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a b s t r a c t
It is well known that the indoor environment, particularly indoor air quality (IAQ), has signiﬁcant effects on
building-related symptoms (BRSs) in humans, such as irritation of mucosal membranes, headaches, and allergies,
such as asthma and atopic dermatitis. In 2017, Chiba University launched the “Chemiless Town Project Phase 3”
to investigate the relationship between IAQ and human health. Two laboratory houses (LHs) were built on a university campus in which the interiors and exteriors were similar, but the levels of indoor air volatile organic compounds (VOCs) were different. A total of 141 participants evaluated IAQ using their sensory perception. There
was a signiﬁcant relationship between differences in VOC levels and BRSs occurrence (OR: 6.89, 95% CI:
1.40–33.98). It was suggested that people with a medical history of allergies (OR: 5.73, 95% CI: 1.12–29.32)
and those with a high sensitivity to chemicals (OR: 8.82, 95% CI: 1.16–67.16) tended to experience BRSs. Thus,
when buildings are constructed, people with a history of allergies or with a sensitivity to chemicals may be at
high risk to BRSs, and it is important to pay attention to IAQ to prevent BRSs.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
It has been well recognized that the indoor environment has a
signiﬁcant impact on human health (Sundell, 2004; Holst et al., 2016;
Mitchell et al., 2007), but the complexity of the indoor environment,
which comprises of chemical, biological, physical, social and mental factors, makes dissecting the issue challenging. Several epidemiological
studies have suggested that indoor airborne chemicals and molds
could cause building-related symptoms (BRSs), as sick building syndrome (SBS), such as irritation of mucosal membranes, headaches and
dizziness, and allergic symptoms such as asthma, atopic dermatitis,
and allergic rhinitis (Sahlberg et al., 2013; Kim et al., 2007; Oh et al.,
2019; Mendell, 2007). However, BRSs have been reported in indoor
environments with low concentrations of chemical substances.
Thus, research should focus not only on volatile organic compounds (VOCs) but also on other factors such as odor, thermal comfort, and socioeconomic and mental aspects (Lukcso et al., 2016;
Rautiainen et al., 2019; Choi and Dongwoo, 2019; Vakalis et al.,
2019) As there are various types of VOCs, and their compositions
differ depending on the indoor air in buildings or rooms, Veenas
et al. (2020) attempted to distinguish the effects of individual
VOCs or patterns of VOCs on BRSs. However, few studies have
investigated the actual effects of differences in the concentrations
of VOCs in indoor air on BRSs under the same environmental conditions. Additionally, it was recently suggested that increased prevalence of allergic symptoms such as asthma and atopic dermatitis
was due to increased exposure to environmental chemical pollutants (Choi et al., 2010; Elberling et al., 2005; Billionnet et al.,
2011; Kim et al., 2016). People with allergies are more likely to develop symptoms when exposed to building-related environmental
factors (Claeson et al., 2016), and Bönisch et al. reported that the
allergic symptoms were associated with the exposure to VOCs
using an experimental mouse model (Bönisch et al., 2012). The environmental chemical substances do not seem to have antigenic effects themselves, but they may stimulate the immune response and
exert adjuvant effects (Bernstein et al., 2008). Thus, BRSs have been
linked to an umbrella condition called autoimmune inﬂammatory
syndrome induced by adjuvants (ASIA) (Shoenfeld and AgmonLevin, 2011; Israeli and Pardo, 2011; Perricone et al., 2013). People
in modern society are thought to be susceptible to allergic symptoms when exposed to chemicals in the environment (Riedl, 2008).
The Center for Preventive Medical Sciences of Chiba University
(Chiba, Japan) started the “Chemiless Town Project” in 2007 to investigate the adverse health effects caused by the exposure to indoor
air VOCs (Nakaoka et al., 2011). The underlying context of this
project is based on environmental preventive medicine (EPM),
which endeavors to prevent diseases caused by environmental
pollutants by improving the environment as a whole (Mori and
Todaka, 2011). “Chemiless Town” is a small model town on the university campus wherein experiments are performed to apply EPM
principles in a practical setting. We developed a method to assess
the effect of indoor air on human health based on the sum of VOCs
(Σ VOCs) and odors.
The evaluation revealed that the building materials, construction
methods, furniture, and housewares primarily contributed to the chemical concentrations in the indoor air. If the concentrations of Σ VOCs and
odor were sufﬁciently low, there was a decreased number of individuals
suffering from BRSs (Nakaoka et al., 2014; Nakaoka et al., 2018).
However, there were some limitations in this project. The measurement
of the indoor environment, including air sampling, and the evaluation
test by the participants were not conducted at the same time. Since indoor air quality (IAQ) varies depending on ventilation, temperature, and
humidity, it is important to accurately grasp IAQ when the symptoms
appear. Another limitation was the different appearances of the experimental sites; the resulting psychological effects thus could not be excluded. Additionally, the relationship between allergies and BRSs was

