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Abstract: (1) Background: Studies on the association between air pollution and developmental delay
in children are limited. Therefore, we evaluated the risk of developmental delay in Taiwanese children
exposed to air pollution. (2) Methods: We merged the two nationwide databases, and the annual
average pollutant concentrations were grouped into tertiles to evaluate the risk of developmental
delay (ICD-9 code 315.9). We identified the patients’ active residential locations based on the location
of the clinic or hospital in which they sought treatment for acute upper respiratory infections (ICD 9
code 460). The two nationwide databases were linked for analysis based on the active residential
locations of each participant and the locations of the 74 ambient air quality monitoring stations.
(3) Results: We observed an increased risk of developmental delay in children and teenagers exposed
to SO2, CO, and NO2. The adjusted odds ratios (ORs) of developmental delay for comparison among
the tertiles with respect to SO2, CO, and NO2 exposures were 1.12 (95% confidence interval [CI],
1.01–1.24), 1.21 (95% CI, 1.09–1.34), and 1.40 (95% CI, 1.261.55), respectively. (4) Conclusions: The
present findings suggest that air pollution exposure increases the risk of developmental delay in
children and teenagers in Taiwan.

Keywords: ambient air pollution exposure; developmental delay; nationwide databases; acute upper
respiratory infections
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1. Introduction

Ambient air pollution, especially due to traffic emissions, is closely related to hu-
man economic activity [1,2]. Increasing evidence indicates that long-term exposure to
air pollution causes morbidity and mortality [3–10]. Based on the criteria set by the US
Environmental Protection Agency (EPA), air pollutants include solid and gaseous compo-
nents [11,12]. Extensive evidence has demonstrated that long-term exposure to particulate
matter (PM) may be associated with children’s development, such as birth weight, risk of
hospitalization for respiratory infections or asthma, decline in lung function, and wheez-
ing [13–17]. Several animal studies demonstrated that exposure to nitrogen oxide restricted
their recovery from nerve trauma [18,19]. Long-term exposure to carbon monoxide (CO)
may cause depression, confusion, memory loss, and cognitive decline in adults. Previous
studies have focused on the association between PM, NOx, and neuropsychological de-
velopment, such as intelligence quotient (IQ), executive functions, memory, visual motor
abilities, academic skills, behavioral problems, autism spectrum disorder, and attention
deficit hyperactivity disorder [20–27]. In contrast to the aforementioned findings, limited
evidence was encountered for correlation between sulfur dioxide (SO2), carbon monoxide
(CO), and developmental delays. Therefore, we merged two nationwide databases to eval-
uate the risk of developmental delays (DD) in children and teenagers exposed to nitrogen
dioxide (NO2), SO2, and CO.

2. Materials and Methods
2.1. Data Source

We used two datasets for this case-control study analysis: one included a database of
children, and the other included an air quality database. The database included one-half of
children (age < 18 years) who were randomly selected from the Taiwan National Health
Insurance (TNHI) program based on their birth year. The population in the database
was limited to less than 10% of that of the THNI program to protect personal informa-
tion, based on the guidelines (https://nhird.nhri.org.tw/apply_04.html) (accessed date:
12 August 2021). The TNHI program covered over 99% of the populace because all Tai-
wanese were obligated to join this program. The database of children contained all medical
claims and medical treatments from 1996 to 2012. Disease in the children’s database
was identified based on the International Classification of Disease, 9th Revision, Clinical
Modification (ICD-9-CM), which was established by the World Health Organization. The
information included in the air quality database was collected from 74 ambient air quality
monitoring stations in Taiwan by Taiwan’s Environmental Protection Agency. According
to the Personal Information Protection Act, this study was approved by the Research Ethics
Committee of China Medical University and Hospital (CMUH104-REC2-115).

2.2. Study Subjects

We selected children who were newly diagnosed with DD (ICD-9-CM 315) from 2006
to 2012 as the DD group. Four comparisons were randomly selected for children without
DD diagnosis from the database based on age, gender, and DD diagnosis year. The year of
index date of the control group was selected from the non-DD insured children in the same
year as the corresponding children in the case group. The date of the year was randomly
assigned to the control group.

