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Abstract

Background Humidifier disinfectants (HDs) were commonly used household chemicals to prevent microbial growth
in a humidifier water tank in South Korea. A growing body of evidence has indicated that its airborne exposure can
induce severe lung injury. However, there has been low awareness of other health outcomes in HD users. This study
aimed to evaluate health conditions appealed by claimants for compensation in relation with an increased exposure
to HD.

Methods From survey data of personal HD exposure assessment of claimants for compensation in Korea, we
included a total of 4,179 subjects [cases in each dataset were defined by nine reported health conditions, i.e,,
pneumonia, asthma, cardiovascular disease, respiratory disease, otorhinolaryngologic disease, brain disease (includ-
ing cerebrovascular disease), dermatological disease, lung cancer, and all cancers]. HD exposures was considered

as the following exposure criteria: exposure duration, exposure proximity, exposure direction, chemical type, cumula-
tive exposure time, indoor air concentration, and cumulative exposure level. Logistic regression models were used

to evaluate the associations between HD exposure and health conditions.

Results After adjusting for sociodemographic and health behavioral factors and other chemical exposures (house-
holds, environmental, and occupational exposures), an increase in cumulative HD exposure time was significantly
associated with risks of all nine diseases (all p-trends < 0.05). An increase in HD exposure duration was associated
with asthma, respiratory disease, otorhinolaryngologic disease, dermatological disease, all cancers, and lung cancer
(p-trends < 0.05). Indoor HD concentration was associated with only pneumonia (p-trend=0.015).

Conclusions Our findings suggest that cumulative exposures to airborne HD might potentially increase the risk
of various reported health outcomes.
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Introduction
Humidifier disinfectants (HDs) were first invented in
South Korea in 1994 to prevent microbial growth as a
household chemical additive to water in a humidifier [1].
HDs added to water are released into the air as chemi-
cal-containing water vapor, which can cause airborne
exposure to people via inhalation. The main chemical
components of HDs are polyhexamethylene guanidine
(PHMG, CAS No. 31961-54-3), oligo-(2-(2-ethoxy)-
ethoxyethyl) guanidine (PGH, CAS No. 374,572-91-5),
or a mixture of chloromethylisothiazolinone (CMIT,
CAS No. 26,172-55-5) and methylisothiazolinone (MIT,
CAS No. 2682-20-4), although chemicals might differ
depending on the products [2]. Case series of unknown
fatal lung injuries were reported in children in 2006 [3]
and adults in 2011 [4]. In 2011, the Korean Centers for
Disease Control and Prevention [1] conducted epidemi-
ological investigation of those cases and suggested that
their lung injuries, including interstitial pneumonitis and
widespread lung fibrosis, were associated with HD use
[5]. Finally, the Korean government banned sales of HDs
in the market and commanded companies to recall their
products. Until their sales were banned, more than 6 mil-
lion people were estimated to have used HD products [6].
To date, a huge number of humidifier disinfectant-
associated lung injuries (HDLIs) and potential adverse
health outcomes, i.e., a total of 7,830 claimants for com-
pensation (as of March 31st, 2023), have been reported
to determine whether their health conditions might be
associated with HD use in Korea [7]. There have been
growing in vivo and in vitro investigations to evalu-
ate whether each of HD chemical components affects
lung injuries [8—10]. However, there is low awareness
of other health effects in HD users, although previous
experimental studies have indicated biological plausibil-
ity that: 1) exposure of PHMG causes apoptotic cell death
and inflammatory response in human liver epithelium
cells [11], 2) exposures to PHMG and PGH can cause
severe atherosclerotic changes with a cytotoxic effect on
human dermal cells and induce severe vascular fibrosis,
inflammation, and embryonic toxicity [12], 3) exposure
to CMIT/MIT can induce T helper 2-related dysfunc-
tion and enhance atopic dermatitis-like phenotypes in
mice [13], and 4) exposure to MIT can induce apoptotic
cell death along with membrane damage in human liver
epithelial cells [14]. Recently, only a few epidemiologic
studies using Korean children panels have suggested
that HD exposures might be associated with bronchioli-
tis [15], allergic rhinitis [16], and asthma [17] in children
aged 1-7 years. The findings of these studies primarily
focused on the respiratory diseases; however, there is a
necessity for further epidemiological research to explore
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possible associations of HD with various diseases on
other organs.

