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[ B O N

Abstract: Studies have associated the human respiratory syncytial virus which causes seasonal
childhood acute bronchitis and bronchiolitis (CABs) with climate change and air pollution. We inves-
tigated this association using the insurance claims data of 3,965,560 children aged < 12 years from
Taiwan from 2006-2016. The monthly average incident CABs increased with increasing PM 5 levels
and exhibited an inverse association with temperature. The incidence was 1.6-fold greater in January
than in July (13.7/100 versus 8.81/100), declined during winter breaks (February) and summer
breaks (June-August). The highest incidence was 698 cases/day at <20 °C with PM, 5 > 37.0 pg/ m3,
with an adjusted relative risk (aRR) of 1.01 (95% confidence interval [CI] = 0.97-1.04) compared to
568 cases/day at <20 °C with PM 5 < 15.0 ug/ m? (reference). The incidence at >30 °C decreased to
536 cases/day (aRR = 0.95, 95% CI = 0.85-1.06) with PM; 5 > 37.0 ug/ m? and decreased further to
392 cases/day (aRR = 0.61, 95% CI = 0.58-0.65) when PM, 5 was <15.0 ug/ m?3. In conclusion, CABs
infections in children were associated with lowered ambient temperatures and elevated PM; 5 con-
centrations, and the high PM; 5 levels coincided with low temperature levels. The role of temperature
should be considered in the studies of association between PM, 5 and CABs.

Keywords: acute bronchitis and bronchiolitis; ambient temperature; fine particulate matter; human
respiratory syncytial virus; temperature inversion

1. Introduction

Childhood acute bronchitis and bronchiolitis (CABs) cause inflammation and swelling
of the bronchi and bronchioles, respectively, occurring mainly due to viral infections at-
tributable to the respiratory syncytial virus (RSV), rhinovirus, influenza infection, etc. [1-6].
Children are more vulnerable to the infection and may suffer from subsequent complica-
tions [5,6]. The events of CABs are presented with seasonality, associated with the change in
ambient meteorological conditions. It generally occurs in colder months in the UK, the US,
Japan, Spain, etc. [1,4,7,8]. A study in Spain showed the risk of RSV in 1495 infants peaked
at a mean temperature of 9 °C or lower [8]. A Chinese study in Suzhou found a strong
inverse relationship between RSV infection in hospitalized children and monthly average
temperatures (r = —0.84) [9]. A systematic review and meta-analysis showed that RSV
infection was greater in winter and spring among 489,641 children with acute respiratory
tract infections in China [10]. However, the infection in some parts of tropical areas may
peak in the rainy season [11].
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Air pollution exposure is a critical public health concern associated with harmful
respiratory disorders [12-17]. Among ambient air pollutants, particulate matter (PM) with
an aerodynamic diameter of <2.5 pm (PM,5) and 10 pm (PM;p) and other pollutants have
attracted attention for its association with childhood respiratory health. A US study in
Atlanta evaluated 503,004 children aged 0—4 years old with emergency visits and found that
traffic pollutants, the carbon component of PM; 5 and ozone, might exacerbate bronchitis
and bronchiolitis, pneumonia, and upper respiratory infections [12]. An earlier Czech study
found that polycyclic aromatic hydrocarbons and PM; 5 were associated with an increase
in bronchitis risk for children less than 2 years old, with the risk being greater in colder
seasons than in summer [13]. A study using hospital data from Hefei, China, found the risk
of clinic visits for childhood acute bronchitis was significantly associated with traffic-related
NO,, PM; 5, and CO in the cold season [15]. The study in subtropical Hong Kong found
hospitalizations for acute bronchiolitis in children were associated with temperature and
exposure to NO; and PMj [16]. A Brisbane study using time-stratified case-crossover
analysis revealed that the air pollution associated risk of acute upper respiratory infections
in children increased during the cold season and at night, whereas the risk of acute lower
respiratory infections appeared during the daytime in the warm season [17].

The atmospheric dispersion of air pollutants is associated with temperature, wind
speed, humidity, and precipitation [18-20]. The compositions and concentrations of PMs
exhibit remarkable seasonal variations, higher in cold months than in hot months.

