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Introduction
Air pollution is a complex environmental prob-
lem that can have adverse effects on the health of 
the exposed population. There is a perception 
that rapid economic development and urbaniza-
tion in China over the last few decades led to an 
increase in the frequency and severity of PM2.5 
and PM10 pollution episodes.1–5 Moreover, there 
is widespread concern that this situation creates 
risk on an unprecedented scale.6,7 In eastern 
China, higher particulate matter (PM) concentra-
tions, as well as longer pollution event durations, 
were measured compared with other areas.8,9 
Qingdao, as a coastal city of Shandong Province 
in eastern China, suffers from air pollution 

frequently and has been presented as a region 
with high PM2.5 and PM10 concentrations.10

There has been growing epidemiological and 
experimental evidence that short- or long-term 
exposure to air pollution is associated with a 
number of health risks, including morbidity and 
mortality resulting from respiratory problems, 
cardiovascular diseases and cancer, as well as 
causing reduced life expectancy more gener-
ally.7,11–13 It has been acknowledged that PM2.5 
and PM10 may affect the health of pregnant 
women and their fetuses, and several studies have 
revealed that PM2.5 and PM10 could significantly 
increase the risks of preterm birth, fetal death, 
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Background: We aimed to quantify the impact of PM2.5 and PM10 pollution on congenital 
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related to risk of CH. 
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low birth weight, macrosomia fetus and congeni-
tal defects.14–16 However, more evidence is needed 
regarding PM2.5 and PM10 impacts on pregnancy 
and fetuses.

Congenital hypothyroidism (CH) is the most 
common endocrine system disorder in newborns, 
affecting an estimated 1 in 2000–4000 new-
borns.17 Previous studies have showed that the 
incidence of CH may be associated with race, low 
birth weight and preterm birth,18,19 but other risk 
factors have been considered to play a role in the 
occurrence of CH. Additionally, environmental 
factors may be associated with the incidence of 
CH;20 however, few relevant studies have been 
reported. In our study, we conducted a longitudi-
nal data analysis with a time-series Poisson regres-
sion to quantify the association between PM 
pollution and CH in Qingdao city during 
2014–2017.

Materials and methods

Study area
As shown in Figure 1, Qingdao, as a coastal city of 
Shandong Province, is situated in the eastern area of 
China. Due to the location, between longitude 
119°30'–121°00' E and latitude 35°35'–37°09' N, 
Qingdao has a mid-temperate continental monsoon 
climate with an annual average temperature of 
12.7°C and annual cumulative precipitation of 
662.1 mm. Additionally, as a harbor city, Qingdao is 
the economic center of Shandong Province, with a 
population density of 801 persons per km2 (in 2014: 
population = 9,046,200; land size = 11,282 km2).

Data collection and management
Data on disease. CH is defined as the lack of thy-
roid hormones at birth, mainly as a consequence 
of thyroid dysgenesis/developmental abnormali-
ties of the thyroid gland ranging from a lack of 
thyroid gland to a hypoplastic or ectopic gland.21 
The study was approved by the Institutional 
Review Board of Qingdao Women and Children’s 
Hospital. After written informed consent was 
obtained from mothers, disease data on CH 
between January 2014 and December 2017 were 
obtained from the Qingdao Newborn Disease 
Screening Centre (QNDSC), which is responsible 
for CH screening of all local newborns and has a 
screening rate of 98.6%.22 The monthly morbidity 
of CH was calculated according to the date of 
birth rather than date of diagnosis. The prelimi-
nary screening test of CH was performed for each 
newborn by collecting plantar bloods within 72 h 
after delivery, to measure the thyroid-stimulating 
hormone (TSH) and thyroxine (T4). Newborns 
with positive results in the preliminary screening 
test (TSH ⩾20 mU/L) were then confirmed for 
CH by serum TSH, triiodothyronine (T3) and T4, 
followed by subsequent thyroid scanning, knee 
X-ray and complete physical examination.