Therefore, the present study aimed to assess whether
HD-exposed people including children-to-adolescents
and adults might have experienced the reported health
conditions (i.e., pneumonia, asthma, cardiovascular dis-
ease, respiratory disease, otorhinolaryngologic disease,
brain disease, dermatological disease, lung cancer, and
all cancers) other than lung injuries, since they had been
exposed to HD, using personal exposure assessment data
for HD-exposed population in Korea. This study also
examined the dose-dependent associations between HD
exposure and the prevalence of each reported health con-
dition while controlling for important confounding fac-
tors including sociodemographic and health behavioral
factors as well as other households, environmental, and
occupational exposures.

Methods

Study population

This study used data from HD exposure assessment
on claimants for compensation to the government
conducted by the Korea Environmental Industry and
Technology Institute of the Korea Ministry of Environ-
ment [7]. Data were purposed to be used to certificate
HD claimants in accordance with the act, “Special Act
on Remedy for Damage Caused by Humidifier Disinfect-
ants’, in which their exposure and clinical histories have
been reviewed by the committee for the determination of
HD-related health effects (For a brief process, see Fig. 1)
[7]. Data were collected through extensive standardized
interviews by occupational and environmental health
nurses or environmental hygienists trained and certified
by the Korean Society of Environmental Health, in order
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Fig. 1 Process of victim certification on claimants for compensation
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to obtain HD exposure history (a certain period between
1994 and 2011) and medical history (since HD exposure-
starting point; see Fig. 2). In addition, sociodemographic
and physical information and household environment
and occupational exposure information were obtained
[18]. All claimants in the HD exposure assessment pro-
vided written informed consent (or their parent in the
case of children and adolescents under 19), consistent
with approval by Daegu Catholic University Institutional
Review Board (IRB No. CUIRB-2016—0114).

In HD exposure assessment, because informa-
tion for reported health conditions has been avail-
able since April 2016 (cycle IV), the present study
included an initial sample (namely, source population)
of 4,877 subjects enrolled for the HD exposure assess-
ment between April 2016 and May 2019 (cycle IV-i, ii,
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iii). We excluded 48 claimants of stillborn babies for
whom information for health conditions could not be
obtained for this study. Subjects with missing informa-
tion on covariates (7 =650) were also excluded from the
statistical analysis, resulting in a total of 4,179 subjects
(subjects lacking data on each of exposure information
were excluded from statistical analysis (see Fig. 3).

This study included nine kinds of analyses using per-
sonal HD exposure assessment data; cases in each set
were defined by nine reported health conditions, i.e.,
pneumonia (1,484 cases and 2,695 non-cases), asthma
(1,301 cases and 2,878 non-cases), cardiovascular dis-
ease (203 cases and 3,976 non-cases), respiratory
disease (2,369 cases and 1,810 non-cases), otorhi-
nolaryngologic disease (915 cases and 3,264 non-cases),
brain disease [including cerebrovascular disease (69

I 1994 l 1995 ‘ 1996 I 1997| 1998 I 1999 |2000 l 2001 ‘2002 |2003

2004 |2005 ‘ 2006 ’ 2007 ‘ 2008 |2009 ’ 2010 |2011 ‘ 2012 ’ 2013 ‘2014 l 2015 ‘ 2016 |2017 ‘ 2018 ’ 2019 ‘

HD exposure
fora certain period
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Assessment of personal

exposure at a certain point
between 2016 and 2019

Adverse health outcomes since HD exposure-starting point

Fig. 2 Timeline between exposure and assessment
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Fig. 3 Flow diagram showing the selection of the study population
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cases and 4,110 non-cases)], dermatological disease
(898 cases and 3,281 non-cases), all cancers (189 cases
and 3,990 non-cases), and lung cancer (153 cases and
4,026 non-cases, Fig. 3).

