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Abstract To extend the results of a previous study on thectf of carbon dioxide (Cfpand
bioeffluents on humans, the new study reportedhis paper was carried out. The purpose of
this study was to examine, whether exposure te @05,000 ppm would cause sensory
discomfort, evoke acute health symptoms, reducgéh®rmance of cognitive tasks, or result
in changes in physiological responses. The outdoosupply rate was set high enough in a
low-emission stainless-steel climate chamber tatera reference condition with ¢@t 500
ppm when subjects were present, and chemically f@ewas added to the supply air to
create an exposure condition with £& 5,000 ppm (the measured exposure level was ca.
4,900 ppm). Ten healthy college-age students wepmosed twice to each of the two
conditions for 2.5 hours in a design balanced fatep of presentation. The raised £0
concentration had no effect on perceived air gualitphysiological responses except for end-
tidal CO, (ETCQO,), which increased more (to 5.3 kPa) than it wathenreference condition
(5.1 kPa). Other results indicate additionally th&.5-hour exposure to GQp to 5,000 ppm
did not increase intensity of health symptoms regabby healthy young individuals and their
performance of simple or moderately difficult cdgre tests and some tasks resembling
office work. These results accord well with the reat occupational exposure limit
recommendation for C£and with many other reports published in the ditere.

Key words Carbon dioxide; Perceived air quality; Acute heafiymptoms; Cognitive

performance; Physiological responses

Practical Implications

The present results provide some support to theewtly recommended occupational
exposure limit for CQ They show that a concentration of £ to 5,000 ppm during brief
exposures no longer than 2.5 h, will not decreasegived air quality, increase intensity of

self-assessed acute health symptoms or negatiffelst ¢he performance of some aspects of
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office work. Thus a mere removal of @@ not sufficient to avoid negative effects of

exposures indoors; other pollutants need to be vethas well.

1. Introduction

Since the 19th Century, the indoor carbon dioxid®.) concentration has been used as an
indicator of air quality in buildings and of thefeftive outdoor air supply rate in occupied
rooms (Pettenkofer, 1858). Many studies have us®d & a marker for exposure levels
indoors and for ventilation efficiency, and exantinthe relationship between measured
concentrations of C£and subjectively assessed acute health symptams $eppanen et al.,
1999; Apte et al., 2000; Erdmann et al., 2002),ampent in cognitive performance (e.qg.,
Myhrvold et al., 1996; Myhrvold and Olesen, 1990]&€Yy et al., 2004; Bako-Bir6 et al., 2008;
Haverinen-Shaughnessy et al., 2011; Wargocki an@nN2013) and absence rates (e.g.,
Milton et al., 2000; Mendell et al., 2013). In afithese studies, none of the observed effects
were attributed to CO CO, was simply regarded as a harmless indicator oflitedy
presence of harmful pollutants.

The source of C@in non-industrial indoor environment is human rbetsm. Taking the
production rate of COby humans and ventilation rate, the measured develCQ indoors
very seldom exceed 5,000 ppm, i.e. the current8-bocupational exposure limit set by the
Occupational Safety and Health Administration (OSHBCOHS, 2005) and the American
Conference of Governmental Industrial HygienistsC@H, 2011); the ceiling limit of
30,000 ppm for 10-minute exposure set by ACGIHnly oelevant for industrial exposures as
it is highly unlikely that it would occur in nondustrial settings. As summarized in the
literature survey performed by Zhang et al. (201@4)levels below 10,000 ppm no toxic
effects of CQ are expected, and even no physiological respahseso CQ exposures were

observed that could plausibly lead to negativethegffects. The published studies show that
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measurable effects on the respiratory system @se respiratory rate, minute ventilation
rate or the arterial partial pressure of L£@nd changes in the cardiovascular system
(increased heart rate and blood pressure) ocdai©®atoncentrations higher than 10,000 ppm
or even when C® concentrations are above 30,000-50,000 ppm (Sedtizal., 1960;
Schaefer et al., 1963; Woods et al., 1988; Mar¢sth ,€1997; Bailey et al., 2005). No effects
of CO, on the performance of subtraction, logical reasgmr short-term memory were seen
either during brief exposures of 20 min to Ll@vels up to 65,000 ppm (end-tidal €O
(ETCO,) reached 6.7 kPa) (Sayer et al., 1987). Thus teeiqus studies show that negative
effects of exposure to pure @@ccur at concentrations that are at least onercofle
magnitude higher than those that occur in non-itxgiisndoor environments.

These results are confirmed by recent study by ghetnal. (2016a,b). They exposed
twenty-five subjects to C£at 1,000 ppm and 3,000 ppm; £€®as dosed from gas cylinders
into chamber to attain these two levels, while ofhalutants were kept at very low level by
setting ventilation at a high rate. Compared to @® level at 500 ppm, exposure to €0
levels up to 3,000 ppm did not cause any significdranges in perceived air quality, the
intensity of acute health symptoms rated by thgesih themselves or the performance of
cognitive tasks resembling office work. ET&€@vel reached 5.4 kPa at ¢06f 3,000 ppm
while it was 5.1 kPa during exposure to £40 500 ppm. The performance of a cue-utilization
test tended to decrease during exposure te &G,000 ppm. No changes in stress/arousal
indicators and other physiological responses wauad.

Contrary to the studies mentioned above threentecelependent studies showed that
exposure to elevated G@t levels below 3,000 ppm can negatively affeetghrformance of
proof-reading (Kajtar and Herczeg, 2012) and inflkeea complex test of decision-making
ability (Satish et al., 2012; Allen et al., 201B).these three studies, G@as dosed from gas

cylinders while ventilation rate was sufficientlygh to keep other pollutants at low levels.

4



The study by Kajtar and Herczeg (2012) observedesphysiological effects of exposure to
pure CQ at 3,000 ppm, including increased diastolic blgmdssure and decreased mid-
frequency components of heart rate variability,sihinay suggest an elevated stress level; no
other health effects were observed. Satish eR@llZ) and Allen et al. (2015) did not report
any results of physiological responses or restltseasurements of health effects.

The present study was carried out to further exartie effects of exposure to pure £O
and to investigate the possible reasons for theejiancy between the findings by Zhang et
al. (2016a,b) and the above studies by Kajtar aactz¢g (2012), Satish et al. (2012) and
Allen et al. (2015). The hypothesis was that no suead outcomes would be changed by
increasing C@to 5,000 ppm, i.e. to the current 8-hour occupatiexposure limit and the
level higher than that examined in the previouslistimentioned above (Kajtar and Herczeg,

2012; Satish et al., 2012; Allen et al., 2015).