not considered because the participants were not asked about their allergic history.
The new project, “Chemiless Town Project Phase 3”, was launched in
2017. The aim of this project was to investigate the relationship between
VOC levels and the occurrence of BRSs by conducting the evaluation test
using human sensory perception and measurement of chemicals on the
same day. The experimental sites were built with the same interior to
minimize psychological effects. In addition, we investigated if people
sensitive to chemicals or if people with a history of allergy were at
higher risk for BRSs.
2. Material and methods
2.1. Test locations
Two laboratory houses (LHs) were built in Chemiless Town in
November 2017. Their interiors and exteriors were similar (Fig. 1).
The Σ VOCs of the LHs were distinct due to differences in construction structure and the building materials. LH-A is a wooden house,
and LH-B was constructed of light-gage steel. Almost all the building
materials of LH-B were previously measured for emission rates
using a small chamber test, and lower emitted materials were carefully selected to use (Suzuki et al., 2020). There are two bedrooms
and a living room in each LH, and all the bedrooms were used as
the test sites.
2.2. Subjects and study design
Overall, 169 healthy volunteers were recruited to evaluate the IAQ of
the LHs from May to October 2018. All participants were ordinary people such as university students, ofﬁce workers, or housewives, and they
were considered untrained panels. Among those, 141 participants (78
females and 63 males) completed all the questionnaires, and their
data were analyzed. Before participation, the aims of the study and the
test procedures were explained to the participants, and their written
consents were obtained. Then, health checks were performed: the
body temperature, systolic/diastolic blood pressures, and the pulse of
each participant were measured before the test for two reasons. Firstly,
to exclude those with fever or high blood pressure, and secondly, our
study deﬁned BRSs as symptoms claimed by participants who did not
have any symptom before entering the LHs and showed some symptoms during their stay in the LHs. Thus, we needed to conﬁrm that
they were in good health before performing the sensory test. The health
check revealed that all the participants were in good physical condition.
The participants were randomly assigned to a bedroom in the LHs,
where they remained for approximately 90 min. Almost all of the experiments were conducted with four participants simultaneously, one per
bedroom. During the stay in LHs, the participants were requested to
relax and sense the air in the room. Then, after about 90 min, and before
leaving the LHs, they were asked sit in front of a personal computer and
complete self-reported questionnaires on BRSs, odor, sensitivity to chemical substances as screened by QEESI (Quick Environmental Exposure and
Sensitivity Inventory) (Miller and Prihoda, 1999a; Miller and Prihoda,
1999b), and their impressions of the test sites. All tests were conducted
and tabulated according to the guideline video shown on the monitor.
In order to avoid psychological bias, the test was performed using a
blind method, that is, the participants were not informed which LH had
higher Σ VOCs. The furniture, such as beds, desks, and chairs in both LHs
were the same, and indoor environmental factors such as room temperature, relative humidity, noise, and illumination were similarly controlled between the LHs. Both LHs were equipped with mechanical
ventilation systems designed to ventilate 0.5 times per hour.
The Research Ethics Committee of the Graduate School of Medicine,
Chiba University approved this study (Approval No. 2737). Approval
date: September 21, 2017. Written informed consent obtained from all
participants.
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Fig. 1. Evaluation tests conducted in the LHs. Upper left: LH-A (typical Japanese wooden house), upper right: LH-B (light-gage steel structure), bottom left: house plan of LHs, and bottom
right: an LH bedroom.

2.3. Collection of indoor air samples and analysis
We measured the VOCs in the indoor air of each LH before each evaluation test performed by the subjects. Before air sampling, the windows
and the doors remained open for 30 min to allow for ventilation, after
which they were shut for at least 5 h (Fig. 2). Starting at 13:00, the indoor
air samples were collected for 30 min via active sampling pumps (Shibata
MP-Σ30N and MP-Σ100HN, Shibata Scientiﬁc Technology Ltd. Saitama,
Japan) at a height of 1.2 m in the middle of two bedrooms of each LH. Environmental factors (e.g., temperature, humidity, CO2 levels, noise, illumination, and air pressure) were simultaneously recorded during the
90 min of the participants' stay in the LHs, and the averages were calculated. Temperature and humidity were measured and recorded with an
SK-L200TH Iiα datalogger (Sato Keiryoki Mfg. Co., Ltd., Tokyo, Japan),
noise and illumination with an LM-8102 environmental monitor (Sato
Keiryoki Mfg. Co., Ltd), air pressure with an aneroid barometer (Isuzu
Seisakusho Co. Ltd., Niigata, Japan), and CO2 concentration with a TES1370 CO2 densiometer (Satoshoji Digital, Kanagawa, Japan).
A total of 63 VOCs and 16 carbonyl compounds were identiﬁed and
analyzed (Supplementary Material, Table S1). Mechanical ventilation
systems operated during sampling. Measurements were conducted
using the standard air sampling methods issued by the Ministry of
Health, Labor, and Welfare of Japan (Japanese Ministry of Health,
Labor and Welfare). A Tenax TA thermal desorption tube (Supelco,
Sigma-Aldrich Co. LLC, MO, United States) was used for VOC capture,
and a 2,4-dinitrophenylhydrazine (DNPH) active gas tube (Shibata
Scientiﬁc Technology Ltd. Saitama, Japan) was used for carbonyl compound collection. Air was passed through the Tenax TA and DNPH samplers at ﬂow rates of 100 mL/min and 1000 mL/min, respectively.
VOCs were extracted via thermal desorption and analyzed via gas
chromatography–mass spectrometry. Regarding the carbonyl compounds, the gas tubes were eluted with acetonitrile, and high-

performance liquid chromatography analyses were conducted. VOC
and carbonyl compound analyses were performed as previously described (Suzuki et al., 2019). The quantiﬁcation limit for each chemical
was 1.0 μg/m3. Target compounds in the samples were identiﬁed by
comparing the retention times to reference compounds, and positive
conﬁrmation was obtained by determining the peak area ratio of the
monitor ions in the samples and comparing this with known standards.
Herein, Σ VOCs was calculated by summing the amounts of all identiﬁed
VOCs and carbonyl compounds.
2.4. Statistical analysis
The statistical software package SPSS, version 25.0 for WIN (SPSS Inc.,
Chicago, IL, USA), was used for all the analyses. The Mann-Whitney U test
was conducted to determine whether there were differences in indoor
environmental factors such as temperature, relative humidity, noise, illumination, air pressure, CO2 concentration, and VOC levels between LHs.
To investigate the relationship between the differences in Σ VOCs in LHA and LH-B and the occurrence of BRSs, a logistic regression analysis
was conducted, and odds ratios and 95% conﬁdence intervals were
calculated.
The participants' gender, age, sensitivity to chemical substances,
physical condition on the day of the evaluation test, medical histories
of allergies, and current smoking status were covariates. Furthermore,
stratiﬁcations were performed based on participants' sensitivity to
chemicals, and the relationship between the differences of Σ VOCs for
the two LHs and BRSs was examined by logistic regression analysis
after adjusting the covariates. The BRSs occurrence questionnaire
asked about the severity of symptoms on a scale of 1–5: 1, no symptoms; 2, faint symptoms; 3, weak symptoms; 4, moderate symptoms;
and 5, strong symptoms. Participants who answered as 1 or 2 were deﬁned as not having BRSs (“No”), and participants who answered as