Exposures to humidifier disinfectants

HD exposures of each claimant were accessed with
standardized extensive interviews including a variety of
HD exposure-related questionnaires. Claimants were
asked about their exposure histories between 1994 and
2011. Questionnaires for personal HD exposure assess-
ment consisted of HD product name, use amount, fre-
quency and a bundle of usage behaviors in separate
survey sheets organized by each person, period, and
space (room in housing or office). In the current study,
we considered seven exposure criteria (four single cri-
teria and three computed criteria): 1) chemical type,
chemical component of HD product which each partici-
pant normally used, was categorized into PHMG, PGH,
CMIT/MIT, and others (each participant was asked to
report HD product’ name, and we assigned its chemical
component based on prior literature) [19]; 2) exposure
direction (i.e., humidifier spray direction) was catego-
rized as toward the face or not; 3) exposure proxim-
ity defined as the distance from humidifier to subject’s
face was categorized into>1,0.5 to <1, or<0.5 m; 4)
exposure duration (month) was categorized into<6,6
to <12,12 to <24, or>24 months; 5) cumulative expo-
sure time (hour) was computed by multiplying the years
of use (year), annual use (months/year), monthly use
(weeks/month), daily use (days/week), and hourly use
(hours/day); 6) indoor air concentration (pg/m?) (i.e.,
indoor HD concentration) was computed by multiplying
the used HD product concentration by the daily average
usage amount and dividing by the volume of the space
where used, using a method suggested by Park et al [20].
Claimants with missing information on HD brand, usage
amount, and space were excluded from calculations.
Claimants who used HD products without available
information on chemical concentrations were addition-
ally excluded from calculations; 7) cumulative exposure
level (pug/m>hr) was computed by multiplying cumula-
tive exposure time and indoor air concentration. The last
three criteria were categorized into as quartiles [20].

Reported health conditions

Health conditions were defined by self-reported physi-
cian’s diagnosis for each participant. Claimants were
asked to report “Choose any health condition(s) which
has been developed after HD uses from options below
and describe the details”. They answered the develop-
ment of one or more health conditions. Current study
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used nine diseases of pneumonia, asthma, cardiovascular
disease, respiratory disease, otorhinolaryngologic dis-
ease, brain disease, dermatological disease, lung cancer,
and all cancers (see Supplementary Table 1).

Covariates

Age, body mas index (BMI), sex, smoking status, and
education level were considered as potential confound-
ers, which needed to be controlled for, based on bio-
logical consideration for which nine diseases share
similarities. Age was defined as age of claimants at which
they experienced health effects after HD exposure (con-
tinuous). BMI was calculated by dividing the weight in
kilograms by the height in meters squared (continuous).
Smoking status was categorized as never smoker (refer-
ence), former smoker, or current smoker. Education level
was categorized as less than high school (reference), high
school graduate, and college graduate or higher.

Other environmental factors

Other environmental and occupational exposures dur-
ing the one year prior to their adverse health effects were
also considered as potential confounders. Exposure to
commercial chemicals was computed by the number
of chemicals that claimants used among the following
16 household chemicals: fabric brightener, household
insecticides, deodorant or air freshener, water repellent,
disinfectant or sanitizer, paint additive, glass cleaner,
mothball, glue, stain remover, dishwashing detergent,
laundry detergent, scented candle or fumigant, hair styl-
ing product, at-home dry cleaner, and polish (score of 0
to 16). Exposures to house mold and neighboring facto-
ries or incinerator were defined as exposed by question-
naire if the subject had ever had damp stains or molds
on the walls or ceiling of the house and if the subject had
ever resided within 1 km of facilities such as factories
or incinerators. Occupational exposure was defined as
exposed by a questionnaire if the subject had ever been
exposed to toxic gas, fumes, or smoke in the workplace.