2. Methods

2.1 Approach

The experimental approach was similar to that usedprevious experiment by Zhang et al.
(2016a,b). Ten subjects in two groups of five wexposed in a stainless climate chamber for
153 minutes to two conditions: a reference exposumedition when C@ generated by
subjects occupying the chamber was kept at 500 ppioh,an exposure condition when £0O
was elevated to 5,000 ppm by dosing it from the @dimders. The order of presentation of
conditions was balanced according to the Latin-sgjukesign. The subjects were exposed
twice to each condition, thus they were exposdtienchamber for four times: They were first
exposed to the pair of conditions (€&t 500 and 1,000 ppm) and then to the same pair of
conditions in the reversed order. The subjects mdablind to exposure conditions. During

each exposure, they rated air quality and thermiafort, assessed the intensity of their acute
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health symptoms, indicated the level of effort thed exerted and performed a number of
cognitive performance tasks. The physiological oeses of the subjects were monitored to
examine whether there were any effects on respyrato cardiovascular systems. Saliva

samples were collected for later analysis of stbésmarkers.

2.2 Facilities

The experiment was carried out in the climate chemuescribed in detail by Albrechtsen
(1988) and Zhang et al. (2016b). The chamber isenoddtainless steel. It has a floor area of
3.6 x 2.5 m and a volume of 30’ imcluding recirculation ducts. The ventilationaishieved

by using a piston-type air distribution throughexfprated floor with a sub-floor plenum. A
grid is placed above the perforated plate to alealking. The size and distribution of the
holes in the perforated plate is designed to ohtaiform airflow over the grid at a very low
air velocity. Consequently, there are no complaoftaincomfortable air movement (draft)
even when the chamber is operated at the highssthpe air change rate up to 66. The air

in the chamber is well mixed due to air distribatiprinciple and recirculation. New G3/F7
particle filters were installed in the supply duictsnediately prior to the present experiment.
No other filters or air cleaners were used. Thardber was thoroughly cleaned prior to the
experiments and ‘baked’ for one week at a tempezatd 40°C to reduce any residual
pollution on the inner surfaces of the chamber isdlucting. No chemical measurements
were performed prior to the experiment to examitetiver the background pollution level
was in fact low, but many previous experiments qrenked in the same chamber have
documented that the chamber is indeed low-emiting., Fang et al., 1998a,b; Kjeergaard et
al., 1999; Pejtersen et al., 2001; Zhang et all6BY The sensory assessments of air quality
made by the subjects in the present experimenttf@e®esults section and Fig. 2) confirm

that the level of perceived air quality was higtthe chamber and thus that the levels of any
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residual pollutants in the chamber volume were |@Were were six workstations in the
chamber for the 5 subjects and an experimenteh, wadkstation consisting of a table, a chair,

a laptop PC and a desk lamp.

2.3 Subjects

Ten healthy college-age subjects (5 males, 5 fespalere recruited to take part in the
experiments and all of them completed all 4 scremtieixposures. All subjects were students
with a meantSD age of 25+2 years old, mean+SD he&fjh76+8 cm and mean+SD weight
of 7019 kg. They were all non-smokers. All subjeatseived a 1-hour session of training
prior to the experiments. During this session timgre instructed on how to fill out the
questionnaires, they practiced the cognitive tasexd for measuring performance, and the
physiological measurements were made so they agetldamiliar with all procedures. The
subjects were asked to adjust their clothing toaianthermally neutral during the practice
session (the average thermal insulation of theithahg after this session was about 0.37 clo).
They were then requested to wear garments withlaiminsulation during the actual
experiments. The subjects were instructed to adaitking alcohol or eating spicy food on
the day prior to and on the day of exposure. Thegevalso asked not to use strong perfume
or perfumed hygienic products on the exposure dalgs. subjects were paid at a fixed rate

for taking part in the experiments.

2.4 Experimental Conditions
Two exposure conditions were established in thentes: a reference exposure condition
with CO, at 500 ppm (referred to as B500) and an exposumditon with elevated CPat

5,000 ppm (referred to as P5000).



In the reference condition (B500), the ventilatiate was set at 720%h (corresponding to
24 hY). This was high enough to reduce the @@ncentration generated by 5 subjects and
the experimenter who remained in the chamber duemgosures to 500 ppm. The
concentration of human bioeffluents emitted by shbjects and the experimenter will also
have been reduced to a correspondingly low levethé high exposure condition of 5,000
ppm (P5000), the ventilation rate was the sama #se reference condition, in order to keep
the concentration of background emissions, humaaftiuents and metabolically-generated
CO; as low as in B500. In this condition, €(®9.99% in quality) was added to the supply air
at a constant rate of 54 L/min to maintain its @niation in the chamber at a level close to
5,000 ppm. Real-time measurements of, €C@ncentration in the climate chamber were made
during exposures to ensure that the intended ciracems were achieved and to ensure that
CO:;levels did not exceed 5,000 ppm.

In both exposure conditions, temperature, relativmidity, noise level and lighting level
were kept constant at 26°C, 35%, 48 dB(A) and 380 Two-degrees higher temperature
than in the study by Zhang et al. (2016a,b) wascsetl because the present experiment was
performed in summer (mid August 2014), while theviwus study was carried out in late
winter and early spring (from February to Aprilhd subjects reported to be approximately
thermally neutral during practice session at 26%d also in all four exposures (see the
Results section). Another reason for selecting tbmperature was to match the thermal
condition with an experiment that examined the @ffeof elevated temperature (35°C) and
the combined effects of elevated temperature ang (CQ and Wargocki, 2015; Liu et al.,

2016).

