due to insufficient ventilation rates might cause
impairment in performance, and CO, was seen as a
proxy for ventilation rates but not a potential pollutant.
Nonetheless, adjusting ventilation rates during the
experiment would affect the concentrations of other
indoor pollutants like bioeffluents and contribute to
cognitive performance decrement.

However, rather than being a proxy of ventilation
effectiveness and an indicator of air quality, carbon
dioxide itself started to gain attention in a limited
number of studies about its direct impact on humans
in the indoor environment. Regarding the results
of cognitive performance under elevated pure CO,
levels in previous studies (Table 1), the findings were
inconsistent. Significant adverse effects of pure CO,
on cognitive performance have been reported by some
lab studies [9]-[16], and cognitive performance such as
decision-making [9], [10] have been found at levels as
low as 1000 ppm in the chamber and laboratory, while
other studies found no statistically significant effects
on cognitive performance during exposures [17]—[21].
The conflicting outcomes between the studies may be
due to the diverse cognitive tests used in the experi-
ment, differences in study populations, and disparity
in the experimental procedure. The inconsistent results
from previous studies and the potential socioeconomic
impact due to cognitive performance decrements in
built environment stimulated this research project,
conducted in an environmentally controlled chamber,
to generate further evidence on the effects of pure
CO, on cognitive performance, using a systematically
structured valid test battery.
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Table 1. Summary of previous studies exploring the effects of pure CO, on cognitive performance in built environment.

CO, levels  Ventilation Subjects? Environ- Cognitive Effects of Response  , racy<
(ppm) rates ) ment Task elevated CO, speed P 4
Kaitar E1: 600, 1500, Unknown E1: No effect
etJaI 2500, 5000 333 L/s occupations Labora- E1:2.33 Proof- E2: Reduced No effect 600 vs
2012 ['1’2] E2: 600, 1500, : (E1:10; E2:  toryroom  E2:3.5 reading proofreading 4000% (-)
3000, 4000 10) performance
Satish 600. 1000 University Reduced deci-
etal, 2'500 ! 24.85 L/s-p students Chamber 25 SMS sion-making
2012 [9] (22) performance
) Lab with .
Allenetal, 500, 1000, s office iCCIEEIe e
18.6 L/s-p workers . 6.75 SMS sion-making
2016 [10] 1400 environ-
(24) performance
ment
Zhang University 1_?2;3’5;22
etal., 500, 5000 33.3 L/s-p students Chamber 2.5 K No effect No effect No effect
2016 [19] (10) + Tsai-
Partington
. University .
Lozl 400, 3000 66.7 L/s-p students Chamber 3 MUl No effect No effect No effect
2017 [20] (12) tasks
Zhang University .
etal., 50;)6:)800, 333 L/s-p students Chamber 4.25 Mtual :;(F;Ie No effect No effect No effect
2017 [18] ! (25)
Reduced pilot
Allen et al., 700, 1500, i Flight performance as
2019 [11] 2500 GEULE HIGE (EY simulator 3 Tl assessed by the
examiner
Snow University - CNS Vital
etal., 830, 2700 Bli?ﬁ?r;i; nnd students ?(:2:: 1.97 signs No effect No effect
2019 [21] (31) battery
Reduced MATB
task perfor-
Zhang 1500, 3500 University m;n::ti)sl}i/ztem MATB:
etal., 5(’)00 ! 8.68 L/s-p students Chamber 2 MATB trackingg’ 1500 vs
B -~
2020[13] (15) scheduling 3500% (-)
and resource
management)
University PVT+ PVT: 1500
Pang et al., 1500, 3500, . Reduced . PVT: 1500
2021 [14] 5000 8.68 L/s-p students Chamber 4 Cognitive B - vs 5000 vs 3500% ()
(15) tasks )
. . . Text Text
Tuetal,  8000,10000, O L/s(Air — University typing + EEmE typing:
purifier) + students Chamber 4 . text typing No effect
2021 [16] 12 000 0.052 L/s (O,) 30) Numerical erformance 8000 vs
: : calculation P 12000* ()
Maniscalco Workers
etal., 770,20 000 944 1/s Chamber 4 TAP No effect No effect No effect
(24)
2021 [17]
Reduced
I — performance of VS, BART,
Caoetal, 1500, 3500, Multiple visual attention, Stroop:
2022[15] 5000 I St”ﬁ;"“ ShonbE N tasks e (S D

making, and 5000* (-)
executive ability

2 The number in the bracket shows the sample size of the whole experiment or specific session; P Effects of exposures to CO, on response
speed, * means significant difference between the two exposure levels, (+) means response speed increased at higher CO, levels, (-)
means response speed decreased at higher CO, levels; < Effects of exposures to CO, on the accuracy, * means significant difference
between the two exposure levels, (+) means accuracy increased at higher CO; levels, (-) means accuracy decreased at higher CO, levels)
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Methods