Data on air pollution. Data on air pollution from 
2014 to 2017 were collected from the China 
National Environmental Monitoring Centre, 
which publishes the daily air quality index and 
concentrations of major air pollutants, including 
PM2.5, PM10, sulfur dioxide (SO2), carbon mon-
oxide (CO), nitrogen dioxide (NO2) and ozone 
(O3) for each city. According to the Ambient  
Air Quality Standards issued by the Ministry of 

Figure 1. Location of Qingdao in Shandong Province, China.
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Ecology and Environment of the People’s Repub-
lic of China in December 2012, the legal limits of 
PM2.5, PM10, SO2, CO and NO2 concentrations, 
equivalent to the 24 h means, are 75 μg/m3, 
150 μg/m3, 150 μg/m3, 4 mg/m3 and 80 μg/m3, 
respectively, followed by the O3 concentration 
limit of 200 μg/m3 hourly average. As shown from 
the air pollution data, the principal pollutants 
during the study period were PM2.5 and PM10, 
and their daily concentrations exceeded the legal 
limits for most study period. However, the daily 
concentration of SO2, CO, NO2 and O3 were far 
below their legal limits for most of the study 
period. In order to detect the association between 
PM and CH, we quantified the relative risks of 
CH after controlling for other air pollutants, ten-
dency and seasonality effects in our study.

Air pollution is defined as the phenomenon or 
event that the content of any substance in the 
atmosphere varies in a manner which is harmful 
for ecological stability and human survival, caus-
ing hazards for human, animals, vegetation or 
materials.23 The air quality index (AQI) is a num-
ber used by government agencies to communi-
cate to the public how polluted the air currently 
is. The individual air quality index (IAQI) repre-
sents the state of individual contaminants. The 
IAQI was calculated as follows, according to the 
Technical Regulation on Ambient Air Quality 
Index (on trial):

IAQI
IAQI IAQI

BP BP
C BP IAQIP

Hi Lo

Hi Lo
P Lo Lo=

−
−

− +( )

IAQIP represents the IAQI of P contaminant. Cp 
represents the mass concentration of P contami-
nant. BPHi and BPLo represent the highest and 
lowest values of concentration limits like CP, 
respectively. IAQIHi and IAQILo represent the 
IAQI of BPHi and BPLo, respectively.

The AQI was calculated as follows:

AQI =max ,{IAQI IAQI ,IAQI ,...,IAQI }1 2 3 n

IAQI represents the IAQI of contaminants, and n 
represents the specific contaminant.

AQI values are divided into ranges, and each 
range is assigned a descriptor. According to the 
Technical Regulation on Ambient Air Quality 
Index (on trial), air pollution is divided into four 
levels on the basis of AQI: mild pollution (AQI: 

101–150); moderate pollution (AQI: 151–200); 
severe pollution (AQI: 201–300); and most severe 
pollution (AQI: >300).

Statistical analysis
First, a descriptive analysis was performed to 
describe the distribution of CH morbidity and air 
pollution variables during the study period. Then, 
longitudinal data analysis using a generalized 
additive mixed model (GAMM) was adopted to 
evaluate the association between monthly inci-
dence of CH and monthly air pollution variables. 
Considering the potential lag effect of air pollu-
tion, the values of the air pollution variables at 
0–2 months before birth (lag0, lag1, lag2) were 
analyzed, detecting the short-term effect of PM2.5 
and PM10 on CH. The generalized additive model 
(GAM) method is a flexible and effective tech-
nique for conducting nonlinear regression analy-
sis in time-series studies with a Poisson 
regression,24 which allows the Poisson regression 
to be fit as a sum of nonparametric smooth func-
tions of predictor variables. Due to controlling 
the nonlinear confounding by nonparametric 
adjustment, GAM has been widely used in time-
series studies of air pollution and morbidity.25–27