2.3. Exposure Assessment

Cough (ICD-9-CM 460) is a usual symptom in children [28]. Thus, we defined the
residential area of children and teenagers based on the most frequent hospital location
for caring for the common cold. For example, if resident A went to Hospital B twice for
a cold diagnosis (ICD-9-CM 460) and to Hospital C once, then his residential area would
be the location of Hospital C. The ambient air quality monitoring stations located in their
residential areas were used to calculate the exposure to air pollutants. The locations of the
ambient air quality monitoring stations were based on the population density. There were
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31, 15, 23, and 5 ambient air quality monitoring stations in northern, central, southern, and
eastern Taiwan, respectively. We enrolled children and teenagers residing in areas with air
quality monitoring stations. The children and teenagers were assigned pollutant-exposure
levels based on the data gained from the monitoring station present in their residential area.
Daily average concentrations of air pollutants were calculated within five years before
the SD diagnosis date and were grouped into tertiles with two cut-off points (33rd and
66th percentiles) as follows: SO2 concentration (low: <3.77 ppb, medium: 3.77–5.30 ppb,
and high: >5.30 ppb); CO concentration (low: <0.53 ppm, medium: 0.53–0.68 ppm, and
high: >0.68 ppm); NO2 concentration (low: <18.17 ppm, medium: 18.17–23.90 ppm, and
high: >23.90 ppm)

2.4. Demographics and Baseline Comorbidity

Demographics included occupation (white collar, blue collar, and others) and urban-
ization. Based on Liu’s report, we grouped the residential areas as follows: level 1 to
2 represented high urbanization, level 3 to 4 signified median urbanization, and level
5 to 7 was designated as low urbanization [29]. Baseline comorbidities included low
birth weight (ICD-9-CM 764), premature birth (ICD-9-CM 765), and Tourette syndrome
(ICD-9-CM 307.2).

2.5. Statistical Analysis

Categorical variables are presented as numbers and percentages, and continuous
variables are shown as mean(s) and standard deviation(s). The variation in categorical and
continuous variables between the two groups was tested using the chi-square test and t-test.
We performed multiple logistic regressions of DD to evaluate odds ratios (ORs) with 95%
confidence intervals (CIs) in medium-high daily average concentrations of air pollutants,
which were compared with the corresponding low concentrations. The multivariable
models were adjusted for age, sex, urbanization, type of parental occupation, low birth
weight, premature birth, and Tourette syndrome.

3. Results

We enrolled 14,745 children and teenagers during the study period. In total, 2888 par-
ticipants were diagnosed with DD (ICD-9-CM 355) and were frequency-matched with
11,857 subjects without DD history based on age, sex, and DD diagnosis year. The distribu-
tions of age, sex, and parental occupation were not statistically different between the DD
group and the comparison group. White collar was the most common parental occupation
(65.5%). The prevalence of comorbidities, such as low birth weight, premature birth, and
Tourette syndrome were significantly higher at 0.8%, 4.2%, and 1.1%, respectively, in the
DD group than in the group without DD history (Table 1).

Table 2 presents the multiple logistic regressions by stratification of comorbidities (low
birth weight, premature birth, and Tourette syndrome). When participants were stratified
by comorbidities, the ORs of DD were statistically higher at high levels of SO2 concentration
compared with that of the low level group without low birth weight and Tourette syndrome;
the adjusted ORs (aOR) were 1.12 (95%CI = 1.01–1.24) and 1.01 (95%CI = 1.01–1.23), respec-
tively. Among the tertiles of CO concentration, the ORs of DD were statistically higher in
the high CO concentration group than in the low group in all participants without comor-
bidities (without low birth weight: aOR = 1.21, 95%CI = 1.09–1.34; without premature birth:
aOR = 1.17, 95%CI = 1.06–1.30; without Tourette syndrome: aOR = 1.20, 95%CI = 1.09–1.33).
Among the tertiles of NO2 concentration, in participants without low birth weight, the
aORs in the medium and high groups compared with that in the low group were 1.26
(95%CI = 1.14–1.40) and 1.40 (95%CI = 1.26–1.56), respectively. In participants without
premature birth, compared to the low group, the aORs in the medium and high groups
were 1.25 (95%CI = 1.12–1.39) and 1.36 (95%CI = 1.22–1.51), respectively. In participants
without Tourette syndrome, the aORs in the medium and high groups compared with those
in the low group were 1.27 (95%CI = 1.14–1.40) and 1.39 (95%CI = 1.25–1.54), respectively.
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Table 1. Distribution of demographic data among the study population.