The inverse relationship between ambient temperature and air quality has been con-
sidered in studies evaluating the impact of these two factors on health outcomes for adults,
including cardiovascular and respiratory disorders [21-25]. Studies on seasonal child-
hood acute respiratory infection highlighted air-pollutant-induced oxidative stress and
inflammation as the mechanism which enhances acute respiratory infection from virus or
bacteria [12,15-17]. Studies have investigated the association between the spread of the
pathogen among children and their activity and behavior, which might be mediated by
ambient conditions and pollutants [26]. Therefore, we aimed to assess the risk of CABs,
which is usually caused by viral infection, in association with both ambient temperature
and PM, 5 in children < 12 years old.

2. Methods and Materials
2.1. Data Source and Study Population

This study used longitudinal claims data from the National Health Insurance program
which is a mandatory program for all residents of Taiwan. Data were obtained from the
Health and Welfare Data Science Center, comprising health care records of the insured
population from 1996 to 2016. Demographic data regarding age, sex, residential area,
parental income, and medical records of disease diagnosis, treatment, medication, and
costs of inpatient and outpatient care were available. Diseases were recorded using the
International Classification of Diseases, 9th/10th Revisions, Clinical Modification (ICD-9-
CM/ICD-10-CM). From medical records of the insurance claims data from 2006 to 2016,
children diagnosed with acute bronchitis (ICD-9CM 466.0 and ICD-10-CM J20.8 and J20.9)
and acute bronchiolitis (ICD-9-CM 466.11 and 466.19, and ICD-10-CM J21.0, J21.1, J21.8
and ]J21.9) were identified. These patients were analyzed to identify relationships between
CABs and ambient environmental conditions.

All personal information in the data files was anonymized, and surrogate identification
numbers were used to ensure patients’ privacy. The Research Ethics Committee of China
Medical University and Hospital approved the study (H107257). Because personal identifi-
cation information was removed from the claims data, the requirement for patient consent
was waived. This study was carried out in accordance with the Declaration of Helsinki.

2.2. Environmental Condition Data

The Taiwan Environmental Protection Administration (EPA) has established air quality
monitoring stations at 76 locations in 20 administrative regions since 1993 to measure hourly
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ambient air pollutants. Meteorological conditions, such as temperature and humidity, were
also recorded. However, hourly PM; 5 was not routinely monitored until 2006. Therefore,
we obtained from the EPA web, the records of hourly measurements of daily ambient PM; 5,
sulfur dioxide (SO;), and ozone (O3) levels, for the period 2006-2016, for this study.

Most of the monitoring stations were established in residential areas in cities and
townships to measure the hourly air quality. Monitoring systems were also established to
measure emissions from road traffic and industry activities. The number of monitoring sta-
tions ranged from 3 to 11 based on the urbanization of the city and county; one monitoring
station was established in each of the two rural counties along the mountainous east coast
of Taiwan. Detailed information on monitoring instruments, stations, and quality control
and assurance is available on the Taiwan EPA website (https://taqm.epa.gov.tw/taqm/
en/default.aspx, accessed on 25 November 2018).

2.3. Statistical Analysis

From the claims data, we identified 3,965,560 children aged < 12 years from 2006-2016
for this study. Children with missing data on sex and birthdate or from areas without com-
plete data of ambient temperatures were excluded from the data analyses. Other diseases of
the respiratory system not classified elsewhere (ICD-9-CM 519.8) were excluded. Data anal-
ysis first involved calculating and plotting the monthly incidence of CABs per 100 children
from January to December annually for the period from 2006-2016. The seasonal cyclic pat-
terns of CABs infection were similar yearly. Thus, we pooled the 11-year data to calculate
and plot the mean monthly incident CABs by the monthly mean temperature and PM; 5
level. The hourly values of temperature and PM, 5 available from all stations were pooled
to calculate the monthly means to represent the conditions general population might have
been expose to. The age- (<2, 3-5, and 6-12 years) and sex-specific incidence of CABs cases
per day were estimated by temperature stratum (<20, 20-24, 25-29, and >30 °C, represent-
ing thermally cold, comfortable, warm, and hot, respectively). Days with these temperature
levels were also specified. Overall average daily cases in 11 years were estimated by
temperature levels, quartile PM, 5 levels (<15.0, 15.0-23.6, 23.7-36.9, and >37.0 pug/ m3),
parental incomes for insurance premiums (<250,000, 250,000-299,999, and >300,000 NTD),
50,, and Os. Poisson regression analysis was used to estimate crude relative risk (cRR) and
95% confidence interval (CI) of CABs associated with these variables [27].