The experiment was conducted in a stainless-steel envi-
ronmentally controlled chamber (Figure 1), measuring
4.4m wide x 4.6m deep x 3.0m high inside, with an
internal volume of approximately 60m3. Through the
chamber controller (Figure 2), the researcher accom-
plished precise control of the chamber environment,
achieving defined temperature, humidity, CO, con-
centration levels and ventilation rates. Outdoor air was
drawn through a HEPA filter from the building ventila-
tion system and expelled into the chamber through a
diffuser. Chemically pure carbon dioxide (99.8%) was
automatically drawn from a cylinder and well mixed with
outdoor air to reach the desired test levels in the chamber.
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Figure 2. The screen of the Watlow F4T Controller out-
side the chamber.

Experimental protocol

Sixty-nine participants were recruited from university
students, including thirty-seven females and thirty-two
males. Participants visited the environmentally con-
trolled chamber at UCL Here East three times, each
time exposed alone to one CO, condition and lasted
70 minutes (Figure 3). The interval between two
experiment sessions was at least four weeks, to minimise
the learning effects of cognitive tests. Participants were
advised to ensure adequate sleep, avoid intense physical
activity for at least 12 hours prior to the experiment,
avoid drinks and non-essential medications containing
caffeine and refrain from strong-scent perfume. Under
a fixed high ventilation rate of 108m3/h, CO, was
reduced to the background levels at the baseline condi-
tion, and higher CO, conditions were achieved with
injection of pure CO,. The temperature (23°C) and
relative humidity (50%) were kept constant in all
three conditions. The participant first gave written
and informed consent to the participation, then was
suggested to do some quiet non-work-related activi-
ties to adapt to the chamber environment, for about
20 minutes. When the time was up, the participant
put on the noise-cancelling headphones and started
the BARS test on the laptop, lasting about 40 minutes.
After the cognitive test, the participant filled in a post-
assessment questionnaire at the end of the experiment.

As a computerised assessment system designed to
evaluate the neurobehavioral function of individuals,
the BARS test battery [22] has been mainly used to
study the effects of chemical exposure on performance
(23], [24]. In this study, ten tests (Table 2) were
selected to assess participants’ cognitive performance
during exposure to different CO, concentration
levels: match to sample, continuous performance test,
symbol digit test, tapping, simple reaction test, reversal
learning test, selective attention test, digit span, serial
digit learning and progressive ratio test.

Introduction Rest period Questionnaire1 Cognitive performance test Questionnaire2
| | | | [
. @ ""“0 Example: Match to Sample Test
D q (o) = S
.‘ . =" =" “.r.
; 3 v 3

QS <g L

il
N g

O—0

0 5min

O=0O
25min 28min

Figure 3. Diagram of the experimental protocol.
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Results

Measured conditions of the chamber
environment

Table 3 presents the conditions measured in the envi-
ronmental chamber during exposures. The average CO,
concentration levels in the baseline, intermediate and high
conditions were 633, 1520 and 2120 ppm, described
as 600, 1500 and 2100 ppm in the paper. The results
showed that CO, levels were effectively controlled within
64 ppm of the desired exposure levels in all conditions.

Cognitive test results

Due to the repeated measurements, univariable linear
mixed-effect models were used to assess the associa-
tion between cognitive test results (response times and
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error rates) and CO, concentrations. Factors that were
significantly associated with at least five cognitive
performance outcomes across the three conditions
were then included in multivariable mixed-effect
models to correct for confounding. After adjusting
for potential confounders, only a few of the cogni-
tive performance outcomes demonstrated significant
effects (Table 4). Regarding response times, only two
found statistically significant decreases (Figure 4).
For the Selective Attention test and the Progressive
Ratio Test, the response times significantly decreased
at 1500 ppm and 2100 ppm, compared to the baseline
condition. Regarding the error rates of cognitive tasks,

no significant effect on accuracy was found in any of
the ten BARS tests.

Table 2. Cognitive domains tested in the BARS battery.