GAMM, allowing the parametric and nonpara-
metric functions to be analyzed together in 
Poisson regression, was conducted in our study. 
In the model, the number of days for which aver-
age concentrations of PM2.5 and PM10 exceeded 
the legal limits were set as the parametric func-
tions to quantify the association with CH. Other 
pollutants below the concentration limits for most 
of the study period were set as nonparametric 
functions to control their potential influence. 
Additionally, the tendency and seasonality effects 
were controlled in the models. The regression 
model was described as follows:
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+ +
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where Yt denotes the daily morbidity of scarlet fever 
at time t, which represented the specific day. Air 
pollution was a categorical variable including: no 
air pollution, mild air pollution, moderate air pollu-
tion, severe air pollution and most severe pollution, 
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which were represented by 0, 1, 2, 3 and 4, respec-
tively. The parameters were individually repre-
sented by β0 to β7 respectively, and the value and 
95% confidence interval (95% CI) of relative risk 
(RR) of each parametric function was calculated by 
the corresponding natural logarithm of coefficient. 
Because the most severe days were few, the severe 
and most severe pollution days were combined as a 
variable in the model. Thus, there were three para-
metric functions set to estimate the RRs of CH 
related to air pollution levels, which included 
MPD1, MPD2 and BSMSD, representing the 
count of monthly mild pollution days, the count of 
monthly moderate pollution days, and the count of 
monthly both severe and most severe pollution 
days, respectively. In order to assess the RRs of CH 
related to PM2.5 and PM10, the monthly variables 
including the monthly average concentration of 
PM2.5 in the days exceeding the legal limit, the 
monthly average concentration of PM10 in the days 
exceeding the legal limit, the count of days of PM2.5 
with concentration exceeding the legal limit and the 
count of days of PM10 with the concentration 
exceeding the legal limit were set as the parametric 
functions in the model, which were represented by 
EPM2.5, EPM10, CPM2.5 and CPM10, respectively. 
Moreover, the adjusted RRs with 95% CI were 
estimated for the risks associated with exposure per 
10 μg/m3 increment for the monthly average con-
centration of PM2.5 in the days exceeding the legal 
limit and the monthly average concentration of 
PM10 in the days exceeding the legal limit. S1(SO2), 
S2(CO), S3(NO2) and S4(O3) were smooth non-
parametric functions corresponding to the monthly 
average concentrations of SO2, CO, NO2, and O3, 
respectively. The tendency and seasonality term 
were S5(t) and S6(2πt/12), respectively. Considering 
the potential lag effect of the investigated exposure 
(lag0 to lag2), the monthly incidence of CH was 
analyzed as the dependent variable of interest in the 
model. The associations across different popula-
tions including overall population, male population 
and female population were quantified by corre-
sponding monthly morbidity of CH. The statistical 
analysis was performed using SPSS 19.0 (SPSS 
Inc., Chicago) and software R version 2.3.1 
(MathSoft Inc., Washington).

Results

Descriptive analysis for the disease
A total of 480,633 newborns were screened for 
CH during 2014–2017 in Qingdao, and there were 

268 cases of CH diagnosed. Among all the cases, 
the CH caused by inherited defects account for a 
minor fraction, which was less than 3%. Table 1 
shows the distribution of CH incidence in different 
populations. Figure 2 shows the monthly incidence 
trend of CH during the study period; there were 0, 
2 and 4 months with zero incidence of CH among 
overall, male and female populations, respectively.

Descriptive analysis for the air pollution 
variables
From 1 January 2014 to 31 December, 2017, 
there were 313 days of air pollution, including 
233 days with mild pollution, 45 days with mod-
erate pollution, 31 days with severe air pollution 
and 4 days with most severe air pollution. Figure 
3 shows the distribution of air pollutants during 
the study period. It was observed that the princi-
pal pollutants in Qingdao during the study period 
were PM2.5 and PM10, whose concentrations 
exceed the legal limits for 222 days and 175 days, 
respectively. However, the concentrations of 
other pollutants such as SO2, CO, NO2 and O3 
were far below the limits for most of the study 
period.

Regression analysis
Results showed that PM2.5 and PM10 variables 
were only significantly associated with monthly 
incidence of CH at lag1 month, after controlling 
for other air pollutants, tendency and seasonality 
effects. Moreover, the parameters and RR values 
were significant among the overall and different 
sexual populations, listed in Table 2.