We further estimated the daily incidence cases of CABs by the PM; 5 stratum in each
temperature stratum. The cRR of CABs at each specific temperature/PM; 5 stratum was
calculated using the CABs incidence at the stratum with <20 °C and PM; 5 < 15.0 pug/ m3
as the reference condition. The adjusted relative risk (aRR) of CABs at each specific stratum
was calculated after controlling for sex, age, income, SO; level, and O3 level. We also
estimated the incidence cases and RRs of CABs by temperature stratum in each PM; 5
stratum, and the stratum with <20 °C and PM;5 < 15.0 ug/ m> was also used as the
reference condition. The estimated incidence cases and cRRs and aRRs of CABs were also
plotted. Moreover, the lag effects of temperature and PM; 5 changes on CAB risks for 1,
3, and 7 days were evaluated, and the results were plotted in Supplementary Figure S1.
We used SAS version 9.4 (SAS Institute, Inc., Cary, NC, USA) to perform data analysis;
two-tailed p < 0.05 was considered statistically significant. The Poisson regression analysis
used proc genmod to measure RRs. We used Excel to plot Figure 1 and used Systat (Systat
Software, Inc., San Jose, CA, USA) to plot Figures 2a,b, 3a,b, and S1.

3. Results
3.1. Monthly Incidence by Temperature and PM, 5 Levels and Daily Cases by Age, Temperature,
and Sex

The monthly average temperature ranged from 17.5 °C in January to 29.2 °C in July
during the period from 2006 to 2016 (Figure 1). The monthly average incidence rates of
CABs over 11 years were inversely associated with the average monthly temperature,
1.6-times higher in January than in July (13.7 vs. 8.81 per 100, p < 0.01). The monthly
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incidence rates of CABs were almost parallel to PM; 5 levels, except in February, when the
incidence dropped to 10.8 per 100 (p < 0.01 compared with 13.7).

Temperature, °C / PM2.5, pg/m3

2 3 4 5 6 7 8 9 10 11 12
Month

—o— Acute bronchitis and acute bronchiolitis —e—Temperature —e—PM2.5

Figure 1. Monthly average incidence rate with standard deviation of childhood acute bronchitis and
bronchiolitis by monthly average temperature and PM; 5 level from 2006-2016 in Taiwan.

During the period from 2006 to 2016, the overall daily CABs incidence was higher in
boys than in girls (1190 versus 988 per day, p < 0.001) (Table 1). The age- and sex-specific
daily incidence of CABs cases declined with the increase in temperature, with the lowest
cases when it was 25-29 °C. For all children, the daily incidence of CABs cases declined
from 355 to 257 per day in boys (p < 0.001) and from 297 to 212 per day in girls (p < 0.001)
when the temperature increased from <20 °C to 25-29 °C.
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Table 1. Average daily cases of acute bronchitis and bronchiolitis by age, temperature, and sex from

2006-2016 in Taiwan.

Bronchitis Bronchiolitis Both
Boy Girl P Boy Girl P Boy Girl P
Age  Temperature Days n/Day n/Day n/Day n/Day n/Day n/Day
<2 <20°C 1017 46 36 0.0006 25 19 0.0002 71 55 0.0004
20-24 1036 47 37 23 18 70 55
25-29 1654 41 32 20 15 61 47
30+ 249 43 34 22 16 65 50
3-5 <20°C 1017 104 88 0.0009 17 15 0.0002 121 103 0.0008
20-24 1036 96 82 15 13 111 95
25-29 1654 82 69 13 11 95 80
30+ 249 84 71 13 11 97 82
6-12  <20°C 1017 145 124 0.0002 17 15 0.0004 162 139 0.0002
20-24 1036 120 101 14 12 134 113
25-29 1654 90 75 11 9 101 84
30+ 249 89 74 11 9 100 83
All <20°C 1017 295 249 0.0002 60 48 0.0003 355 297 0.0002
20-24 1036 263 220 53 43 316 263
25-29 1654 213 177 44 35 257 212
30+ 249 216 179 46 37 261 216
Total 3956 * 987 825 203 163 1190 988

p value refers to significance level of coefficient of relationship of daily incidence cases between boys and girls
associated with temperatures by age group. * Information on temperature was not fully available for 62 days from

2006 to 2016.