Statistical analysis

All statistical analyses were performed using SAS soft-
ware version 9.4 (SAS Institute Inc., Cary, NC, USA). A
value of p <0.05 was deemed to be statistically significant.
Logistic regressions models were used to estimate the
odds ratios (ORs) for the risks of nine diseases with each
HD exposure in separate models. All seven independent
variables of HD exposures were modeled as categori-
cal variables. Chemical type was modeled with PHMG
which had the largest number of exposed claimants as a
reference, while other six exposure variables were mod-
eled with the lowest exposed group as a reference. We
also computed p-values for linear trend by fitting the
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exposure as an ordinal variable coded using integer val-
ues (0-3 or 0-2). All models were adjusted for BMI,
age, sex, smoking status, and education level as covari-
ates. Furthermore, in order to show variation of the esti-
mated ORs between seven exposures and nine diseases,
a graphical model was developed with a heatmap using R

” o«

software version 4.2.1 (“ggplot2’, “ggpubr” packages).

Sensitivity analysis

Sensitivity analysis was conducted with additional adjust-
ment for environmental and occupational exposures
affecting health conditions as potential confounders.
Thus, each of commercial chemical, house mold, neigh-
boring factory or incinerator, and occupational exposure
was further controlled in separated models and each
other in one model, i.e., multi-pollutant model.

Another sensitivity analysis was conducted with
age-stratified models, and their details are available in
the Supplementary Material, “Age-stratified Analysis:
Methods”

Results

Table 1 shows general characteristics of study popula-
tion (n = 4,179). Overall, mean * standard error (SE) of
age was 33.1 * 24.9 years. Males were 52.0 % (n = 2,172),
and current survivors were 83.6 % (n = 3,495). By chemi-
cal type of HD products, most claimants used PHMG-
containing HD (76.3 %, n = 3,021), followed by those
who used CMIT/MIT (19.6 %, n = 775) and those who
used PGH (1.1 %, n = 44). Claimants had various diseases
developed after HD uses, including pneumonia (35.5 %,
n = 1,484), asthma (31.1 %, n = 1,301), cardiovascular
disease (4.9 %, n = 203), respiratory disease (56.7 %, n =
2,369), otorhinolaryngologic disease (21.9 %, n = 915),
brain disease (1.7 %, n = 69), dermatologic disease (21.5
%, n = 898), all cancers (4.5 %, n = 189), and lung cancer
(3.7 %, n = 153). General characteristics between sub-
jects with and without each of the nine reported health
conditions were compared in Supplementary Material
Tables S2 - S10. Supplementary Material Table S11 shows
exposure characteristics, including chemical type, expo-
sure direction, exposure proximity, exposure duration,
indoor air concentration, cumulative exposure time, and
cumulative exposure level in subjects with each nine of
reported health conditions.

Table 2 presents results of logistic regression models for
reported health conditions of subjects with HD exposures
after adjusting for sociodemographic and health behavio-
ral factors. All nine diseases were dose-dependently asso-
ciated with cumulative exposure time (all p-trends < 0.05).
Fully adjusted OR comparing the highest quartile versus
the lowest quartile of cumulative exposure time was 1.25
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Table 1 Characteristics of claimants (1=4,179)
Characteristics Distribution
Age [years] 33.1 +249
BMI [kg/m?] 217 +4.1
Sex
Male 2172 (52.0)
Female 2,007 (48.0)
Survival status
Survivors 3,495 (83.6)
Non-survivors 684 (16.4)
Cigarette smoking
Never smoker 3,164 (75.7)
Former smoker 856 (20.5)
Current smoker 159 (3.8)
Education
<High school 1,869 (44.7)
High school 1,020 (24.4)
>High school 1,290 (30.9)
Chemical type®
PHMG 3,021 (76.3)
PGH 44 (r.m
CMIT/MIT 775 (19.6)
Others 118 (3.0)
Reported health conditions®
Pneumonia 1,484 (35.5)
Asthma 1,301 (31.1)
Cardiovascular disease 203 4.9
Respiratory disease 2,369 (56.7)
Otorhinolaryngologic disease 915 (21.9)
Brain disease 69 (1.7)
Dermatological disease 898 (21.5)
All cancers 189 (4.5
Lung cancer 153 (3.7)
Environmental exposures
Number of chemical usage® 4.0 +23
House mold 255 6.1)
Neighborhood factory or incineration 87 (2.1
Occupational exposure 59 (1.4)

Data in tables are presented as mean + SE for continuous variables and
sample size (percentage) for categorical variables. Brain disease: brain and
cerebrovascular disease