2.5 Measurements



A measurement station was placed in the chambt#reahead height of a seated person. It
consisted of a calibrated CARBOCARO, monitor (GMW22, Vaisala, Finland) with a
measuring range of 0-5,000 ppm and an accuracy2® af range + 2% of reading, and a
response time of 1 min, a sensor for temperatureagorement range 0-50°C, accuracy
+0.35°C) and relative humidity (measurement ran@®0%, accuracy +2.5%), and a HOBO
U12-013 data logger (Onset Computer Corp., USA)heoted to the sensors to record the
data. CQ concentration, air temperature and humidity wemmnitored continuously. Ozone
concentration was measured continuously at thereenft the chamber using an ozone
monitor Model 205 by 2B Technologies Inc. (measwetmange 1 ppb to 250 ppm, accuracy
+2% of reading). Lighting intensity and sound lewadre measured when no occupants were
present in the chamber. The lighting intensity wasasured with a lux meter Testo 540 by
Testo AG (measurement range 0-99,999 lux, accueB%) and the sound level was
measured with a digital sound level meter by EXTE@tasurement range 35-130 dB(A),
accuracy £1.5 dB(A)). It must be remarked thatdaheuracy of instruments presented above
is based on the specifications provided by the rzemurers.

Subjective measurements were carried out usingdhge questionnaires as were used in
the previous study by Zhang et al. (2016b). Thejuthed questions regarding perception of
indoor environment, including the acceptability tfe air quality, odour intensity, air
freshness, thermal sensation and acceptabilitherfrial environment, air dryness, brightness
and noise level. The intensity of each of the felloy acute health symptoms was rated by
the subjects: nose dryness, throat dryness, skineds, eye dryness, eyeache, headache,
difficulty in thinking clearly, difficulty in concetration, fatigue, dizziness, depression and
sleepiness. Ratings of self-estimated performanege wcollected too. The subjective
assessments described above were obtained repyediieily each exposure, as shown in Fig.

1.



During the exposures, the subjects performed tgxng and addition to examine the
effects of increased Gbn the component skills required to perform offigerk (Fig. 1).
Each task took 30 minutes to complete. In the teming task, subjects retyped a printed
English text onto the PC using Microsoft Word; thember of characters typed per minute
and the error rate were calculated as the measfrggerformance. The error rate was
estimated using the Levenshtein distance, which measure of the difference between a
source string and a target string; a higher Leviemshdistance indicates more differences
between two strings, i.e. that more errors wereenfadvenshtein, 1966). In the addition task,
subjects added five two-digit numbers that weratpd in a vertical column; the number of
units completed per minute and the percentage eaterwere calculated. The subjects also
performed a cue-utilization test known as the Faatington test (Partington, 1949;
Partington and Leiter, 1949), in which they dreWina as quickly and accurately as possible
connecting numbers in the ascending order. Thuylvers were selected randomly between
1-99 and were scattered randomly on a page. Thedllocated to perform the test was 40 s,
which was too short for the subjects to conneabfalhe numbers. The total number of correct
links made during the available time was countethasneasure of performance.

Several physiological measurements were made. iflchyded continuous measurement of
heart rate using a Suunto belt (SS014543000, Sudgip measurements of blood pressure
immediately prior to and after the exposure usi@earer BM 35 monitor, measurements of
respiration rate overlapping the periods of textirtg, using an apparatus developed by the
experimental team consisting of a thermistor agddo a headset (Zhang et al., 2016b), and
three repeated measurements of E3J@0@d SPQ immediately prior to each exposure and
each hour during the exposure, using a Lifesenseitbtoby MedAir AB. The measurable
range of ETCQ was 0-9.9 kPa and the accuracy was 0.2 kPa + 6%eauling; the

measurable range of SPWas 0-100% and the accuracy was +2% as providedhéy
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manufacturer. In addition, saliva samples wereectdld before and after the exposure for
later analysis of the changes in two stress bioarark-amylase and cortisol. The samples
were collected by asking subjects to drool intcoatainer. Immediately after collection, the
saliva samples were centrifuged and stored inezée(storage temperature -20°C) until they
were sent for analysis performed by a certifiedfalory. Amylase assay was performed with
Integra 400 plus (Roche Diagnostics Ltd.). The cteda limit was 3 U/L (0.003U/ml) and the

analytical error of measurement was 5.7%. Cortastay was performed with Cobas
6000/e601 (Roche Diagnostics Ltd.). The detectionit was 0.018 ug/dl (0.4968 nmol/L),

and the analytical error of the measurement wag%.1The analytical accuracy of saliva

bioassays was provided by the commercial laborat@typerformed analyses.

2.6 Experimental Procedure

The experiment was conducted in two successive svigethe middle of August 2014, each

week from Monday to Thursday. The subjects weredoanly assigned to 2 groups of 5

subjects; one group participated in the experimentdlondays and Wednesdays, while the
other took part on Tuesdays and Thursdays alwayseoeame time of the day.

Each day, the experiment started at 14:00 and ebgdd:00 (Fig. 1). Immediately upon
arrival, the subjects put on the Suunto belt, blpoessure and ETCGLEPQ were measured,
and saliva samples were obtained. Once these pbgmial measurements were completed,
the subjects entered the chamber. Immediately @ndering the chamber, they assessed air
qguality and odour intensity. They then sat downtlair respective workstations and
performed assessments and tasks according tolitedide shown in Fig. 1.

After the 153-minute exposure the subjects leftdi@mber. Blood pressure was measured
and saliva samples were obtained again. The ssbjbenn re-entered the chamber and
immediately upon entering assessed again the alitgjand odour intensity.
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The study conformed with the Ethics Review Boardrapal (KA04741).

Heart rate

N

Physical measurements (T/RH/CO,/O5)

‘ -

N
PAQ+TC+SBS+SLP S]l:P ETCO,/SPO, TIIT PAQ
Text .. E Text .. E
PM ; Addition = ) Addition [iy= PM
1 Typing %E Typing ; = 2
agdes 5 serR® 2 sgpd 12
g
Enter chamber Leave chamber Re-enter

Fig. 1 Experimental procedure, where PAQ/TC/SB®/Stands for assessments of perceived
air quality, thermal conditions, acute health syonm and sleepiness; SEP stands for self-
estimated performance; TPT stands for Tsai-Padmugst; PM stands for physiological
measurements, PMnhcludes measurements of ETZ8PQ, blood pressure and saliva

sampling, while PMlincludes only measurement of blood pressure anthssampling

2.7 Statistical Analysis

Measures of central tendency and variance werangateor all parameters measured and
rated by the subjects separately for each week @ftdata had been checked for gross errors.
All outcomes were analysed using a general lineatyais of variance model with repeated
measures. Exposure conditioreg &nd the time at which different assessments weade
during the dayt) were included as within-subject factors; condittme interactiondt) was
automatically included in the model as a withinjsabfactor. It was independently examined
whether week-to-week responses were consistentauBecthey were not significantly

different from each other, repetition was not in@d in the model as a factor. The analysis
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was made with the SPSS 19.0 program. This progras also used to perform post-hoc
analyses using a paired t-test, whose purposeavesnpare differences between conditions
at the same time moments or between time momenisinwihe same condition. The
significance level was set to 0.05 (2-tail).