4

N. Suzuki et al. / Science of the Total Environment 750 (2021) 141635

Fig. 2. The evaluation test procedure.

either 3, 4, or 5 were deﬁned as having BRSs (“Yes”). In order to classify
participants' sensitivity to chemicals, the QEESI questionnaire was used
as outlined in Hojo et al. (2009). The participants were requested to
score their health status on the day of the evaluation test on a scale of
1–4: 1, very good; 2, good; 3, not good; or 4, bad. We deﬁned 1 and 2
as “good” and 3 and 4 as “bad.” Participants were asked to indicate if
they had been diagnosed by a physician with any of the following:
asthma, atopic dermatitis, allergic rhinitis, allergic conjunctivitis, food
allergy, or urticaria. If participants selected at least one condition, a
medical history of allergies was noted. Participants were asked about
their smoking status on a scale of 1–4: 1, never smoked; 2, stopped
smoking more than 5 years ago; 3, stopped smoking within 4 years; 4,
or still smoking. Participants who indicated 4 were designated as current smokers.
3. Results
Table 1 shows the study participants' characteristics and demographical data stratiﬁed for both LHs. A total of 70 participants (42 females and 28 males) assessed the IAQ for LH-A, and 71 participants
(36 females and 35 males) assessed the IAQ of LH-B. The mean ± standard deviation of participant age for LH-A was 31.4 ± 11.6 years and
32.8 ± 12.6 years for LH-B. A total of 23 participants (32.9%) for LH-A
and 39 participants (54.9%) for LH-B were more sensitive to chemicals
based on the QEESI questionnaire. The difference in the number of subjects in the highly sensitive group was signiﬁcant between LH-B and LHA. However, the number of people with symptoms was more in LH-A
than in LH-B (10 in LH-A, 14.3%, 3 in LH-B, 4.2%). Thus, the difference
in the number subjects in the sensitive groups did not affect the results.
Thirty-four (48.6%) participants for LH-A and 34 participants (47.9%)
for LH-B answered that they had been diagnosed with any allergic
symptoms. Additionally, 11 and 17 people (15.7% and 23.9%) for LH-A
and LH-B respectively were current smokers. No differences were
found between the LHs for participant gender, age, sensitivity to
chemicals, medical history of allergic symptoms, and current smoking

status. The IAQ data for the LHs are shown in Table 2. The mean concentrations of Σ VOCs were 3629 μg/m3 in LH-A and 55 μg/m3 in LH-B,
which were signiﬁcantly different. The top ﬁve abundant substances
Table 1
Study participants' characteristics stratiﬁed for LHs (n = 141).

Gender
Male
Female
Age
20–29
30–39
40–49
≥50
Sensitivity to chemicals (QEESI)a
Low
High
Physical conditionb
Good
Not good
Medical history of allergyc
No
Yes
Current smoking statusd
No
Yes
Occurrence of BRSs symptomse
No
Yes

LH-A (n = 70)

LH-B (n = 71)

n

%

n

T

28
42

40
60

35
36

49.3
50.7

41
13
10
6

58.6
18.6
14.3
8.6

38
13
10
10

53.5
18.3
14.1
14.1

47
23

67.1
32.9

32
39

45.1
54.9

64
6

91.4
8.6

65
6

91.5
8.5

36
34

51.4
48.6

37
34

52.1
47.9

59
11

84.3
15.7

54
17

76.1
23.9

60
10

85.7
14.3

68
3

95.8
4.2

a
In order to classify participants' sensitivity to chemicals, the QEESI questionnaire was
used in accordance with Hojo et al.
b
Participants' physical conditions were divided into two groups: good and bad.
c
If participants were diagnosed with at least one allergic symptom, it was deﬁned “yes”.
d
Current smoking status was divided into two groups: “no” (never smoked, stopped
smoking more than 5 years ago, and stopped smoking within 4 years) and “yes” (still
smoking).
e
The occurrence of BRSs was deﬁned as “no” if participants did not experience any
symptoms and as “yes” if they experienced any symptoms.
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Table 2
Indoor environment conditions.
LH-A
Mean
Temperature
Humidity
Noise
Illumination
Air pressure
CO2
Σ VOCs