@ Subsample of participants with available information in chemical type of
humidifier disinfectants (n=3,958)

b Comorbid health conditions were defined as self-reported diagnosis of each
disease

€ Number of chemicals usage: fabric brightener, household insecticides,
deodorant or air freshener, water repellent, disinfectant or sanitizer, paint
additive, glass cleaner, mothball, glue, stain remover, dish washing detergent,
laundry detergent, scented candle or fumigant, hair styling product, at-home
dry cleaner, and polish (range 0-16)

Abbreviations: BMI, body mass index; PHMG, polyhexamethylene
guanidine; PGH, oligo (2- (2-) ethoxy ethoxyethyl) guaindinium; CMIT,
chloromethylisothiazolionoe; MIT, methylisothiazolinone
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(95% CI: 1.03-1.52) for pneumonia, 1.40 (95% CI: 1.14—
1.71) for asthma, 1.83 (95% CI: 1.21-2.76) for cardiovas-
cular disease, 1.51 (95% CI: 1.26-1.82) for respiratory
disease, 1.44 (95% CI: 1.14—1.82) for otorhinolaryngologic
disease, 2.17 (95% CI: 1.05-4.46) for brain disease, 1.54
(95% CI: 1.23-1.93) for dermatological disease, 1.63 (95%
CI: 1.04-2.56) for all cancers, and 2.03 (95% CI: 1.21-3.42)
for lung cancer. Additionally, asthma and dermatological
diseases showed significant dose-dependent associations
with exposure duration and cumulative exposure level
(all p-trends <0.05). Pneumonia showed significant dose-
dependent associations with indoor air concentration and
cumulative exposure level (p-trend <0.05). Cardiovascular
disease showed a significant dose-dependent association
with cumulative exposure level (p-trend=0.014). Res-
piratory disease showed significant dose-dependent asso-
ciations with exposure duration and cumulative exposure
level (p-trend <0.001 and=0.001, respectively) and a sig-
nificant association with shorter exposure proximity (with
0.50 to < 1 m vs.>1 m). Cancer (all cancers) and lung can-
cer showed significant dose-dependent associations with
exposure duration (p-trend:=0.019 and=0.001, respec-
tively) and significant associations with shorter exposure
proximity (with<1l m vs.>1 m). Otorhinolaryngologic
disease showed significant dose-dependent associations
with exposure duration and indoor air concentration
(p-trend<0.001) and a significant association with HD
chemical type (with PGH and CMIT/MIT vs. PHMG).
Brain disease showed significant dose-dependent associa-
tions with cumulative exposure level (p-trend =0.014) and
a significant association with HD chemical type (with oth-
ers vs. PHMG@). In order to better understand results men-
tioned above, all their ORs were graphically presented in
Fig. 4. Furthermore, their associations in subgroups strati-
fied by age (i.e., children-to-adolescents and adults) are
available in the Supplementary Material, “Age-stratified
Analysis: Results” (Supplementary Material, Figure S1).

Table 3 shows results of logistic regression models
after further adjustment for other environmental expo-
sures of commercial chemicals, house mold, neighbor-
hood factory or incineration, and occupational exposure
that might affect health conditions. When we controlled
all four kinds of environmental factors, associations of
nine diseases with HD exposures were not changed from
results of original models, i.e., Table 2. Results in sepa-
rate models after controlling for each of environmental
factors are presented in Supplementary Materials, Tables
S$12-S15.

Discussion

Our study evaluated the association between HD expo-
sure and the prevalence of various health conditions in
claimants for compensation using personal HD exposure
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assessment data. After adjustment for potential con-
founding factors, HD exposure was significantly associ-
ated with the increased risk of all nine reported health
conditions: pneumonia, asthma, cardiovascular disease,
respiratory disease, otorhinolaryngologic disease, brain
disease, dermatological disease, lung cancer, and all can-
cers. These associations did not alter even after further
controlling for environmental and occupational expo-
sures to chemicals.