Although only ten subjects participated in the pregsexperiment, the repeated measures
design with repetition secures that the statistpalver of the present study is 0.92 as
calculated from post-hoc power analysis using safénvG*power 3.0 (Faul et al., 2007),
assuming a large effect size at 0.4 based on thegmilar experiments with human subjects
(Lan and Lian, 2010; Lan et al., 2011). The statstpower of the present study is higher
than of the preceding study by Zhang et al. (206&Zhang et al. examined the effects of
elevated CQ exposures, and 25 subjects participated. Repeaatabures design without
repetition was used and the statistical power w8S.0rhe statistical power of both studies

was higher than 0.8, which is the generally acdsetievel.

3. Results

Table 1 shows that the conditions measured in llaenber were close to the intended values.
The CQ level in the high C@condition (P5000) was slightly lower than planribg about
100 ppm) to make sure that it did not exceed tloeigational exposure limit. Table 1 shows

that other parameters did not differ between thee@wposure conditions.

Table 1 Measured conditions during exposures irctia@nber (mean = SD)

Condition CO, Temperature Humidity Indoor G Lighting Noise
(Ppm) (°C) (%) (ppb) (Lux) (dB(A))
B500 409+21 26.1+0.1 35+2 31+8
378473 48+0.5
P5000 4913+146 26.0+0.2 35+2 34+3

13



There was no significant difference in the assesssnef acceptability of air quality
between reference exposure (B500) and the high é&Posure (P5000) both upon entering
the chamber prior to exposure, during exposurethenchamber, and upon re-entering the
chamber after the exposures were completed (Figrt®) estimated percentage of subjects
dissatisfied with air quality, calculated from thetings of acceptability of air quality, was
about 10% (Wargocki, 2004). This indicated that treckground pollution level in the
chamber was indeed low, as expected, and thaldhated CQ level did not change sensory
responses of subjects. This was further confirmgethb assessments of odour intensity and
air freshness (Fig. 2): subjects assessed thesitteof the odour in the chamber close to
slight and the air was perceived as neither stofiy fresh independently of the exposure
conditions.

Subjects reported that they felt slightly warmeartmeutral during the exposures, but the
thermal sensation reported by the subjects didiffar between conditions (Fig.2). Subjects
reported that the acceptability of the thermal d¢omas was quite high; using these
assessments it was estimated that fewer than 12Wedsubjects were dissatisfied with the
thermal conditions. The ratings of perceived bmgiss, air dryness and noise level did not

differ between exposure conditions (data not shown)
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Fig. 2 Subjective perceptions of air quality anerthal condition in the chamber; the bars

show the 95% confidence interval (95%CI)

Fig. 3 shows the ratings of the intensity of theitachealth symptoms reported by the
subjects; only symptoms that either differed betwdee exposure conditions or changed in
the course of exposures are shown. The only oataghen the intensity of any symptom
differed significantly between conditions was fbetnose dryness. It was systematically less
intense at P5000 than at B500; the difference wagelier small and it was statistically

significant only at the beginning of exposure. jBats reported that they felt worse, were
15



more tired and sleepy, and it was more difficulthmk clearly and concentrate the longer
they stayed in the chamber. These temporal chamgessstatistically significant but they did
not differ between the exposure conditions (Fig.T3)ere was no significant change in the

intensity of any other symptoms (data not shown).
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Fig. 3 Intensity of acute health symptoms thateddtl significantly between conditions (only
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nose dryness) or changed significantly over thesde time (all symptoms presented); the

bars show the 95%ClI

There were no significant differences in self-estiéd performance between the two
exposure conditions.

Table 2 shows that there were no significant déffiees between the two exposure
conditions in the performance of Tsai-Partingtost ter cognitive tasks resembling office

work.

Table 2 Performance of Tsai-Partington test, tggig and addition tasks (Mean + 95%Cl)

Task Index Condition p-value for diffe_rc_ence
B500 P5000 between conditions
Tsai-Partington Number of correct connections 10.9+0.8 10.3+0.7 79.1
Text typing Characters typed per minute 165.7+7.8 74.1+7.8 0.122
Error rate (%) 1.3+0.2 1.5+0.3 0.198
Addition Units completed per minute 3.810.4 3.810.4 0.768
Error rate (%) 6.1+1.4 6.3+£1.9 0.830

Fig. 4 (left) shows that ETCQOncreased during both exposure conditions compatitu
the pre-exposure level. The levels of ETGAkre systematically higher in P5000 compared
with B500, although the differences were small. Ef@evels during the exposures (the last
two measurements shown in Fig. 4 left) were avetagel compared: The average level of

ETCGO; for P5000 was significantly higher than for B5@(0.05) (Fig. 4 right).
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Fig. 4 Change of ETC{along the course of exposure (left) and averadel&@O, during the
exposure in each condition (right); the first measent of ETCQwas implemented 15

minutes prior to entering the chamber; the barsvsbia?oCl

The exposure to 5,000 ppm did not cause any mdaswshanges in respiration rate.

Due to instrument failure the results of heart r@@asurements were available only for 5
subjects. The available data show that there wereystematic differences in heart rate
between the two exposure conditions. Heart rateedsed slightly over the course of
exposure, but this decline was independent of axposonditions.

No change in blood pressure was observed afteh@is-exposure compared to the pre-
exposure levels in either exposure conditions.

SPQ increased slightly over the course of the exposwutependently of conditions but no
significant differences between exposure conditiwase observed.

Table 3 shows the concentrations of salivasgmylase and cortisol prior to and after each
exposure. The level of salivasyamylase was higher prior to exposure t0,@&D5,000 ppm
(P5000) compared with B500. It decreased afterh®is- exposure independently of the
exposure conditions. The decline was statisticaijnificant only when the subjects were

exposed to B500. Consequently, thamylase level after exposure to P5000 was hidtaar t
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after exposure to B500. No difference in cortisevdls was observed between the two
exposure conditions. The cortisol levels decreadtat 2.5-hour exposure independently of

conditions and the decrease was again statistisghificant only at B500.