Neurobehavioral test Cognitive domain

Match-to-Sample (MTS)

Visual memory capacity (working memory), learning, selective attention, visual processing

Continuous Performance Test (CPT)  Sustained visual attention (vigilance)

Symbol Digit Test (SDT)
Tapping (TAP)

Simple Reaction Time (SRT)
Reversal Learning Test (RLT)
Selective Attention Test (SAT)
Digit Span (DST)

Serial Digit Learning (SDL)
Progressive Ratio (PRT)

Learning

Motivation, sustained attention

Attention, motor speed, processing speed, working memory, visual scanning and tracking, visual learning

Motor speed, coordination, sustained attention
Sustained attention (vigilance), motor speed

Selective attention, coordination, inhibition control
Learning, attention, working memory, executive function
Learning, digital memory capacity (working memory)

* Parameters that randomly changed within a defined range each time to generate parallel tests

Table 3. Measured conditions in the environmental chamber (mean + standard deviation)

Ventilation

Temperature

ey 3 3 3 3
Condition °C) rates (m*/h) TVOC (pg/m?) PM, s (ng/m?) PM;, (ng/m?) PM Total (pg/m?)
1 633 £ 64 23.2+0.1 50+1 108.1+£04 110 £ 99 0.2+0.6 0.2+0.6 04+0.7
2 1520 + 27 23.2+0.1 50+1 108.0+£0.2 116 £ 105 0.2+0.5 0.2+0.5 0.3+0.6
3 2120 + 36 23.2+0.1 50+ 1 107.9+0.3 105+ 103 02+04 0.3+0.5 0.4 +£0.6
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Figure 4. Response times of Progressive Ratio test and Selective Attention test at three CO, exposure levels of 600,

1500 and 2100 ppm. *p < 0.05, **p < 0.01.
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Table 4. Univariable and multivariable associations of conditions with response times and error rates in the ten BARS tests.

30

MTS
600
1500
2100
CPT
600
1500
2100
PRT
600
1500
2100
SDT
600
1500
2100
SDL
600
1500
2100
TAP
600
1500
2100
DST
600
1500
2100
SRT
600
1500
2100
SAT
600
1500
2100
RLT
600
1500
2100

Response times of BARS tests

Univariable models Multivariable models* Univariable models

B- coeff.
(95% ClI)

Ref.
-11.06 (-190.66, 168.55)
-36.81 (-256.81, 183.19)

Ref.
-1.58 (-11.59, 8.43)
-8.58 (-21.55,4.39)

Ref.
-4.80 (-8.87,-0.72)
-6.10 (-11.54, -0.66)

Ref.
-6.13 (-59.81, 47.55)
2.04 (-68.37, 72.46)

Ref.
21.45 (-285.85, 328.75)
-70.72 (-433.05, 291.60)

Ref.
-0.33 (-29.94, 29.27)
-1.59 (-38.56, 35.37)

Ref.
-134.68 (-450.27, 180.91)
-193.90 (-558.69, 170.89)

Ref.
-0.65 (-19.21,17.91)
-8.97 (-30.22, 12.28)

Ref.
-8.88 (-18.73, 0.96)
-17.57 (-29.57, -5.56)

Ref.
100.26 (-130.39, 330.91)
6.81(-221.50, 235.12)

0.90
0.74

0.76
0.19

0.02
0.03

0.82
0.95

0.89
0.70

0.98
0.93

0.40
0.30

0.95
0.41

0.08
0.004

0.39
0.95

Adj.B- coeff.
(95% ClI)

Ref.
49.48 (-126.33, 225.29)
28.58 (-178.88, 236.04)

Ref.
0.92 (-8.89, 10.74)
-8.84 (-21.28, 3.59)

Ref.
-4.14 (-8.09, -0.19)
-6.65 (-11.76, -1.54)

Ref.
1.94 (-46.20, 50.07)
23.72 (-37.38, 84.82)

Ref.
44.60 (-261.82, 351.03)
43.57 (-288.26, 375.40)

Ref.
7.51 (-20.56, 35.58)

5.58(-28.85, 40.01)

Ref.

-52.00 (-357.17,253.17)
-75.44 (-420.06, 269.18)

Ref.
-0.95 (-19.73, 17.84)
-9.16 (-29.85, 11.53)

Ref.
-11.29 (-21.11, 1.47)
-17.59 (-28.90, -6.29)

Ref.
151.85 (-60.44, 364.14)
68.45 (-139.16, 276.06)

0.58
0.79

0.85
0.16

0.04
0.01

0.94
0.45

0.77
0.80

0.60
0.75

0.74
0.67

0.92
0.38

0.03
0.002

0.16
0.52

Error rates of BARS tests

Ref.
-1.21 (-4.60, 2.18)
-1.01 (-4.88, 2.86)

Ref.
0.41 (-0.54, 1.35)
-0.16 (-1.23, 0.90)

Ref.
-0.001 (-0.003, 0.001)
-0.001 (-0.004, 0.001)

Ref.
-0.06 (-0.98, 0.85)
0.61(-0.39, 1.61)

Ref.
3.06 (-1.08, 7.20)
1.77 (-3.38,6.93)

Ref.
0.66 (-0.11, 1.44)
-0.03 (-0.87,0.82)

Ref.
-1.49 (-3.37,0.39)
-0.93 (-3.20, 1.34)

Ref.
-0.003 (-0.019, 0.013)
0.005 (-0.012, 0.021)