°C
%
dB
Lx
hPa
ppm
μg/m3

23.9
54.8
46.4
172
1010
701
3629

LH-B
SD (±)
1.3
13.4
6.9
95
6
142
1832

Mean
23.7
56.3
46.8
202
1009
547
55

P value

QEESI Low
0.439
0.218
0.409
0.263
0.298
<0.001
<0.001

detected were dichloromethane, α-pinene, texanol, 2-butoxyethanol,
and 3-carene in LH-A, and pentane, acetone, ethyl acetate, 2-ethyl-1hexanol, and undecane in LH-B. The VOC concentration in both LHs decreased over time, but the difference in the concentration of Σ VOCs between the LHs did not change. The mean CO2 levels were 701 ppm in
LH-A and 547 ppm in LH-B, which was signiﬁcantly different. All the
CO2 levels in this study were less than the level of the Management
Standard of Environmental Sanitation for Buildings of the Japanese Ministry of Health, Labor and Welfare (1000 ppm). However, there was a
signiﬁcant difference in CO2 levels between the two LHs, so we divided
the CO2 level into two groups at the median value (625 ppm) and tried
to adjust it as a covariant in the logistic regression analysis. Regarding
temperature, relative humidity, noise, illumination, and air pressure,
there were no signiﬁcant differences between LHs.
Multiple logistic regressions were used to examine the associations
between the occurrence of BRSs and differences in the two LHs as explanatory variables and personal and environmental risk factors as covariates (Table 3). The variables for each LH and the medical history of
allergies were found to have associations with BRSs occurrence. BRSs
occurred in participants who stayed in LH-A 6.89 times (95% CI,
1.40–33.98) higher than those who stayed in LH-B. BRSs also occurred
in participants with a medical history of allergies 5.73 times (95% CI,
1.12–29.32) higher than those without a history of allergies. Furthermore, in the stratiﬁed analysis for participants either sensitive or not
to chemicals as screened by the QEESI questionnaire, BRSs occurrence

Table 3
Logistic regression analysis of BRSs occurrence and personal and environmental factors.

Gender
Male
Female
Age
20–29
30–39
40–49
≥50
Sensitivity to chemicals (QEESI)
Low
High
Physical condition
Good
Not good
Medical history of allergy
No
Yes
Current smoking status
No
Yes
CO2 level
≤624
≥625
Laboratory house
LH-B
LH-A

P value

OR

95% CI

0.619

Ref
1.48

0.32

–

6.82

0.963
0.836
0.971
0.600

Ref
1.19
1.04
1.66

0.23
0.16
0.25

–
–
–

6.04
6.90
11.07

0.203

Ref
2.33

0.63

–

8.61

0.942

Ref
1.09

0.10

–

11.78

0.036

Ref
5.73

1.12

–

29.32

0.475

Ref
2.39

0.22

–

25.88

0.478

Ref
0.59

0.14

–

2.50

0.018

Ref
6.89

1.40

–

33.98

Note: Boldface indicates statistical signiﬁcance (P < .05).

Table 4
Logistic regression analysis of the association between BRSs and LHs stratiﬁed for the sensitivity to chemicals (QEESI questionnaire).

SD (±)
1.3
12.9
5.9
94
5
90
30

5

P
value
Laboratory house
(LH)
LH-B
LH-A

OR

QEESI High
95% CI

P
value

OR

95% CI

Ref
Ref
0.267 6.25 0.25 – 58.82 0.035 8.82 1.16 – 67.16

Note: Boldface indicates statistical signiﬁcance (P < .05).
Adjusted for participants' gender, age, physical condition, medical history of allergy, current smoking status, and CO2 levels in the LHs.

for sensitive participants was 8.82 times higher (95% CI, 1.16–67.16)
in LH-A than in LH-B (Table 4).
4. Discussion
Two LHs were used as the test sites in the present study, which were
similar in appearance. The VOCs in each LH were signiﬁcantly different
due to distinguished construction methods and building materials between the LHs. In our previous study, designing houses with low Σ
VOCs was possible even right after the completion, by carefully choosing low-emission methods and materials (Suzuki et al., 2019). In this
study, we assessed differences in human health effects of two indoor
air environments with high and low Σ VOCs concentration levels.
The number of the participants who claimed any BRSs during their
stay at either LH was 13 (9.2%) (10 in LH-A, 14.3%, 3 in LH-B, 4.2%). According to the results of a 2017 web survey of 1500 Japanese citizens,
the prevalence of having experienced BRSs was 18.8% (Nakayama
et al., 2019). The prevalence in this study was lower compared to the
survey. The observed low prevalence of this study is probably due to
the fact that the exposure time was as short as 90 min, and the participants answered the questionnaires during their stay at test sites. Thus,
any health effects that might appear after leaving the sites were not included in our analysis.
Regarding the relationship between the occurrence of BRSs and
building differences, a multiple logistic regression analysis, in which
participants' characteristics and environmental factors were introduced
as covariates, were examined. The results showed positive and signiﬁcant correlations between BRSs occurrences and a medical history of allergies and the differences of the LHs. The factors related to allergic
symptoms, which have increased in recent years (Linneberg, 2011;
Umetsu et al., 2002), are living, food, and sanitary environments
(Benedé et al., 2016; Subbarao et al., 2009). Especially in relation to
the indoor environment, dust mites and mold, which are allergens, are
considered to be the main causes (WHO, 2009; Walker et al., 2003;
Weinmayr et al., 2013). Allergy is also considered to be induced by
chemical substances such as MVOCs (microbial volatile organic compounds) derived from microorganisms (Choi et al., 2017) and tobacco
smoke (Von Mutius, 2002). Additionally, indoor VOCs may develop or
exacerbate allergies through an adjuvant effect (Bernstein et al., 2008;
Fraga et al., 2008), and most of these substances implicated in BRSs
may be regarded as environmental adjuvants (Perricone et al., 2013).
Animal studies demonstrated that VOC exposure could inﬂuence the
immune responses (Fujimaki et al., 2007) and might cause airway inﬂammation when exposed through the respiratory tract (Ichinose
et al., 2008; Steerenberg et al., 2004). The animal studies in the reference literature show that exposure to high concentrations of VOCs,
from several to 100 times higher than the standard indoor air quality,
causes inﬂammation. There were no epidemiological studies showing
the adverse effects of VOC exposure in ordinary indoor environments
as adjuvants in allergic inﬂammation. However, Kwon et al. (2018) indicated that VOC exposure in everyday life can cause airway inﬂammation. Further studies are necessary to determine the effects of indoor