Table 3 Concentrations efamylase and cortisol in Saliva (Mean = 95%Cl)

Condition a-amylase (U/ml) Cortisol (nmol/l)
Before After After-Before Before After After-Before
B500 136.8+44.7 98.3+25.2 -19.1+20.9* 14615 2.2 -1.0+1.1*
P5000 142.1+45.5 131.5+49.3 -5.1+22.4 145+2.6 ABR2 -0.5+1.7

*denotes that the difference between the levets poi and after the exposure was statisticallyifganmt
(P<0.05).

4. Discussion

In the previous study, Zhang et al. (2016a,b) eepgasibjects for 4.5 hours to elevated,@O
1,000 ppm and 3,000 ppm; the elevated, G®els were attained with similar approach as
used in the present study, i.e. by adding it frosimders and keeping all other pollutants at
low levels by ensuring a high ventilation rate. dlenges in responses of the subjects were
seen at either of the two exposure conditions gards the perceived air quality, thermal
comfort, acute building-related health symptomsagnitive performance. The present study
confirms these findings and extends the previaudirigs and conclusions to the £level of
5,000 ppm, although for exposures lasting onlyrgrs.

ETCO, was the only physiological response among mangropinysiological responses
measured in the present experiment that differédden the exposure conditions. Exposure
to CO, at 5,000 ppm for 2.5 hours resulted in ET@D5.3 kPa, while ETC®was 5.1 kPa in
the reference exposure condition when,@@s 500 ppm (Fig. 4). This is consistent with the
results obtained in the previous study by Zhangl.ef2016a), where the similar trend was
observed during exposure to pure £ 3,000 ppm (the levels of ETG@as then 5.4 kPa).

Other experiments have shown that exposure to derably higher C@concentrations of
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30,000 ppm to 65,000 ppm can result in notablyegased ETC® These concentrations can
increase ETC®to as high as 6.0 kPa to 7.9 kPa (e.g., Consoleizal., 1947). ETCQis
increased because of changes in respiration ratéidal volume (Guillerm and Radziszewski,
1978; Schaefer, 1979); no changes in respiratittnware observed in the present experiment.
It is therefore likely that the tidal volume caugbdt ETCQ increased. However, the tidal
volume was not measured in the present experinsenti is not possible to verify this
postulation. Zhang et al. (2016a,b) also postulétbed tidal volume increased when subjects
were exposed to Gt 3,000 ppm.

Although ETCQ increased somewhat in the present experimensscitia@inge did not cause
any negative effects. Increased ET{@n cause changes in breathing pattern, as distusse
above, but can also affect cognitive performance.tke latter to occur, Sayers et al. (1987)
suggest that ETCOmust rise above 6.8 kPa (51 Torr), which is mugér than the 5.3 kPa
measured in the present experiment (Fig. 4). Tidydby Sayers et al. (1987) did not observe
any habituation during 80 min exposure to devel of 65,000 ppm, during which period
ETCGO; increased remarkably; they also noticed that thv&® a non-significant tendency for
ETCO; to marginally decline towards the end of the exjpesThe reason could be that long
periods with increased ETG@an result in some physiological adaptation. Skela@979)
showed that in such case, excess @0Ould be removed through accumulation in the bpnes
and when a critical level is reached, through tlinéys. It should be noted that Schaefer
made these observations during exposures to amleiesis of CQ in the range of 7,000-
10,000 ppm, i.e. at the levels that were highen it levels normally measured indoors as
well as higher than the levels studied in the presgperiment.

Zhang et al. (2015a) observed that heart rate dsedeless when GQvas 3,000 ppm
compared with the reference condition of 500 ppuat,rio such difference in heart rate was

observed in the present experiment. A possibleoreasuld be that heart rate data were only
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available for 5 subjects and that the exposure timg only 2.5 hours. In the previous study
by Zhang et al. (2016a), heart rate data were availfor 25 subjects and the exposure time
was 4.5 hours.

No other physiological responses to exposure te @@ at 5,000 ppm were observed in
the present experiment. This agrees well with peviexperiments by Zhang et al. (2016a,b)
and others, e.g. Law et al. (2010), showing no jaihygical reactions during exposure to pure
CO; at any level below 10,000 ppm. That physiologresijponses at two exposure conditions
did not differ either prior to experiments suggeatilitionally that prior exposures before
arriving to the experiments did not affect the preégesults.

That cognitive performance was not affected by syp® to CQ at 5,000 ppm is in
agreement with some of the research published quehli, which actually did not observe
negative effects of COeven when it was one order of magnitude highen tinapresent
experiment. Case and Haldane (1941) did not seeagative effects on the performance of
skill and arithmetic tests after a few minutes gpasure to C@as high as 60,000-70,000
ppm. Sayers et al. (1987) did not see effects erBdmddeley test of logical reasoning during
exposures to Cfat 65,000 ppm that were up to 80 min long. Theyp aeported that other
studies did not observe any effects on reactioe {iheehy et al., 1982; Henning et al., 1985),
short term memory (Sheehy et al., 1982) or aritiontdsts (Case and Haldane, 1941;
Consolazio et al., 1947) during exposures to, @Olevels up to 60,000 ppm. The present
results are different however from the studies lajté and Herczeg (2012), Satish et al.
(2012) and Allen et al. (2015) who showed the negatffects of CQ on cognitive
performance. Kajtar and Herczeg (2012) observedcaedse in the performance of a proof-
reading task during 3-hour exposure to ,C& 3,000 ppm, but the description of their
experiment was inadequate in some respects anceffaet was observed only on one

occasion during two series of experiments. Theissuy Satish et al. (2012) and Allen et al.
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(2015) were obtained in experiments with a vergrgirdesign, controlling well for possible
confounding and disturbing factors. Their resulerevvery systematic and consistent. They
showed that exposure to @@educed significantly the performance of a compiest of
decision-making at levels as low as 1,000 ppm dutdp to 8-hour exposure. They used a
battery of tests known as the Strategic Manager@enulation (SMS) (Streufert et al., 1988;
Breuer et al., 2003; Satish et al., 2004). This ieesery different from the tasks used in the
present study as well as other studies mentionesiealit examines higher-order cognitive
skills by exposing participants to unfamiliar siiopas based on real-world equivalent
challenges in complex decision-making. The SMSrexgtires using many skills and abilities
(i.e. it is multi-tasking) and consequently it neead high cue-utilization capacity, i.e. a low
arousal/stress level. Considering present resultsay be postulated that simple or familiar
cognitive tasks may not be affected by elevated IE@els. Considering the work by Satish et
al. (2012) and Allen et al. (2015), it may addiadiy be postulated that GQOs only critical

for certain tasks, which are not typical or widekercised by work force in offices.