Without DD (n = 11,857) With DD (n = 2888) p Total
(n = 14,745)

Age (years) Mean ± SD 8.07 ± 2.04 8.10 ± 2.03 0.479 8.08 ± 2.04
Male 8523 71.9% 2074 71.8% 0.961 10,597 71.9%

Urbanization
High 7492 63.2% 2033 70.4% <0.001 9525 64.6%

Medium 3520 29.7% 717 24.8% 4237 28.7%
Low 845 7.1% 138 4.8% 983 6.7%

Parental occupation
White-collar 7752 65.4% 1911 66.2% 0.506 9663 65.5%
Blue-collar 2268 19.1% 525 18.2% 2793 18.9%

Others 1837 15.5% 452 15.7% 2289 15.5%
Low birth weight 49 0.4% 23 0.8% 0.012 72 0.5%
Premature birth 304 2.6% 122 4.2% <0.001 426 2.9%

Tourette syndrome 34 0.3% 33 1.1% <0.001 67 0.5%
Yearly average of SO2 (ppb)

Low 3993 33.7% 922 31.9% 0.004 4915 33.3%
Medium 3988 33.6% 927 32.1% 4915 33.3%

High 3876 32.7% 1039 36.0% 4915 33.3%
Yearly average of CO (ppm)

Low 4049 34.1% 866 30.0% <0.001 4915 33.3%
Medium 3951 33.3% 964 33.4% 4915 33.3%

High 3857 32.5% 1058 36.6% 4915 33.3%
Yearly average of NO2 (ppb)

Low 4117 34.7% 798 27.6% <0.001 4915 33.3%
Medium 3923 33.1% 992 34.3% 4915 33.3%

High 3817 32.2% 1098 38.0% 4915 33.3%

DD: developmental delays. SD: standard deviation.

Table 2. Adjusted odds ratios for development delays stratified by low birth weight, premature birth,
and Tourette syndrome.

Pollutant
Levels

SO2 CO NO2

aOR 95% CI aOR 95% CI aOR 95% CI

Low birth weight
no Low 1.00 1.00 1.00

Medium 0.98 0.89–1.09 1.10 0.99–1.22 1.26 1.14–1.40
High 1.12 1.01–1.24 1.21 1.09–1.34 1.40 1.26–1.56

Yes Low 1.00 1.00 1.00
Medium 0.09 0.01–0.61 0.77 0.16–3.61 0.83 0.19–3.62

High 0.52 0.14–1.93 0.72 0.18–2.86 0.81 0.20–3.32

Premature birth
no Low 1.00 1.00 1.00

Medium 0.95 0.86–1.06 1.08 0.98–1.20 1.25 1.12–1.39
High 1.10 0.99–1.22 1.17 1.06–1.30 1.36 1.22–1.51

Yes Low 1.00 1.00 1.00
Medium 1.57 0.91–2.71 1.80 1.02–3.18 1.72 0.98–3.02

High 1.68 0.98–2.87 2.71 1.54–4.77 2.87 1.62–5.10

Tourette syndrome
no Low 1.00 1.00 1.00

Medium 0.97 0.87–1.07 1.11 1.00–1.23 1.27 1.14–1.40
High 1.11 1.01–1.23 1.20 1.09–1.33 1.39 1.25–1.54

Yes Low 1.00 1.00 1.00
Medium 2.09 0.50–8.72 0.63 0.16–2.54 1.03 0.25–4.33

High 2.72 0.69–10.79 2.39 0.60–9.52 3.87 0.84–17.83

aOR: adjusted odds ratio; adjusted for age, sex, urbanization, and parental occupation. CI: confidence interval.

After adjusting for age, sex, urbanization level, type of parental occupation, and co-
morbidities of low birth weight, premature birth, and Tourette syndrome, multiple logistic
regression analysis revealed that in comparison with the low group of the corresponding
air pollutants, the aORs of DD for medium and high SO2 were 0.97 (95%CI = 0.88–1.08)
and 1.12 (95% CI = 1.01–1.24); for medium and high CO were 1.10 (95% CI = 1.00–1.22) and
1.21 (95% CI = 1.09–1.34); and for medium and high NO2 were 1.26 (95% CI = 1.14–1.40)
and 1.40 (95% CI = 1.26–1.55), respectively (Table 3).
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Table 3. Adjusted odds ratios for development delays and associated air exposure.

cOR
Model 1 Model 2 Model 3

aOR 95% CI aOR 95% CI aOR 95% CI

Age 1.01 1.01 0.99–1.03 1.01 0.99–1.03 1.01 0.99–1.03
Sex

Male 1.00 1.00 1.00 1.00
Female 1.00 1.01 0.92–1.10 1.01 0.92–1.10 1.01 0.92–1.10