6

N. Suzuki et al. / Science of the Total Environment 750 (2021) 141635

air VOC exposure on human health. On the other hand, some reports indicated that indoor VOCs are not a major determinant of risk of allergies
(Venn et al., 2003) and evidence of the effects of indoor VOCs on human
allergic symptoms is of poor quality and inconsistent (Nurmatov et al.,
2015; Tagiyeva and Sheikh, 2014; Woong et al., 2009). The present
study revealed that people with a history of allergies experienced
BRSs once they were exposed to indoor VOCs. Christine and Apte
(2004) also reported that the certain health conditions, such as allergy,
confer increased susceptibility to BRSs.
Although there is insufﬁcient evidence regarding the role of VOCs in
the etiology or development of BRSs, people with a history of allergies
may be susceptible to indoor airborne chemicals. It is better for them
to avoid indoor air with high VOCs to prevent BRSs occurrence. Regarding susceptibility to chemicals, the participants were divided into two
groups, high and low sensitivity, based on the QEESI questionnaire. According to the results of a previous survey by Azuma et al., the high susceptibility group in Japan was approximately 24.1% (Azuma et al.,
2015), but in this study, it was 45.5%. The reason why the ratio of the
high sensitivity group increased in this study could be due to participants' motivation. While recruiting participants of this study, we explained that this evaluation test was on IAQ. Lu et al. (2018) reported
that individuals with chemical sensitivity and migraine were at
increased risk of lower respiratory. In our previous study, the high sensitivity group was also signiﬁcantly associated with symptom development when exposed to high indoor VOCs (Nakaoka et al., 2014).
Despite the higher proportion of sensitive people in this study, the prevalence of BRSs occurrence was lower than in other studies, and our logistic regression analysis showed no signiﬁcant association between
susceptibility to chemicals and claims of BRSs. Then, we investigated the
association with symptom development by stratifying the high and low
susceptibility group. As a result, it was found that if the sensitivity of the
participant was “low”, it was not associated with BRSs occurrence during
a short-time stay. It was suggested, however, that when the susceptibility
was “high”, entering the LH with higher Σ VOCs increased BRSs risk (OR:
8.82, 95% CI: 1.16–67.17). It is necessary to keep in mind that people who
are highly sensitive to chemicals should avoid exposure to high VOCs to
prevent the development of BRSs.
Since there are some reports that the complaints of BRSs were related to psychiatric components (Azuma et al., 2017; Kinman and
Grifﬁn, 2008), the participants were asked if they had a medical history
of mental illness to adjust for psychiatric factors. Since no participants
had a medical history of mental illness, the psychiatric components
could not be added as covariates in the analysis of this study.
Regarding the difference between the results of our previous study
and this one, the former revealed the baseline of Σ VOCs level that can
cause BRSs, while the latter showed that actual building materials and
construction methods may prevent the occurrence of BRSs.
The sensory evaluation test used in the LHs for short-time periods
had several advantages. First, the two LHs were similar in appearance
and indoor environments (e.g., temperature, humidity, etc.), so
psychological-related biases based on these aspects were minimized.
Secondly, since participants focused on IAQ during a short stay of
90 min, they could clearly recognize whether they showed the symptoms during the stay. In addition, the indoor air samples were
collected just before all the evaluation tests and analyzed for VOCs and
carbonyl compounds; thus, the relationship between VOCs and BRSs occurrences could be dissected in more detail.
However, there were some limitations. In this study, it was not possible to evaluate the long-term effects of IAQ. We do not know which effects occur upon long-term exposure, even at low concentrations.
Additionally, the evaluation tests were carried out during the daytime
on weekdays, and almost all the participants were university students
and of a younger age group. Regarding the role of psychological effects,
participants who may have a medical history of mental illness might
have hesitated to answer as such, and our sample size and participants'
demographics made it difﬁcult to adjust for psychosocial aspects.

5. Conclusions
To the best of our knowledge, ours is the ﬁrst study examining the
association between the occurrence of BRSs and differences in VOCs
under the same environmental conditions. The results of this study
found a signiﬁcant relationship between BRSs occurrence and VOC concentration after adjusting for gender, age, chemical sensitivity, current
smoking status, and CO2 concentration levels. Furthermore, the probability of developing BRSs in indoor air with low VOCs was signiﬁcantly
lower compared to indoor air with high VOCs. Our ﬁndings also revealed that we could create an indoor air environment that prevents
the occurrence of BRSs by carefully selecting the building and structural
materials. People highly sensitive to chemicals and those with a history
of allergies tended to develop BRSs. Thus, these groups may be at high
risk for BRSs, and it is important to pay attention to IAQ to prevent
BRSs occurrence and development.
Funding
This research was funded by Sekisui House Ltd. and Japan Society for
the Promotion of Science (JSPS) Grants-in-Aid for Scientiﬁc Research
(C) Grant Number (19K12455, 18K13885). This work was supported by
JST OPERA Program Grant Number JPMJOP1831, Japan. The sponsor had
no control over the interpretation, writing, or publication of this work.
CRediT authorship contribution statement
Conceptualization, N.S., H.N. and Y.N.; Methodology, N.S., K.T. (Kohki
Takaguchi), K.T. (Kazunari Takaya) and H.N.; investigation, N.S. and H.N.
Formal analysis and interpretation of data, N.S., H.N., A.E., Y.N., K.T.
(Kayo Tsumura), K.T. (Kohki Takaguchi), K.T. (Kazunari Takaya), E.T.
and M.H.; Data curation, N.S., H.N., Y.N., K.T. (Kazunari Takaya), K.T.
(Kayo Tsumura), K.T. (Kohki Takaguchi), M.H., E.T. and C.M.; Writing—
original draft preparation, N.S.; Writing—review and editing, C.M.
All authors have read and agreed to the published version of the
manuscript.
Declaration of competing interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.
Acknowledgements
The authors would like to thank Enago (www.enago.jp) for the English Language review.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.141635.
References
Azuma, K., Uchiyama, I., Katoh, T., Ogata, H., Arashidani, K., Kunugita, N., 2015. Prevalence
and characteristics of chemical intolerance: a Japanese population-based study. Arch.
Environ. Occup. Health 70, 341–353. https://doi.org/10.1080/19338244.2014.926855.
Azuma, K., Ikeda, K., Kagi, N., Yanagi, U., Osawa, H., 2017. Evaluating prevalence and risk
factors of building-related symptoms among ofﬁce workers: seasonal characteristics
of symptoms and psychosocial and physical environmental factors. Environ. Health
Prev. Med. 22, 38. https://doi.org/10.1186/s12199-017-0645-4.
Benedé, S., Blázquez, A.B., Chiang, D., Tordesillas, L., Berin, M.C., 2016. The rise of food allergy: environmental factors and emerging treatments. EBiomedicine. 7, 27–34.
https://doi.org/10.1016/j.ebiom.2016.04.012.
Bernstein, J.A., Alexis, N., Bacchus, H., Bernstein, I.L., Fritz, P., Horner, E., Li, N., Mason, S.,
Nel, A., Oullette, J., Reijula, K., Reponen, T., Seltzer, J., Smith, A., M Tarlo, S.M., 2008.
The health effects of non-industrial indoor air pollution. J. Allergy Clin. Immunol.
121, 585–591. https://doi.org/10.1016/j.jaci.2007.10.045.