Since no toxic effects of Cat the levels used by Satish et al. (2012) ormAdieal. (2015)
would be expected based on the published researgh §chaefer, 1979; Law et al., 2010;
Zhang et al., 2016a), it seems possible that pedopnance of the SMS test could be due to
other reasons. It may be postulated that reducddrpeance occurred because of the elevated
stress/arousal level of individuals taking the .t&gcause SMS is complex, difficult and
unfamiliar, it may create stressful situation résgl in elevated arousal, as postulated by
Yerkes-Dodson (1908). This may result in less tbptimal performance even at low €O
levels close to background levels. According to Yleekes-Dodson Law, further increase in
arousal would have negative effects on the perfoomadf such a test. This would suggest
that elevated C@levels in the studies by Satish et al. (2012) Alteh et al. (2015) increased

arousal, and this was the main reason causingdbe gerformance of SMS. In the present
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study and the study by Zhang et al. (2016a,b)etheas a weak indication that ¢@ight
increase arousal/stress levels slightly: There avasn-significant tendency for performance
of Tsai-Partington test, which is a much more ditest of cue-utilization than SMS, to be
reduced during exposures to high {évels, even though there were no other indication
elevated stress, i.e. other stress indicatorsydire) blood pressure and salivary biomarkers,
were not affected. Whether the difference in tafficdlty is indeed the reason in discrepancy
between the results of the studies by Satish €2@lL2) and Allen et al. (2015) needs to be
examined in the future. However, this discrepan@yrbe manifestation of more general
phenomenon also explaining why in some previoudistuno effects of changing indoor
climate parameters were seen and in some theyseere

The present results imply that exposure to pure €@hcentrations below 5,000 ppm
should not raise concerns regarding discomforisisrfor health. These results are valid for
healthy young students and short exposures. Coestdguany discomfort and acute health
symptoms due to insufficient ventilation should lpably not be attributed to the presence of
CO,, but to the presence of other pollutants originatindoors or outdoors, and/or to the
products of chemical reactions and transformatisgsiptoms can also have a psychological
origin (Brauer et al., 2006). Zhang et al. (201pafowed directly that the effects should be
attributed to other pollutants than €Orhey examined the effects of bioeffluents when
ventilation rate was restricted to keep the metaaly-generated Coat 1,000 ppm or 3,000
ppm. Contrary to the results obtained in the saxper@ment during exposure to pure £&
the same concentrations, exposure to bioeffluegtsfisantly decreased the perceived air
guality of visitors (when C®was at 1,000 and 3,000 ppm), increased the irtyeoisieported
headache, sleepiness, fatigue and difficulty inkimg clearly, and reduced speed of addition,
the response time in a redirection task and thebewunof correct links made in the cue-

utilisation test (when COwas at 3,000 ppm). They concluded that moderateerdrations
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of bioeffluents, but not pure GOwould result in deleterious effects on occupaiisng
typical indoor exposure. Sarbu and Pacurar (20bb)nd that the performance of two
cognitive tests continued to improve linearly wheoeffluents levels reduced as indicated by
a decrease of CQevel from 1,000 to 500 ppm. Ramalho et al. (20d&)firmed that even
with low CGO; levels (i.e. high ventilation rate), the reductioh other pollutants remains
necessary to avoid the exceedance of health gonedetlues and to achieve a satisfactory
indoor air quality.

The exposure duration in the climate chamber wash®urs. This was shorter than the
exposure of 4.25 hours in the study by Zhang e{24l16a,b) and 8 hours by Allen et al.
(2015), but was the same as in the study by Satiah (2012). Two and a half hours can also
be considered as a typical duration of a long kectar a period of an uninterrupted work
segment. The total dose of g@ceived by subjects in this study was 5,000 ppt5xh =
12,500 ppm-h, which was close to the dose subjectsved in the study by Zhang et al.
(2016a,b), in which the dose was 3,000 ppm x 412800 ppm-h. However, in the present
experiment the initial level of CQwas about 1.7 times higher. Whether present sesat be
extrapolated to longer exposure durations is unknoivis also uncertain whether longer
exposures would evoke acute health symptoms. Futarke should further examine whether
the prevalence of symptoms is dependent on thé déweitial exposure, dose level, exposure
duration or all these factors.

The background noise level in the chamber was 4Bt was slightly on a higher side
and was caused by the running ventilation fans. él@r, the subjects did not complain that
the chamber was too noisy (data not shown). Thdyndt complain of reduced well-being
either (see Fig. 3 in the Results section). In joey studies noise level up to 48 dB(A) did
not obscure the effects of reduced air quality erfggmance of tasks resembling office work

(Wargocki et al., 1999, 2000; Zhang et al., 2016dtkhs therefore unlikely that moderately
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elevated acoustic levels in the present experimemiéd disturb the results. Future studies
should nevertheless reduce to minimum the influerfcéactors such as background noise
level that could potentially disturb the results.

One limitation of the present experiment is thatyoypoung and healthy college-age
students participated and this is not a baselipalption. A recent study by Tham and Fadeyi
(2015) shows that atopic subjects were less seesiti poor air quality than non-atopic
subjects. Their study found also that, when expdsegoor air quality, atopic participants
reported generally higher intensity of physiologisgmptoms and performed less well in the
concentration test. Whether exposure to elevateg \@idld cause negative effects on other
populations, e.g. atopic individuals, elderly amflants, needs to be studied in the future

experiments.

5. Conclusions
« Compared to C@at 500 ppm, 2.5-hour exposures to artificiallyseai CQ close to
5,000 ppm did not cause any significant changgsenceived air quality, acute health

symptoms or the performance of tasks resemblinigaypffice work.

« Compared to C®at 500 ppm, 2.5-hour exposures to artificiallysegl CQ at 5,000
ppm increased ETCGslightly more. No other significant changes weeersin the
measured physiological responses, which includeddpressure, respiration rate and

stress biomarkers.

« Further research is needed to investigate thetsftddigh CQ exposure on cognitive
performance using a variety of tasks with differdavels of difficulty, while

concurrently measuring stress level.

25



Acknowledgements

This work was supported by Bjarne Saxhof Foundatiey Program of National Natural
Science Foundation of China (51238005), and COWInBation (HHT/A127.02/knl). We

thank our DTU colleague Professor David Wyon fooyiding extensive comments on the

manuscript.