PM2.5 and PM10, as the principal pollutants dur-
ing the study period, were significantly associated 
with CH incidence at lag1 month according to 
the model results. The number of days of the 
month for which average concentrations of PM2.5 
and PM10 exceed the legal limits were positively 
related with monthly CH morbidity at lag1 
month among all populations. Table 2 shows 
that the adjusted RRs with 95% CI were esti-
mated for the risks associated with exposure at 
10 μg/m3 increments. The adjusted RRs were 
close with different PMs among different popula-
tions. Moreover, the number of days of the 
month for which PM2.5 and PM10 concentrations 
exceed the legal limits were negatively related 
with CH morbidity among different populations 
with the same lag effect.
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It was observed that the RRs of CH increases with 
worsening air pollution. The counts of monthly 
mild air pollution days, monthly moderate air 
pollution days and monthly both severe and most 
severe air pollution days were positively related 
with the CH morbidity at lag1 month.

Discussion
To our best knowledge, this is the first time it has 
been demonstrated that there is a quantitative 
relationship between monthly CH morbidity and 
PM (PM2.5 and PM10), based on longitudinal 
data used to evaluate the RRs with 95% CI. This 

Table 1. Description of congenital hypothyroidism (CH) cases and air pollution variables during 2014–2017.

Variable Mean ± SD Min. P25 Median P75 Max.

Overall morbidity (1 × 106) 59 ± 25 8 43 56 77 128

Male morbidity (1 × 106) 58 ± 34 0 33 55 77 137

Female morbidity (1 × 106) 60 ± 35 0 36 55 75 167

DPM2.5 (μg/m3) 47.0 ± 34.7 5.0 24.0 37.0 59.0 304.0

MPM2.5 (μg/m3) 47.0 ± 19.6 17.4 32.3 43.6 58.9 102.7

EPM2.5 (μg/m3) 67.7 ± 50.7 0 0 89.8 100.4 154.1

DPM10 (μg/m3) 92.9 ± 53.0 19.0 56.9 81.0 114.4 455.0

MPM10 (μg/m3) 92.8 ± 27.4 44.0 72.2 92.5 112.6 166.0

EPM10 (days) 125.1 ± 95.6 0 0 173.7 194.1 243.1

SO2 (μg/m3) 24.1 ± 13.3 7.8 15.6 21.2 27.2 65.4

CO (mg/m3) 0.8 ± 0.3 0.5 0.6 0.75 1.0 1.9

NO2 (μg/m3) 35.5 ± 10.0 19.5 26.7 34.7 40.4 58.0

O3 (mg/m3) 95.4 ± 30.3 32.0 68.8 99.3 120.5 156.2

Max., maximum; Min., minimum; P25, the 25th percentile; P75, the 75th percentile; SD, standard deviation.
Overall morbidity, monthly morbidity of CH in overall population; male morbidity, monthly morbidity of CH in male population; female morbidity, 
monthly morbidity of CH in female population; DPM2.5, daily average PM2.5 concentration; MPM2.5, monthly average PM2.5 concentration; EPM2.5, 
monthly average PM2.5 concentration in the days exceeding the legal limit; DPM10, daily average PM10 concentration; MPM10, monthly average PM10 
concentration; EPM10, monthly average PM10 concentration in the days exceeding the legal limit; SO2, monthly average SO2 concentrations; CO, 
monthly average CO concentrations; NO2, monthly average NO2 concentrations; O3, hourly average O3 concentrations in a month.

Figure 2. The monthly incidence trend of CH among different populations in Qingdao during 2014–2017.
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Figure 3. The distribution of air pollutants in Qingdao during 2014–2017.
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has provided evidence that PM2.5 and PM10 are 
related to CH through a form of association. 
Many studies have applied monthly or daily mean 
of concentrations to research the association 
between air pollutants and birth defects, but 

results are inconsistent. The major reason may be 
that few studies have assessed this relationship 
based on the concentration exceeding the legal 
limit. The Chinese Ambient Air Quality Standards 
(CAAQS) issued by the Ministry of Ecology and 

Table 2. Parameter coefficients, relative risks (RRs) and 95% confidence interval (95% CI) from the Poisson 
regression models for congenital hypothyroidism (CH) at 1 month lag.