Ref.
0.45(-1.91, 2.81)
-1.41 (-3.95, 1.13)

Ref.
0.22 (-2.51, 2.95)
1.51(-1.74, 4.76)

0.48
0.61

0.40
0.76

0.51
0.26

0.89
0.23

0.15
0.50

0.09
0.95

0.12
0.42

0.72
0.58

0.71
0.27

0.88
0.36

Multivariable models*

Ref.
-1.12 (-4.46, 2.23)
-1.22 (-4.93, 2.48)

Ref.
0.03 (-0.90, 0.97)
-0.26 (-1.29, 0.77)

Ref.
-0.001 (-0.003, 0.001)
-0.002 (-0.004, 0.001)

Ref.
-0.13 (-1.04, 0.78)
0.46 (-0.50, 1.41)

Ref.
3.65 (-0.38, 7.68)
2.10(-2.65, 6.86)

Ref.
0.47 (-0.31, 1.25)
-0.05 (-0.87,0.77)

Ref.
-1.49 (-3.37,0.38)
-0.55 (-2.67,1.57)

Ref.
-0.007 (-0.024, 0.010)
0.004 (-0.013, 0.020)

Ref.
0.77 (-1.63, 3.19)
-1.41 (-4.04, 0.76)

Ref.
0.46 (-1.52, 2.44)
1.94 (-0.40, 4.27)

B- coeff. (95% ClI) Adj.p- coeff.
(95% ClI)

0.51
0.52

0.94
0.62

0.42
0.20

0.78
0.35

0.08
0.38

0.24
0.90

0.12
0.61

0.38
0.66

0.53
0.18

0.65
0.10

* Model adjusted for gender, age, first language, weekday, test durations, time slots, perceived air quality (before BARS test), perceived

noise level and perceived difficulty level.
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Discussion

This study indicates that exposures to pure elevated
CO, levels up to 2100 ppm were not associated
with detrimental changes in individuals’ cognitive
performance in eight out of ten tests, while Selective
Attention and Progressive Ratio tests reported signifi-
cantly improved performance with reduced response
time at 1500 and 2100 ppm, compared to a baseline
of 600 ppm. Our results deviated from some previous
studies that indicated detrimental effects, and were
consistent with those that found no effects. Compared
with most studies which found adverse effects, our
study used relatively lower CO, levels, aiming to
examine the effects at low-to-moderate levels close to
routine scenarios. Some studies [12]—-[14], [16] testing
higher concentrations exceeding 3000 ppm tended to
be more likely to exhibit the effects of CO, on indi-
viduals. Disparities in the results might be partly due
to the different population groups. This study was con-
sistent with the two studies which found no effects on
university students [18], [20], contrary to Allen et al.
which focused on office workers [10] and pilots [11].
One possible explanation for the discrepancies among
the findings could be the different cognitive assessment
methods employed. Allen et al. and Satish et al. both
found decrement in decision-making performance
with the SMS battery, which was described as a sensi-
tive cognitive function assessment tool, but limitation
also exists, as Rodeheffer et al. [25] mentioned.

Regarding the two tests which reported improved speed
at higher CO, levels, Zhang et al. [26] found that
the beta relative power of EEG significantly increased
at higher concentrations, indicating that elevated
CO; levels could be associated with higher arousal.
Zhang et al. [18], [19] postulated a weak indication
of arousal increased at higher CO, levels, based on the
slightly increased ETCO, and reduced performance
of Tsai-partington test. Arousal could play a crucial
role in performance, but it remains unclear why some

tests were affected with other tests showed no effect.
Therefore, the improvement of performance measured
by response times in the two tests could be due to
higher arousal under higher CO, levels. Another expla-
nation of the significant results of response time in two
tests might be increases in alpha error due to multiple
comparisons [27] of ten tests. Significant results from
numerous tests sometimes could be false positives due
to chance.

Conclusion

This study examined whether different pure CO,
concentrations below 2100 ppm impact cognitive
performance, independent of ventilation rates. With
only two out of ten tests showing significant increases
in response times and no significant results in accuracy
under higher CO, levels, the findings provide empirical
evidence that the cognitive performance of university
students, measured by the BARS test battery, was not
adversely affected by pure CO, below 2100 ppm, con-
sistent with the current guidelines and some previous
studies. More importantly, not only that some of the
results from prior studies which reported decrements
in cognitive performance could not be confirmed in
this study, the contrary was found. This adds to the
uncertain nature of evidence in this field, although
more research is needed to confirm this finding which
could be due to arousal effects or to numerous testings
across several variables. The results indicate that for
regulatory purposes CO, levels below 2100 ppm could
be treated primarily as a proxy for ventilation rates and
indoor air quality, while concerns still exist when levels
rise above that to the occupational exposure limit of
5000 ppm.
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