Although health problems caused by HD exposures
may include various organs and its etiology is poorly
understood, its main underlying mechanisms are reac-
tive oxygen species and inflammation that can lead to
cell deaths and genomic alterations [21, 22]. Chemical
components in HD commonly attack cell membranes in
different ways, PHMG induces the inhibition of dehydro-
genase activity, resulting in cell membrane damage, PGH
acts as a -lactamase inhibitor and destroys the physical
structure of the cell membrane, and CMIT/MIT inhibits
the activity of enzymes with sulfthydryl group (-SH) and
other proteins, leading to cell death [23]. Together, chem-
ical components in HD commonly initiate biological
pathways known to induce increment of reactive oxygen
species (ROS) and generation of inflammatory responses,
which can result in the loss of protein function and cell
deaths [24, 25]. According to previous epidemiological
studies, ROS and inflammation can promote both allergic
inflammation and systemic chronic inflammation [26, 27]
that contribute to the development of allergic diseases
such as atopic dermatitis [28] and allergic rhinitis [29],
inflammatory diseases such as pneumonia [23], asthma
and respiratory disease [30]. Furthermore, several in vivo
studies have investigated adverse effects of HD chemical
components on various health conditions. Zebrafish with
treatment of PHMG and PGH have high levels of pro-
duction of ROS and severe inflammation with induced
damages in heart [12], mice after intratracheal installa-
tion of PHMG show airway inflammation and asthmatic
features [19], mice with epicutaneous exposure to CMIT/
MIT show enhanced atopic dermatitis symptoms [13],
and rat with an inhalation exposure to PHMG shows
alteration in tumor suppressor gene that may exacerbate
carcinogenesis due to its functional loss [25]. Consider-
ing the spread of HD to the whole body, the toxicity of
PGH, PHMG, and CMIT/MIT may promote ROS and
inflammation, leading to adverse effects on various
organs besides lung injury.

In the current study, we evaluated exposures of HD
using various models: chemical type, exposure direc-
tion, exposure proximity, exposure duration, cumulative
exposure time, indoor air concentration, and cumulative
exposure level. Interestingly, all nine reported health con-
ditions analyzed in the current study were observed to



Hong et al. BMC Public Health (2023) 23:1800

Very high +
High -
Medium <

Low (Ref) 2

0o
o

o O O O
Very high -+

High -
Medium
LowRef) 4 0 © © ©
Very high +

High 4
Medium 4

LowRef) - O © © ©

Page 9 of 14

@ O
O

19A9] 2unsodxd
QAR[NUIND

o © o ©o ©

Uorenuaduod
Jre Joopuy

Value

own ainsodxo
JATFRNUIND)

2.5

s @ O @ o .. N
H
Ro<umns 4+ @ OO @ :: 15
[SIR=
6to <12 months < O O g E 10
<6months(Ref) J © © © © © © © O O©
s o
<osm 00 i
ost0<im S O @0 i
>imRef) 4 0 0 0 0 O O O O O %;
[=%
Toward the face ] 5—5
Toward the other sides (Ref) o O O O O O O O O §. g
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, =
Others
O o :
CMIT/MIT O O gz
PGH @ g
PHMG (Ref) o o ¢ o o o O O O
& & FoF o F S S
S S
] g\\'\& r;>° & %‘?’@ &N
&S
& 8
O = 'b.'\‘
& T
&
B
0\,

Fig. 4 Heatmap of a OR matrix of reported health conditions by HD exposures. All values were from Table 3, and only significant ORs were

presented in the heatmap. The redder colors indicate the higher ORs

have significant dose-response associations with cumu-
lative exposure time, while most of these health condi-
tions were not associated with indoor air concentration.
Our observations indicate that long-term cumulative
exposures to HDs even in low levels might be toxic with
potential effects various organs. Although acute exposure
might be the key to lung injury, which is still of debate,
our findings suggest that long-term exposure may be the
determining factor in diseases other than lung injury.
Interestingly, exposure proximity (<1 m vs. > 1 m) was
observed to have significant associations only with lung
cancer and all cancers in the current study. However, the
scientific evidence with different models of HD exposure
characteristics is still lacking, thus, future studies in rela-
tion to various target organs are warranted.