Urbanization
High 1.00 1.00 1.00 1.00

Medium 0.71 0.75 0.68–0.82 0.76 0.70–0.84 0.78 0.70–0.85
Low 0.60 0.62 0.51–0.75 0.63 0.52–0.77 0.67 0.55–0.81

Parental occupation
White-
collar 1.00 1.00 1.00 1.00

Blue-
collar 0.94 0.99 0.88–1.10 0.99 0.89–1.11 1.01 0.90–1.13

Others 1.00 1.05 0.94–1.18 1.06 0.94–1.19 1.06 0.94–1.19
Low birth weight

No 1.00 1.00 1.00 1.00
Yes 1.94 1.46 0.87–2.43 1.44 0.86–2.41 1.45 0.87–2.42

Premature birth
No 1.00 1.00 1.00 1.00
Yes 1.68 1.64 1.32–2.04 1.64 1.32–2.05 1.64 1.32–2.05

Tourette syndrome
No 1.00 1.00 1.00 1.00
Yes 4.02 3.95 2.44–6.40 3.93 2.43–6.38 3.92 2.42–6.36

SO2
Low 1.00 1.00

Medium 1.01 0.97 0.88–1.08
High 1.16 1.12 1.01–1.24

CO
Low 1.00 1.00

Medium 1.14 1.10 1.00–1.22
High 1.28 1.21 1.09–1.34

NO2
Low 1.00 1.00

Medium 1.31 1.26 1.14–1.40
High 1.48 1.40 1.26–1.55

cOR: crude odds ratio. aOR: adjusted odds ratio. CI: confidence interval.

In addition, we performed multivariate analysis without considering the three covari-
ates (low birth weight, premature birth, and Tourette syndrome) to minimize collider bias
(Table 4). In comparison with the low group of the corresponding air pollutants, the aORs of
DD for medium and high SO2 were 0.97 (95% CI = 0.88–1.08) and 1.12 (95% CI = 1.01–1.23);
for medium and high CO were 1.10 (95% CI = 1.00–1.22) and 1.21 (95% CI = 1.09–1.34); and
for medium and high NO2 were 1.27 (95% CI = 1.14–1.41) and 1.40 (95% CI = 1.26–1.55), respectively.

Table 4. Adjusted odds ratios for development delays and associated air exposure (without consider-
ing low birth weight, premature birth, and Tourette syndrome).

cOR 95% CI p aOR 95% CI p

SO2
Low 1.00 1.00

Medium 1.01 0.91–1.11 0.897 0.97 0.88–1.08 0.594
High 1.16 1.06–1.28 0.003 1.12 1.01–1.23 0.031
CO
Low 1.00 1.00

Medium 1.14 1.03–1.26 0.011 1.10 1.00–1.22 0.060
High 1.28 1.16–1.42 <0.001 1.21 1.09–1.34 <0.001
NO2
Low 1.00 1.00

Medium 1.31 1.18–1.45 <0.001 1.27 1.14–1.41 <0.001
High 1.48 1.34–1.64 <0.001 1.40 1.26–1.55 <0.001

cOR: crude odds ratio; aOR: adjusted odds ratio, adjusted for age, sex, urbanization, and parental occupation.
CI: confidence interval.
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4. Discussion

We included 2888 enrolled participants aged < 18 years who were diagnosed with
developmental delay (DD, ICD-9-CM 355) during the study period. This large-scale
study revealed that children and teenagers who were exposed to SO2, CO, and NO2
pollution were at an increased risk of DD. In the stratification analysis, there was no
significant increase in the risk of DD among pollutant tertiles in the participants with
comorbidities. This may be due to a few participants with low birth weight, premature
birth, and Tourette syndrome.

The association between exposure to air pollution and systemic oxidative stress has
been widely investigated [30–34]. The inhalation of SO2 causes bronchoconstriction, result-
ing in oxygen insufficiency and hypoxia [35,36]. The onset of hypoxia has been associated
with inflammation and oxidative stress [37–40]. Previous evidence supports the idea that
oxidative stress plays a key role in the development of neural systems [41–44]. NO2, is an
infamous reactive nitrogen species (RNS), which can co-act with reactive oxygen species
(ROS) and is associated with apoptosis [45,46]. CO has long been considered a harmful
gas and is linked to memory loss, dementia, and cognitive decline [47,48]. However, the
association between DD and CO remains scarce.