Populations Variables Coefficients (95% CI) RR (95% CI)

Overall population MPD1 0.128 (0.115–0.152) 1.137 (1.122–1.164)

MPD2 0.428 (0.372–0.486) 1.534 (1.451–1.626)

BSMSD 0.481 (0.464–0.532) 1.618 (1.590–1.702)

CPM2.5 0.018 (0.012–0.024) 1.018 (1.012–1.024)

NPM2.5 –0.126 (–0.144 to –0.118) 0.881 (0.866–0.889)

EPM10 0.009 (0.008–0.010) 1.009 (1.008–1.010)

CPM10 –0.086 (–0.112 to –0.071) 0.917 (0.894–0.931)

r2 0.78  

Male population MPD1 0.042 (0.032–0.058) 1.043 (1.033–1.059)

MPD2 0.090 (0.064–0.102) 1.094 (1.066–1.107)

BSMSD 0.484 (0.420–0.681) 1.622 (1.522–1.976)

EPM2.5 0.032 (0.022–0.048) 1.033 (1.022–1.049)

CPM2.5 –0.162 (–0.176 to –0.143) 0.850 (0.839–0.867)

EPM10 0.006 (0.004–0.008) 1.006 (1.004–1.008)

CPM10 –0.438 (–0.446 to –0.391) 0.645 (0.640–0.676)

r2 0.87  

Female population MPD1 0.162 (0.150–0.191) 1.176 (1.162–1.210)

MPD2 0.691 (0.632–0.802) 1.996 (1.881–2.230)

BSMSD 0.793 (0.722–0.856) 2.210 (2.059–2.354)

EPM2.5 0.041 (0.030–0.049) 1.042 (1.030–1.050)

CPM2.5 –0.116 (–0.146 to –0.088) 0.890 (0.864–0.916)

EPM10 0.030 (0.022–0.039) 1.030 (1.022–1.040)

 CPM10 –0.035 (–0.052 to –0.016) 0.966 (0.949–0.984)

 r2 0.70  

MPD1, the count of monthly mild pollution days; MPD2, the count of monthly moderate pollution days; BSMSD, the count 
of monthly both severe and most severe days; EPM2.5, the monthly average concentration of PM2.5 in the days exceeding 
the legal limit; CPM2.5, the count of monthly days of PM2.5 with concentration exceeding the legal limit; EPM10, the monthly 
average concentration of PM10 in the days exceeding the legal limit; CPM10, the count of monthly days of PM10 with 
concentration exceeding the legal limit; r2, R square of the model.
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Environment of the People’s Republic of China 
have played a positive role in promoting environ-
mental enhancement, socioeconomic develop-
ment and public health.28 In the CAAQS, the 
concentration limits of air pollutants are con-
firmed as national standards for the protection of 
the environment and human health. Compared 
with the recommendations of the World Health 
Organization (WHO) Air Quality Guidelines 
(AQGs), the CAAQS limit of CO concentration 
(1 h) is 20 mg/m3 lower. Moreover, the standard 
limit of NO2 (1 h) concentration in CAAQS is 
equal to the recommendation of the WHO AQGs, 
and the standard limits of PM2.5 (24 h), PM10 
(24 h) and O3 (8 h) concentrations in CAAQS are 
equal to the interim target 1 (IT-1) in the WHO 
AQGs. However, the standard limit of SO2 (24 h) 
concentration in CAAQS is 25 ug/m3 higher than 
the IT-1 in the WHO AQGs. Compared with 
other studies, our study focused on the potential 
risks of PM2.5 and PM10 for human health based 
on extreme excessive PM events in which high 
concentrations exceed the limits according to 
CAAQS. PM2.5 and PM10 were the principal pol-
lutants, with more days exceeding concentration 
limits than other pollutants during the study 
period in Qingdao. Using the concentrations that 
exceed the legal limits may be more accurate than 
using average values. Extreme PM pollution 
events with high concentrations may cause more 
serious impacts for health directly than pollution 
below the legal limits. Using the average concen-
trations of PMs may underestimate the effects on 
CH, and it may even be the case that the average 
values are significantly associated with CH 
because this averaging includes the impacts of 
extreme events with high concentrations. After 
statistical analysis, our study found that PM2.5 
and PM10 with concentrations exceeding the legal 
limits were positively associated with morbidity of 
CH among different populations.