3.2. Temperature, PM; 5, and Income Specific Daily Incident Cases

Table 2 shows the overall average daily incidence and relative risk of CABs by temper-
ature, PM; 5, parental income, five ppb increment of SO,, and five ppb increment of O3. The
average daily cases of CABs decreased with increasing temperature, from 652 cases/day
at <20 °C to 477 cases/day at >30 °C with a cRR of 0.73 (95% CI = 0.71-0.76)]. In contrast,
the average cases of CABs increased with increasing level of PM; 5, from 393 cases/day at
<15 pg/m?3 to 666 cases/day at 37+ pg/m?> with a cRR of 1.69 (95% CI = 1.66-1.73). The
incidence rate of CABs increased with parental income and SO,, but not Os.

Table 2. Average daily cases and crude relative risk of acute bronchitis and acute bronchiolitis,

estimated by temperature, PM; 5, income, and SO, and O3 increment from 2006-2016 in Taiwan.

Variable Rate, n/Day Crude RR(95% CI)
Average daily temperature, °C
<20 652 1.00 (Reference)
20-24 578 0.89 (0.87-0.90)
25-29 469 0.72 (0.71-0.73)
30+ 477 0.73 (0.71-0.76)
Average daily PM; 5, ug/ m3
<15 393 1.00 (Reference)
15-23.6 528 1.34 (1.32-1.37)
23.7-36.9 587 1.49 (1.46-1.52)
37+ 666 1.69 (1.66-1.73)
Income, NTD
<250,000 426 1.00 (Reference)
250,000-299,999 515 1.21 (1.19-1.23)
300,000+ 838 1.97 (1.94-2.00)
SO;,, 5ppb increment 2.02 (2.00-2.04)

O3, 5ppb increment

0.98 (0.98-0.99)

RR, relative risk; CI, confidence interval.

3.3. Daily Incidence and Risk by PM, 5 Level in Each Temperature Stratum

Figure 2a,b show the daily cases, and cRRs and aRRs, respectively, of CABs by the daily
PM, 5 level within each temperature stratum. In each temperature stratum, the daily CABs
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incidence increased with PMy 5. The CABs incidence was 568 cases/day when ambient
temperature was <20 °C with PM, 5 < 15.0 pg/ m? (reference condition). In this temperature
stratum, the cRRs were in a rising trend by the PM; 5 level (Figure 2a). However, the linear
relationship between PM, 5 and CABs disappeared after controlling for income, SO,, and
O;3 level The risk decreased to 1.01 (95% CI = 0.97-1.04) at PM 5 levels of 37.0+ pg/ m3. At
temperatures of 20-24 °C and 25-29 °C, the increased risk of CABs was only noted when
PM, 5 was > 37 ug/m? after controlling for income, SO, level, and Os level. Adjusted
RRs were all <1.00 at a temperature of 30 °C, although increased with PM; 5 level: from
0.61 (95% CI = 0.58-0.65) for a PM, 5 level of <15 pvtg/m3 to 0.95 (95% CI = 0.85-1.06) when
PM,5 was > 37.0 ug/m3. Figure 3a,b show that aRRs of CABs were significant only
at temperatures of <20 °C when PMj; 5 levels were < 37.0 pug/ m3, or at temperatures of
20 °C-29 °C when PMj 5 levels were >37.0 ug/ m?, with temperatures of <20 °C and PM; 5
levels of <15 pg/m?3 as the reference condition.