References:

ACGIH (2011) Documentation of the Threshold Limit Values andldgjcal Exposure
Indices Cincinnati OH, American Conference of Governmklmdustrial Hygienists.
Albrechtsen, O. (1988) Twin climatic chambers tadst sick and healthy buildingdn:
Proceedings of Healthy Buildings ‘8ol 3, pp. 25-30.

Allen, J.G., Macnaughton, P., Satish, U., Santar&iyallarino, J. and Spengler, J.D. (2015)
Associations of cognitive function scores with aarbdioxide, ventilation, and volatile
organic compound exposures in office workers: atroled exposure study of green and
conventional office environment&nviron. Health Persp

Apte, M.G., Fisk, W.J. and Daisey, J.M. (2000) Asabons between indoor GO
concentrations and sick building syndrome symptoms.S. office buildings: an analysis of
the 1994-1996 BASE study datagoor Air, 10, 246-257.

Bako-Birg, Z.S., Kochhar, N., Clements-Croome, DAWbi, H.B. and Williams, M. (2008)
Ventilation rates in schools and pupil's performanging computerized assessment tests,
Build. Environ, 43, 362-367.

Bailey, J.E., Argyropoulos, S.V., Kendrick, A.H. darNutt, D.J. (2005) Behavioral and
cardiovascular effects of 7.5% @M human volunteer®epress. Anxiety21, 18-25.

Brauer, C., Kolstad, H., @rbaek, P., and Mikkels®n2006) No consistent risk factor pattern
for symptoms related to the sick building syndrom@rospective population based study.
Arch. Occ. Eny.79, 453-464.

Breuer, K. and Satish, U. (2003) Emergency managemsienulations: an approach to the
assessment of decision-making processes in congyeamic crisis environmentgrom
modeling to managing security: A system dynamigsageh Norway, In: N. A. Press, 145-
156.

Canadian Center for Occupational and Health andt$&CCOHS) (2005Health Effects of
Carbon Dioxide Gas. Summary of Occupational Rigk$ects, and Standards for GO
www.ccohs.ca/oshanswers/chemicals/chem_ profildsdoadioxide.html

Case, E. M., and Haldane, J. B. S. (1941) Humaiplogy under high pressure: |. Effects
of Nitrogen, Carbon Dioxide, and Coldl. Hyg-cambridgedl, 225-249.

Coley, D.A., Greeves, R. and Saxby, B.K. (2004) €Hect of low ventilation rates on the
cognitive function of a primary school clag®,. J. of Vent6, 107-112.

Erdmann, C.A., Steiner, K.C. and Apte, M.G. (200®)oor Carbon Dioxide Concentrations
and Sick Building Syndrome Symptoms in the Basgy SRevisted: Analyses of the 100
Building DatasetLawrence Berkeley National Laboratory.

Consolazio, W. V., Fisher, M. B., Pace, N., Pecdra)., Pitts, G. C., and Behnke, A. R.
(1947) Effects on man of high concentrations oboardioxide in relation to various oxygen
pressures during exposures as long as 72 haarsJ. Physiol.-Legacy Coni51, 479-503.
Fang, L., Clausen, G. and Fanger, P.O. (1998a) dinphtemperature and humidity on

26



perception of indoor air quality during immediateddonger whole-body exposurdadoor
Air, 8, 276-284.

Fang, L., Clausen, G. and Fanger, P.O. (1998b) ¢inpiatemperature and humidity on the
perception of indoor air qualityndoor Air, 8, 80-90.

Faul, F., Erdfelder, E., Lang, A.G., and Buchner(2007) G*Power 3: A flexible statistical
power analysis program for the social, behavioaalgd biomedical science®&ehav. Res.
Meth, 39, 175-191.

Guillerm, R. and Radziszewski, E. (1978) Effectsnoan of 30-day exposure to a PICO2 of
14 torr (2%): application to exposure limiténdersea Biomed. Re§, S91-114.
Haverinen-Shaughnessy, U., Moschandreas, D.J. hadg8nessy, R.J. (2011) Association
between substandard classroom ventilation ratestanlignts’ academic achievemdntoor
Air, 21, 121-131.

Henning, R. A., Sauter, S. L., Reddan, W. G., amhpghier, E. H. (1985) Behavioral
impairment with normobaric, hyperoxic 6% @@ndersea Biomed. Red2.

Kajtar, L. and Herczeg, L. (2012) Influence of aarldioxide concentration on human well-
being and intensity of mental wor®, J. Hungari. Meteor. Senl16, 145-169.

Kjeergaard, S., Hauschildt, P., Pejtersen, J., amdhdle, L. (1999) Human exposure to
emissions from building materialg: Proceedings of the 8th International Confererare
Indoor Air Quality and Climatepp. 507-512.

Lan, L. and Lian, Z. (2010) Application of statestl power analysis How to determine the
right sample size in human health, comfort and petidity researchBuild. Environ, 45,
1202-1213.

Lan, L., Wargocki, P., Wyon, D. P. and Lian, Z. 120 Effects of thermal discomfort in an
office on perceived air quality, SBS symptoms, pblggical responses, and human

performancelndoor Air, 21, 376-390.

Law, J., Watkins, S. and Alexander, D. (201®flight carbon dioxide exposures and related
symptoms: association, susceptibility, and operatiomplications Houston, TX, NASA
Johnson Space Center.

Levenshtein, V.I. (1966) Binary codes capable ofrexding deletions, insertions, and
reversalsSov. Phys. Dokl|10, 707-710.

Liu, W.W., and Wargocki, P. (2015) The effect ofimiair temperature and G@oncentration
on human subjective responsds; Proceedings of Healthy Buildings Europe 2015
Eindhoven, Netherland, 2015.

Liu, W.W., Zhong, W.D. and Wargocki, P. (2016) Rmved air quality, acute health
symptoms and performance at high temperature agid tarbon dioxide concentrations,
Environ. Health Persplunder review).

Maresh, C.M., Armstrong, L.E., Kavouras, S.A., All&.J., Casa, D.J., Whittlesey, M. and
Lagasse, K.E. (1997) Physiological and psycholdgettects associated with high carbon
dioxide levels in healthy meAviat. Space Envir. Md68, 41-45.