N. Suzuki et al. / Science of the Total Environment 750 (2021) 141635
Billionnet, C., Gay, E., Kirchner, S., Leynaert, B., Annesi-Maesano, I., 2011. Quantitative assessments of indoor air pollution and respiratory health in a population-based sample of French dwellings. Environ. Res. 111, 425–434. https://doi.org/10.1016/j.
envres.2011.02.008.
Bönisch, U., Böhme, A., Kohajda, T., Mögel, I., Schütze, N., von Bergen, M.V., Simon, J.C.,
Lehmann, I., Polte, T., 2012. Volatile organic compounds enhance allergic airway inﬂammation in an experimental mouse model. PLoS One 7, e39817. https://doi.org/
10.1371/journal.pone.0039817.
Choi, J.H., Dongwoo, Y., 2019. Development of the data-driven thermal satisfaction prediction model as a function of human physiological responses in a built environment.
Build. Environ. 150, 206–218.
Choi, H., Schmidbauer, N., Sundell, J., Hasselgren, M., Spengler, J., Ornehag, C.G., 2010.
Common household chemicals and the allergy risks in pre-school age children.
PLoS One 5, e13423.
Choi, H., Schmidbauer, N., Bornehag, C.G., 2017. Volatile organic compounds of possible
microbial origin and their risks on childhood asthma and allergies within damp
homes. Environ. Int. 98, 143–151. https://doi.org/10.1016/j.envint.2016.10.028.
Christine, A.E., Apte, M.G., 2004. Mucous membrane and lower respiratory building related symptoms in relation to indoor carbon dioxide concentrations in the 100building BASE dataset. Indoor Air 14, 127–134.
Claeson, A.S., Palmquist, E., Lind, N., Nordin, S., 2016. Symptom-trigger factors other than
allergens in asthma and allergy. Int. J. Environ. Health Res. 26, 448–457. https://doi.
org/10.1080/09603123.2015.1135314.
Elberling, J., Linneberg, A., Mosbech, H., Dirksen, A., Menné, T., Nielsen, N.H., Madsen, F.,
Frølund, L., Johansen, J.D., 2005. Airborne chemicals cause respiratory symptoms in
individuals with contact allergy. Contact Dermatitis 52, 65–72. https://doi.org/
10.1111/j.0105-1873.2005.00533.x.
Fraga, S., Ramos, E., Martins, A., Samúdio, M.J., Silva, G., guedes, J., Oliveira Fernandes, E.O.,
Barros, H., 2008. Indoor air quality and respiratory symptoms in Porto schools. Rev.
Port. Pneumol. 14, 487–507. https://doi.org/10.1016/S0873-2159(15)30254-3.
Fujimaki, H., Yamamoto, S., Tin-Tin-Win-Shwe, T.T.W., Hojo, R., Sato, F., Kunugita, N.,
Arashidani, K., 2007. Effect of long-term exposure to low-level toluene on airway inﬂammatory response in mice. Toxicol. Lett. 168, 132–139. https://doi.org/10.1016/j.
toxlet.2006.11.008.
Hojo, S., Sakabe, K., Ishikawa, S., Miyata, M., Kumano, H., 2009. Evaluation of subjective
symptoms of Japanese patients with multiple chemical sensitivity using QEESI(c). Environ. Health Prev. Med. 14, 267–275. https://doi.org/10.1007/s12199-009-0095-8.
Holst, G.J., Høst, A., Doekes, G., Meyer, H.W., Madsen, A.M., Plesner, K.B., Sigsgaard, T.,
2016. Allergy and respiratory health effects of dampness and dampness-related
agents in schools and homes: a cross-sectional study in Danish pupils. Indoor Air
26, 880–891. https://doi.org/10.1111/ina.12275.
Ichinose, T., Yoshida, S., Hiyoshi, K., Sadakane, K., Takano, H., Nishikawa, M., Mori, I.,
Yanagisawa, R., Kawazato, H., Yasuda, A., Shibamoto, T., 2008. The effects of microbial
materials adhered to Asian sand dust on allergic lung inﬂammation. Arch. Environ.
Contam. Toxicol. 55, 348–357. https://doi.org/10.1007/s00244-007-9128-8.
Israeli, E., Pardo, A., 2011. The sick building syndrome as a part of the autoimmune (autoinﬂammatory) syndrome induced by adjuvants. Mod. Rheumatol. 21, 235–239.
https://doi.org/10.1007/s10165-010-0380-9.
Japanese Ministry of Health, Labor and Welfare, d. Notice of the standard methods of air
sampling and measurement (in Japanese)https://www.mhlw.go.jp/houdou/0107/
h0724-1c.html (accessed 28 April 2020).
Kim, J.L., Elfman, L., Mi, Y., Wieslander, G., Smedje, G., Norbäck, D., 2007. Indoor molds,
bacteria, microbial volatile organic compounds and plasticizers in schools – associations with asthma and respiratory symptoms in pupils. Indoor Air 17, 153–163.
https://doi.org/10.1111/j.1600-0668.2006.00466.x.
Kim, J.K., Kim, H.J., Lim, D.H., Lee, Y.K., Kim, J.H., 2016. Effects of indoor air pollutants on
atopic dermatitis. Int. J. Environ. Res. Public Health 13, 1220.
Kinman, G., Grifﬁn, M., 2008. Psychosocial factors and gender as predictors of symptoms
associated with sick building syndrome. Stress. Health 24, 165–171. https://doi.org/
10.1002/smi.1175.
Kwon, J.W., Park, H.W., Kim, W.J., Kim, M.G., Lee, S.J., 2018. Exposure to volatile organic
compounds and airway inﬂammation. Environ. Health 17, 65.
Linneberg, A., 2011. The increase in allergy and extended challenges. Allergy 66, 1–3.
https://doi.org/10.1111/j.1398-9995.2011.02619.x.
Lu, C.Y., Tsai, M.C., Muo, C.H., Kuo, Y.H., Sung, F.C., Wu, C.C., 2018. Personal, psychosocial and
environmental factors related to sick building syndrome in ofﬁcial employees of Taiwan.
Int. J. Environ. Res. Public Health 15, 7. https://doi.org/10.3390/ijerph15010007.
Lukcso, D., Guidotti, T.L., Franklin, D.E., Burt, A., 2016. Indoor environmental and air quality characteristics, building-related health symptoms, and worker productivity in a
federal government building complex. Arch. Environ. Occup. Health 71, 85–101.
https://doi.org/10.1080/19338244.2014.965246.
Mendell, M.J., 2007. Indoor residential chemical emissions as risk factors for respiratory
and allergic effects in children: a review. Indoor Air 17, 259–277. https://doi.org/
10.1111/j.1600-0668.2007.00478.x.
Miller, C.S., Prihoda, T.J., 1999a. The environmental exposure and sensitivity inventory
(EESI): a standardized approach for measuring chemical intolerances for research
and clinical applications. Toxicol. Ind. Health 15, 370–385. https://doi.org/10.1177/
074823379901500311.
Miller, C.S., Prihoda, T.J., 1999b. A controlled comparison of symptoms and chemical intolerances reported by Gulf War veterans, implant recipients and persons with multiple
chemical sensitivity. Toxicol. Ind. Health 15, 386–397. https://doi.org/10.1177/
074823379901500312.
Mitchell, C.S., Zhang, J.J., Sigsgaard, T., Jantunen, M., Lioy, P.J., Samson, R., Karol, M.H., 2007.
Current state of the science: health effects and indoor environmental quality. Environ. Health Perspect. 115, 958–964. https://doi.org/10.1289/ehp.8987.