The monthly morbidity of CH was calculated 
based on the date of birth rather than the date of 
diagnosis. As a matter of fact, CH has already 
occurred at birth but is diagnosed in the subse-
quent stage after birth, which could be several 
months later. If the date of diagnosis is applied to 
the incidence of CH, it would cause bias due to 
adding the time of diagnosis. Thus, applying the 
date of birth to calculate monthly morbidity of 
CH, as the earliest time point of CH onset after 
delivery, is an appropriate way to precisely assess 
the relationship between CH and air pollutant 

variables. At present, effective techniques and 
methods for CH screening and diagnosis are 
applied widely in the neonatal period and during 
subsequent growth; however, there has been no 
progress in the fetal period.

We suppose that CH cases may be already 
affected during the fetal period, but are only 
screened and diagnosed in the subsequent stage 
starting from birth. Considering the characteris-
tics of normal fetal thyroid gland development 
and thyroid hormone production, the months 
when newborns with CH are born or in the two 
preceding months (lag0, lag1, lag2) were investi-
gated in our study. The fetal thyroid gland devel-
opment is apparent early in gestation. Related 
substances, including thyroglobulin, iodine, T4, 
T3 and hypothalamic TRH, can be synthesized 
or trapped at 4–12 weeks.29 However, due to a 
lesser extent of T4 and T3, transplacental passage 
of maternal thyroid hormone plays an important 
role in fetal development in the first trimester. In 
the second trimester, fetal thyroid gland develop-
ment begins to slowly accelerate. Fetal T4 pro-
duction gradually rises from mid-gestation to 
term; however, fetal serum T3 levels are relatively 
lower owing to placental type 3 deiodinase activ-
ity, which coverts T4 to reverse T3.30 Maturation 
of the hypothalamic–pituitary–thyroid axis feed-
back relationships occurs by 30–35 weeks, which 
is in the third trimester. This is the primary stage 
for fetal thyroid gland rapid development, and 
fetal thyroid gland development and thyroid hor-
mone production could be affected by the disor-
der of the hypothalamic–pituitary–thyroid axis 
feedback relationships caused by many factors 
during this period, which could be an important 
cause of CH. In addition, the primary period for 
fetal thyroid gland development and thyroid hor-
mone production is involved in the lag0 to lag2 
month period, which was applied to analyze the 
relationship between air pollution and CH. The 
monthly incidences of CH at lag0, lag1 and lag2 
month were analyzed respectively by GAMM. 
The results show that PM2.5 and PM10 variables 
were only significantly associated with monthly 
incidence of CH at lag1 month, with no signifi-
cant result found at lag0 or lag2 month. 
Moreover, the adjusted RRs with 95% CI were 
estimated for the risks associated with exposure 
per 10 μg/m3 increment. Lag1 month is in the 
primary period for fetal thyroid gland develop-
ment and thyroid hormone production and matu-
ration of the hypothalamic–pituitary–thyroid axis 
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feedback relationships. For this period, PM pol-
lution events with high concentrations were sig-
nificantly related with CH.

From the results, a negative association at lag1 
month was observed between the count of days 
per month of PM2.5 and PM10 at concentrations 
exceeding the legal limits and monthly morbidity 
of CH. However, these negative relationships 
could be explained by integrating with the 
monthly average concentration of PM2.5 and 
PM10 for the days exceeding the legal limit, which 
were positively associated with monthly incidence 
of CH. The two inverse associations indicate that 
the monthly CH incidence could increase after 
the period with both the increase of monthly aver-
age of PM concentration exceed limits and the 
decrease of exceed days. This could be reflected 
in PM pollution events where there is a rapid and 
short-term increase in PM pollution to high levels 
that exceed the legal limits, alongside the inci-
dence of increases in cases of CH that may be 
related to this. Additionally, the relationship 
between the concentrations of PM2.5 and PM10 
and CH morbidity at daily or weekly intervals was 
also analyzed, but no significant results were 
detected, which means that after several severe 
PM events have occurred, the accumulated 
impacts on population health would be detected 
at the monthly interval.