Also, the current study evaluated chemical type of
HD products, and CMIT/MIT-containing HD (vs.

PHMG-containing HD, the most commonly used chem-
ical) showed significant associations with an increased
risk of asthma and otorhinolaryngologic disease. In
addition, PGH-containing HD (vs. PHMG-containing
HD) presented significant associations with the risk of
otorhinolaryngologic disease. A few epidemiologic stud-
ies have evaluated adverse effects of certain HD chemi-
cals on several diseases. A recent study using a Panel
Study of Korean Children (PSKC) data has shown that
participants exposed to PHMG/PGH-containing HD
compared to those never exposed to HD have a signifi-
cantly increased risk of otorhinolaryngologic disease
[16]. In a case report, patients after exposure to only
CMIT/MIT-containing HD had allergic reactions and
decreased lung functions that resulted in asthma [31].
However, it is difficult to directly compare our find-
ings with previous studies because our study compared
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different chemicals’ usages to each other (PGH, CMIT/
MIT, others, vs. PHMGQG), while other studies compared
certain chemical groups with non-usage group. Never-
theless, our findings suggest that CMIT/MIT or PGH-
containing HDs might increase risks for certain diseases,
although PHMG-containing HDs are well-known to be
associated with lung injury. Observed associations in
the present study remained statistically significant even
after further controlling for environmental and occupa-
tional exposures, i.e., each of household chemical usage,
house mold, neighborhood factory or incineration,
workplace exposure to toxic gas, fumes, or smoke, which
might induce adverse health effects on various diseases.
Our findings were consistent with findings of a previous
study of children, which suggested that the association
between HD exposure and allergic rhinitis did not alter
even after adjusting for environmental exposures of pas-
sive smoking, presence of house mold, or presence of pet
cats or dogs [16].

When the current study stratified by children-
to-adolescents and adults, HD exposure presented
significant associations with asthma and dermato-
logical disease in both age groups (stronger in chil-
dren-to-adolescents than adults), pneumonia and
otorhinolaryngologic disease only in children-to-ado-
lescents, and respiratory disease only in adults. Their
discussion is available in the Supplementary Material,
“Age-stratified Analysis: Discussion”.

The main strengths of our study are as follows. First,
we used well-designed personal exposure assessment
data, which included information on a variety of HD
exposure-related questionnaires and adverse health
effects. Second, we considered the adjustment for other
environmental factors such as commercial chemicals,
house mold, neighboring factories or incinerators, and
occupational exposure in a sensitivity analysis because
environmental factors might also affect health condi-
tions. Nevertheless, our study also has some limitations.
First, there was a potential recall bias because HD expo-
sure assessment was based on the subject’s responses
for HD use in the past. In spite of well-structured
interviews including logical and repetitive questions,
measurement errors due to recall bias could remain.
Second, due to the nature of the current population
that all subjects had exposure to HD and at least one
health conditions as potential victims were enrolled in
governmental compensation, we could infer an inevita-
ble but critical limitation of selection bias, which could
result in the lack of generalizability as well as potential
over-estimates in exposure assessment. Nevertheless,
those overestimates might be non-differential in whole
population regardless of the presence of each of the
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nine diseases. Third, we could not rule out the possibil-
ity that health outcomes included in this study might
have affected each other, which might potentially act as
intermediaries, in part, for each other. Fourth, health
outcomes defined by self-reported physician’s diagnosis
could not exclude a potential misclassification because
their health outcomes were not medically confirmed at
the time of data collection. Finally, although subjects
reported ‘health conditions after HD exposure, informa-
tion about exposure and outcome were collected at the
same time. Thus, we could not infer causal association
in our findings.

Conclusions

The current study suggests that cumulative exposures
to HD might be associated with higher risks of various
health outcomes of pneumonia, asthma, cardiovascular
disease, respiratory disease, otorhinolaryngologic dis-
ease, brain disease, dermatological disease, and cancer.
In addition to the well-known evidence in lung injury,
our findings show a necessity of epidemiological as well
as toxicological research that HD exposures could lead
to adverse effects on various organs.
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HDLIs Humidifier disinfectant-associated lung injuries
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