7

Mori, C., Todaka, E., 2011. A new concept for protecting our children–environmental preventive medicine. Environmental Contaminants and Children’s Health Child Health.
Maruzen (Planet, Tokyo, 2011), pp. 99–115.
Nakaoka, H., Todaka, E., Hanazato, M., Saito, I., Seto, H., 2011. Chemiless Town Project Consortium and Mori C. Total odor threshold ratio can be a new method to evaluate indoor air quality. Jpn. J. Clin. Ecol. 20, 115–122.
Nakaoka, H., Todaka, E., Seto, H., Saito, I., Hanazato, M., Watanabe, M., Mori, C., 2014. Correlating the symptoms of sick-building syndrome to indoor VOCs concentration levels and
odour. Indoor Built Environ 23, 804–813. https://doi.org/10.1177/1420326X13500975.
Nakaoka, H., Suzuki, N., Nakayama, Y., Takaya, K., Todaka, E., Tanaka, S., Matsushita, K.,
Mori, C., 2018. A preliminary study to investigate the relationship between indoor environment and its effect on physical and mental health. Air Pollut. XXVI, 567–576.
Nakayama, Y., Nakaoka, H., Suzuki, N., Tsumura, K., Hanazato, M., Todaka, E., Mori, C.,
2019. Prevalence and risk factors of pre-sick building syndrome: characteristics of indoor environmental and individual factors. Environ. Health Prev. Med. 24, 77. https://
doi.org/10.1186/s12199-019-0830-8.
Nurmatov, U.B., Tagiyeva, N., Semple, S., Devereux, G., Sheikh, A., 2015. Volatile organic
compounds and risk of asthma and allergy: a systematic review. Eur. Respir. Rev.
24, 92–101. https://doi.org/10.1183/09059180.00000714.
Oh, H.J., Jeong, N.N., Sohn, J.R., Kim, J., 2019. Personal exposure to indoor aerosols as actual
concern: perceived indoor and outdoor air quality, and health performances. Build.
Environ. 165. https://doi.org/10.1016/j.buildenv.2019.106403.
Perricone, C., Colafrancesco, S., Mazor, R.D., Soriano, A., Agmon-Levin, N., Shoenfeld, Y.,
2013. Autoimmune/inﬂammatory syndrome induced by adjuvants (ASIA) 2013:
unveiling the pathogenic, clinical and diagnostic aspects. J. Autoimmun. 47, 1–16.
https://doi.org/10.1016/j.jaut.2013.10.004.
Rautiainen, P., Hyttinen, M., Ruokolainen, J., Saarinen, P., Timonen, J., Pasanen, P., 2019. Indoor air-related symptoms and volatile organic compounds in materials and air in
the hospital environment. Int. J. Environ. Health Res. 29, 479–488. https://doi.org/
10.1080/09603123.2018.1550194.
Riedl, M.A., 2008. The effect of air pollution on asthma and allergy. Curr Allergy Asthma
Rep 8, 139–146. https://doi.org/10.1007/s11882-008-0024-8.
Sahlberg, B., Gunnbjörnsdottir, M., Soon, A., Jogi, R., Gislason, T., Wieslander, G., Janson, C.,
Norback, D., 2013. Airborne molds and bacteria, microbial volatile organic compounds (MVOC), plasticizers and formaldehyde in dwellings in three North
European cities in relation to sick building syndrome (SBS). Sci. Total Environ. 444,
433–440. https://doi.org/10.1016/j.scitotenv.2012.10.114.
Shoenfeld, Y., Agmon-Levin, N., 2011. ‘Asia’ autoimmune/inﬂammatory syndrome induced
by adjuvants. J. Autoimmun. 36, 4–8. https://doi.org/10.1016/j.jaut.2010.07.003.
Steerenberg, P.A., Withagen, C.E.T., van Dalen, W.J., Dormans, J.A.M.A., Cassee, F.R.,
Heisterkamp, S.H., van Loveren, H., 2004. Adjuvant activity of ambient particulate
matter of different sites, sizes, and seasons in a respiratory allergy mouse model.