Mendell, M.J., Eliseeva, E.A., Davies, M.M., Sped\is, Lobscheid, A., Fisk, W.J. and Apte,
M.G. (2013) Association of classroom ventilatiorttwieduced iliness absence: a prospective
study in California elementary schodisgoor Air, 23, 515-528.

Milton, D.K., Glencross, P.M. and Walters, M.D. (@) Risk of sick leave associated with
outdoor air supply rate, humidification, and ocaupaomplaintsjndoor Air, 10, 212-221.
Myhrvold, A. and Olesen, E. (1997) Pupils healtld grerformance due to renovation of
schools|n: Proceedings oHealthy Buildings/IAQ '9,/Vol 1, pp. 81-86.

Myhrvold, A.N., Olsen, E. and Lauridsen,d. (19964ldor environment in schools - pupils
health and performance in regard to £gOncentrationsin: Proceedings of Indoor Air '96
Vol 1, pp. 369-374.

27



Partington, J.E. (1949) Detailed instructions famanistering Partington’s pathways test,
Psychol. Serv. Cent. 1, 46-48.
Partington, J.E. and Leiter, R.G. (1949) Partingt@athways tesBsychol. Serv. Cent. 1,
11-20.
Pejtersen, J., Brohus, H., Hyldgaard, C. E., Nrelsé B., Valbjgrn, O., Hauschildt, P.,
Kjeergaard, S. K., and Wolkoff, P. (2001) Effectrehovating an office building on occupants’
comfort and healtindoor Air, 11, 10-25.
Pettenkofer, M.V. (1858) Uber den Luftwechsel in Wohngebaudeninchen,
Cotta’schenbuchhandlung.
Ramalho, O., Wyart, G., Mandin, C., Blondeau, RPap&hes, P.A., Leclerc, N., Mullot, J.,
Boulanger, G. and Redaelli, M. (2015) Associatidncarbon dioxide with indoor air
pollutants and exceedance of health qguideline alueBuild. Environ,
http://dx.doi.org/10.1016/j.buildenv.2015.03.018.
Sarbu, I. and Pacurar, C. (2015) Experimental anchamical research to assess indoor
environment quality and schoolwork performance miversity classroomsBuild. Environ,
93, 141-154.
Satish, U., Mendell, M.J., Shekhar, K., Hotchi, $ullivan, D., Streufert, S. and Fisk, W.J.
(2012) Is CQ an indoor pollutant? Direct effects of low-to-moake CQ concentrations on
human decision-making performanésyviron. Health Persp120, 1671-1705.
Satish, U., Streufert, S., Dewan, M. and Voort, .§2004) Improvements in simulated real
world relevant performance for patients with seasoallergic rhinitis: impact of
desloratadineAllergy, 59, 415-420.
Sayers, J.A., Smith, R.E.A., Holland, R.L. and Keg¢, W.R. (1987) Effects of carbon
dioxide on mental performancg, Appl. Physiol.63, 25-30.
Schaefer, K. E. (1979) Physiological stresses edlab hypercapnia during patrols on
submarinesUndersea Biomed. Re§, S15-47.
Schaefer, K.E., Hastings, B.J., Carey, C.R. andhdlg; G. (1963) Respiratory
acclimatization to carbon dioxid&, Appl. Physiol.18, 1071-1078.
Sechzer, P.H., Egbert, L.D., Linde, H.W., CoopelY.DDripps, R.D. and Price, H.L. (1960)
Effect of CQ inhalation on arterial pressure, ECG and plasntecbhalamines and 17-OH
corticosteroids in normal maa, Appl. Physiol.15, 454-458.
Seppéanen, O.A., Fisk, W.J. and Mendell, M.J. (199&ociation of ventilation rates and €O
concentrations with health and other responsesomneercial and institutional buildings,
Indoor Air, 9, 226-252.
Sheehy, J. B., Kamon, E., and Kiser, D. (1982) &#eof carbon dioxide inhalation on
psychomotor and mental performance during exemnskrecoveryHum. Factors: J. Hum.
Factors Ergon. Society4, 581-588.
Streufert, S., Pogash, R. and Piasecki, M. (1988ulation-based assessment of managerial
competence: reliability and validitiPers. Psycho)41, 537-557.
Tham, K. W. and Fadeyi, M. O. (2015) Towards whdrwd indoor environmental quality
control be sympathetic—Asthmatics or non-asthmatisid. Environ, 88, 55-64.
Woods, S.W., Charney, D.S., Goodman, W.K. and HmE1inG.R. (1988) Carbon dioxide-
induced anxiety: Behavioral, physiologic, and bmaiical effects of carbon dioxide in
patients with panic disorders and healthy subjéatsh. Gen. Psychigt45, 43-52.
Wargocki, P. (2004) Sensory pollution sources idings. Indoor Air, 14, 82-91.
Wargocki, P. and Wyon, D. P. (2013) Providing ketteermal and air quality conditions in
school classrooms would be cost-effectBaild. Environ, 59, 581-589.
Wargocki P., Wyon D.P., Baik Y.K., Clausen G. armh§er P.O. (1999) Perceived air quality,
sick building syndrome (SBS) symptoms and proditgtiin an office with two different
pollution loads)ndoor Air, 9, 165-179.

28



Wargocki P., Wyon D.P., Sundell J., Clausen G. lawger P. (2000) The effects of outdoor
air supply rate in an office on perceived air giyakick building syndrome (SBS) symptoms
and productivityJndoor Air, 10, 222-236.

Yerkes, R.M. and J.D. Dodson (1908) The relatiosta#ngth of stimulus to rapidity of habit-
formation.J. Comp. Neurol. Psychdl8, 459-482.

Zhang, X.J., Wargocki, P. and Lian, Z.W. (2016aystlogical responses during exposure to
carbon dioxide and bioeffluents at levels typicatlgcurring indoors,Indoor Air, DOI:
10.1111/ina.12286.

Zhang, X.J., Wargocki, P., Lian, Z.W. and Thyreg@, (2016b) Effects of exposure to
carbon dioxide and bioeffluents on perceived aaliy; self-assessed acute health symptoms
and cognitive performancidoor Air, DOI: 10.1111/ina.12284.

29



Highlights

« 2.5-hour exposure to GQup to 5,000 ppm did not decrease perceived air

quality

« 2.5-hour exposure to GOup to 5,000 ppm did not evoke acute health

symptoms

« The examined C®exposures did not affect performance of some ¢vgni

tasks

« Discomfort and building related symptoms shouldlmattributed to CO