Our results demonstrated that preterm birth and Tourette syndrome were also associ-
ated with DD in children. Preterm births have been reportedly associated with DD [49].
Cognitive delay is the most common impairment in children with preterm birth. Further-
more, lower birth weight during preterm births is one of the predictors of global cognitive
impairment in children younger than 5 years. In addition, a meta-analysis observed a
higher incidence rate of neurobehavioral outcomes in very preterm and/or very low birth
weight children [50]. The most notable cognitive problem in children with preterm births
was attention. Furthermore, lower performance in verbal fluency, working memory, and
cognitive flexibility was observed in preterm children.

Children with Tourette syndrome have increased motor excitability [51]. Combined
with recent brain imaging studies, it was revealed that the symptoms of Tourette syndrome
occurred from a delay in the development of key brain networks. Neuroinflammation plays
an important role in the neurodevelopmental pathophysiology in Tourette syndrome [52].
Our findings are consistent with those of previous studies, indicating that our data is
comparable to data from other studies.

We also observed that DD was associated with urbanization, which causes heavy
traffic, leading to traffic-related air pollution and allergic diseases [53]. In addition, we
found that urbanization was positively correlated with air pollution in Taiwan. Hence,
the association between urbanization and DD may emanate from air pollution. Another
possible linkage is medical convenience. Urbanization levels are highly correlated with
medical convenience and air pollution. This may lead to potential bias and overestimation
of the risk of DD. The Taiwan National Health Insurance (TNHI) program covered over
99% of the population and reduced healthcare costs in districts with low urbanization;
health disparities between urban and rural areas have been overcome [54,55].

The effects of air pollution on children’s development have been highly concerning.
Prenatal exposure to SO2, CO, and NO2 was considered a risk factor for neurological and
cognitive deficits in children. In 1996, a study in the Czech Republic revealed a high risk of
visual contrast sensitivity in children around a coal combustion region that generated high
levels of pollutants, including SO2 [56]. They hypothesized that preterm exposure to air
pollutants disrupts the fetal neurological development. In addition to SO2, CO is confirmed
to be associated with developmental neurotoxicity [57]. In rats, prenatal CO exposure
altered the electrophysiology of the peripheral nervous system, especially sodium currents.
Since the alterations were related to sodium inactivation kinetics and equilibrium potential,
CO exposure may affect ion channel maturation. Moreover, prenatal exposure to NO2
affects cognitive and motor development in infants and negatively affects neurological
development in boys, especially memory, verbal, and cognition. Previous studies have
shown that prenatal exposure to air pollutants, such as SO2, CO, and NO2, is detrimental
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to children’s development. Our results suggest a negative association between exposure to
air pollutants and children’s development.

The strength of our study is that it is a nationwide study. We used the NHIRD
database, which is a complete medical record, and covers 99% of the Taiwanese population.
Furthermore, the subject selection was unbiased. In addition, we combined the nationwide
healthcare database with an environmental database to estimate air pollution exposure
using a unique method developed in our previous study [48]. Briefly, people usually visit
a neighborhood clinic when they experience mild upper respiratory symptoms. Thus, by
examining the clinic’s address, we located the subjects’ area of residence, which can be
combined with the corresponding air pollutant database.

However, our study has several limitations. First, in compliance with the Personal
Data Protection Act, individual addresses were not made available from the TNHI program.
People usually visit a neighborhood clinic when they experience mild upper respiratory
symptoms. Thus, by examining the clinic’s address, we located an area near the subjects’
residence, which can be combined with the corresponding air pollutant database. Although
this approach of exposure assessment is not sufficiently accurate, it helped us to test
this hypothesis. Second, the study period was from 2006 to 2012. We did not enroll
participants who were diagnosed with DD after the study period. Misclassification bias may
underestimate DD risk. Third, children or teenagers without a cold diagnosis during the
study period were not enrolled in this study. This might have resulted in underestimation
of the DD risk. We speculated that healthy children and teenagers were likely to be exposed
to low concentrations of air pollutants. Fourth, our study only presented a significant
association between air pollutant areas and DD, and we have no knowledge on whether
the air pollutants directly cause DD. Therefore, we may have to investigate the causative
effect of air pollutants on DD. In this regard, one prospective study that we can perform is
to shift the children from the air pollution areas and follow up to check the prevalence of
DD in these children.

5. Conclusions

The significance of our study is that we demonstrated a considerable association
between air pollutants and DD in children. Hence, it is crucial to raise children in a less
polluting environment during development. Moreover, the government should encourage
people to use public transportation, subsidize enterprises and factories to improve emis-
sion equipment, enforce elimination of old automobiles and motorcycles, and strengthen
initiatives for development of green energy.
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