Toxicol. Appl. Pharmacol. 200, 186–200. https://doi.org/10.1016/j.taap.2004.04.011.
Subbarao, P., Mandhane, P.J., Sears, M.R., 2009. Asthma: epidemiology, etiology and risk
factors. C.M.A.J. 181, E181–E190. https://doi.org/10.1503/cmaj.080612.
Sundell, J., 2004. On the history of indoor air quality and health. Indoor Air 14 (Supplement 7), 51–58. https://doi.org/10.1111/j.1600-0668.2004.00273.x.
Suzuki, N., Nakaoka, H., Hanazato, M., Nakayama, Y., Tsumura, K., Takaya, K., Todaka, E.,
Mori, C., 2019. Indoor air quality analysis of newly built houses. Int. J. Environ. Res.
Public Health 16, 4142. https://doi.org/10.3390/ijerph16214142.
Suzuki, N., Nakaoka, H., Nakayama, Y., Takaya, K., Tsumura, K., Hanazato, M., Tanaka, S.,
Matsushita, K., Iwayama, R., Mori, C., 2020. Changes in the concentration of volatile
organic compounds and aldehydes in newly constructed houses over time. Int.
J. Environ. Sci. Technol. 17, 333–342. https://doi.org/10.1007/s13762-019-02503-3.
Tagiyeva, N., Sheikh, A., 2014. Domestic exposure to volatile organic compounds in relation to asthma and allergy in children and adults. Expert. Rev. Clin. Immunol. 10,
1611–1639. https://doi.org/10.1586/1744666X.2014.972943.
Umetsu, D.T., McIntire, J.J., Akbari, O., Macaubas, C., DeKruyff, R.H., 2002. Asthma: an epidemic of dysregulated immunity. Nat. Immunol. 3, 715–720. https://doi.org/10.1038/
ni0802-715.
Vakalis, D., Touchie, M., Tzekova, E., MacLean, H.L., Siegel, J.A., 2019. Indoor
environmnetall quality perceptions of social housing residents. Build. Environ. 150,
135–143. https://doi.org/10.1016/j.buildenv.2018.12.062.
Veenas, C., Ripszam, M., Glas, B., Liljelind, I., Claeson, A.S., Haglund, P., 2020. Differences in
chemical composition of indoor air in rooms associated/not associated with building
related symptoms. Sci. Total Environ. 720, 137444. https://doi.org/10.1016/j.
scitotenv.2020. 137444.
Venn, A.J., Cooper, M., Antoniak, M., Laughlin, C., Britton, J., Lewis, S.A., 2003. Effects of volatile
organic compounds, damp, and other environmental exposures in the home on wheezing illness in children. Thorax. 58, 955–960. https://doi.org/10.1136/thorax.58.11.955.
Von Mutius, E., 2002. Environmental factors inﬂuencing the development and progression of pediatric asthma. J. Allergy Clin. Immunol. 109, S525–S532. https://doi.org/
10.1067/mai.2002.124565.
Walker, B., Stokes, L.D., Warren, R., 2003. Environmental factors associated with asthma.
J. Natl. Med. Assoc. 95, 152–166.
Weinmayr, G., Gehring, U., Genuneit, J., Buchele, G., Kleiner1, A., Siebers, R., Wickens, K.,
Crane, J., Brunekreef, B., Strachan, J., the ISAAC Phase Two Study Group, 2013. Dampness and moulds in relation to respiratory and allergic symptoms in children: results
from Phase Two of the International Study of Asthma and Allergies in Childhood
(ISAAC Phase Two). Clin. Exp. Allergy 43, 762–774.
Woong, D.C., Whan, K.M., Hoon, S.B., Il, E.L., Geun, D.S., Hee, J.L., Ha, E.O., Hwan, Y.K., 2009.
Indoor volatile organic compounds in atopy patients’ houses in South Korea. Indoor
Built Environ 18, 144–154. https://doi.org/10.1177/1420326X08101945.
World Health Organization (WHO), 2009. In: Heseltine, E., Rosen, J. (Eds.), Guidelines for
Indoor Air Quality: Dampness and Mould. WHO regional ofﬁce for Europe.