AQI is considered a summary assessment of 
ambient air pollutant, aiming at expressing the 
concentration of pollutants on a common scale of 
effects on human health. AQI is an indicator clas-
sifying air pollution into four levels, based on pol-
lutants with high concentrations exceeding the 
legal limits. Rather than simply averaging concen-
trations, it may be more appropriate for situations 
in which there are high levels of air pollutants, 
which could accurately reflects the air quality 
during serious pollution events. AQI transforms 
the scientific concentration units of each pollut-
ant into a nondimensional number, depending on 
the subindex of six criteria (IAQI) of air pollut-
ants (PM2.5, PM10, SO2, NO2, CO and O3); the 
highest subindex value of the individual pollut-
ants is taken as the AQI value for that particular 
period of time through the maximum func-
tion.31,32 The concentration of the air pollutant is 
just a reference for confirming the subindex of 
AQI, which is transformed into a nondimensional 
number by the relevant air pollutant concentra-
tion, which is completely different to the AQI 

value. In addition, the AQI value is not directly 
involved in the model, but only applied to assess 
the level of air pollution. In the model, there are 
three kinds of variables, without overlap. The first 
kind is the number of days of the month for each 
level of air pollution, aiming at detecting the rela-
tionship between degree of air pollution and CH. 
The second kind is the PM variables, used to 
quantify the relationship between PM and CH. 
The third kind is the adjusted variables used in 
the model to control other factors, including the 
monthly average concentrations of other air pol-
lutants (SO2, CO, NO2, and O3), the specific 
month and trigonometric function. Thus, the 
proposed model is not overadjusted with the pre-
sent variables. As shown in the results, mild air 
pollution, moderate air pollution and both severe 
and most severe air pollution were significantly 
related with CH morbidity at lag1 month. 
However, different levels of air pollution impact-
ing CH to varying degrees, and the RRs of CH 
increase with worsening air pollution. Comparing 
to male infants, the RR values for females were 
higher, which indicates a stronger association 
between air pollution levels and monthly inci-
dence of CH in female infants. Based on the vari-
ables in the model, it was not possible to represent 
the impacts of other air pollutants on CH; the 
results can only indicate that PMs were associ-
ated with an increase in the number of cases of 
CH, but nothing regarding the other pollutants.

Neonatal genetic metabolic disease screening 
programs are funded by local government, which 
built the network that covered all delivering facili-
ties, which were dominated by the QNDSC. Due 
to it being free for public use, it can ensure a high 
coverage rate and compliance rate for newborns. 
According to government regulations, each local 
newborn should receive this screening service. 
Consequently, the incidence of CH was reliable 
in our study. It should be acknowledged that 
there are some limitations in our study. One of 
the limitations is that the potential effects of many 
factors, such as race, low birth weight, preterm 
birth, maternal factors and gestational weeks 
could not be analyzed because of lack of case 
data. Due to the limitation of air pollutant data, 
there were only 4 years of data for our study, 
which may be relatively short for a time-series 
analysis. Moreover, it needs to be emphasized 
that the quantitative association between PM var-
iables and CH was only verified statistically in our 
study, but this cannot be equal to causation. 
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Further studies, such as classic cohort studies and 
case–control studies, should be performed to 
detect the direct cause-and-effect correlation 
between air pollution and CH.

Conclusion
PM2.5 and PM10 at concentrations exceeding the 
legal limits are positively associated with CH in 
Qingdao. It is also suggested that rapid and short-
term PM pollution events with high levels of PM 
exceeding the legal limit may be related to risk of 
CH. Our findings contribute to developing local 
strategies to prevent and reduce negative health 
impacts from CH in areas suffering from air 
pollution.
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