The lag effect data revealed that the RRs of CABs associated with temperature
and PM,5 were lower on lag-3 day than on lag-1 day and lag-7 day when tempera-
tures were lower than 30 °C after income, SO, level, and O3 level were controlled for
(Supplementary Figure S1).

Supplementary Figure S1 Lag 1-, 3- and 7-day adjusted relative risk (RR) and 95% con-
fidence interval (CI) of acute bronchitis and acute bronchiolitis associated with temperature
and PMj 5 level controlling for income, SO, level, and O; level.

Average dail Average dail Cases,

tempegrature‘,, °C PMZ.S,gug/m! per day Crude RR (95% CI)*

<20 <15.0 568 ® 1.00 (Reference)
15.0-23.6 643 L o _e— 1.13 (1.09-1.18)
23.7-36.9 657 —— 1.16 (1.11-1.20)
37.0+ 698 : —e— 1.23 (1.18-1.27)

20-24 <15.0 385 - 0.68 (0.65-0.71)
15.0-23.6 530 —— 0.93 (0.89-0.97)
23.7-36.9 577 —— 1.02 (0.98-1.06)
37.0+ 689 —— 1.21 (1.17-1.26)

25-29 <15.0 337 .- : 0.59 (0.57-0.62)
15.0-23.6 482 - 0.85 (0.82-0.88)
23.7-36.9 541 ——. 0.95 (0.92-0.99)
37.0+ 599 —— 1.05 (1.01-1.10)

30+ <15.0 392 —— 0.69 (0.65-0.73)
15.0-23.6 496 —— : 0.87 (0.83-0.92)
23.7-36.9 597 - 1.05 (0.98-1.12)
37.0+ 536 — 0.94 (0.83-1.07)

05 06 0.7 08 09 10 11 12 13 14
@)

Figure 2. Cont.
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Average dail Average dail Cases, .

tempfrature‘,/ °C PMZ.S,gp.g/m! per day Adjusted RR (95% CI)*

<20 <15.0 568 ° 1.00 (Reference)
15.0-23.6 643 e 1.10 (1.06-1.14)
23.7-36.9 657 —o— 1.05 (1.02-1.09)
37.0+ 698 —— 1.01 (0.97-1.04)

20-24 <15.0 385 —— 0.73 (0.70-0.77)
15.0-23.6 530 —— 0.94 (0.90-0.97)
23.7-36.9 577 —— 1.00 (0.97-1.04)
37.0+ 689 C —e— 1.09 (1.05-1.13)

25-29 <15.0 337 --- 0.60 (0.58-0.62)
15.0-23.6 482 - : 0.80 (0.78-0.83)
23.7-36.9 541 —— 0.92 (0.89-0.96)
37.0+ 599 ——— 1.09 (1.05-1.13)

30+ <15.0 392 —— 0.61 (0.58-0.65)
15.0-23.6 496 —— ' 0.79 (0.76-0.83)
23.7-36.9 597 —— 0.91 (0.86-0.97)
37.0+ 536 —_— 0.95 (0.85-1.06)

05 06 07 08 09 10 11 1.2
(b)

Figure 2. (a) Average daily incidence and crude relative risk (RR) and 95% confidence interval (CI)
of acute bronchitis and bronchiolitis by PM; 5 level in each temperature stratum. (b) Average daily
incidence of acute bronchitis and acute bronchiolitis by PM; 5 level in each temperature stratum and
adjusted relative risk (RR) and 95% confidence interval (CI) after controlling for income, SO, level,
and Oj level.

Average dail Average dail Cases,

PMZ_S,gp.g/m! tempegrature‘,, °C perday Crude RR (95% CI)*

<15.0 <20 568 ® 1.00 (Reference)
20-24 385 —.— : 0.68 (0.65-0.71)
25-29 337 - : 0.59 (0.57-0.62)
30+ 392 —— ‘ 0.69 (0.65-0.73)

15.0-23.6 <20 643 —— 1.13 (1.09-1.18)
20-24 530 —— 0.93 (0.89-0.97)
25-29 482 - : 0.85 (0.82-0.88)
30+ 496 —— : 0.87 (0.83-0.92)

23.7-36.9 <20 657 : —— 1.16 (1.11-1.20)
20-24 577 —— 1.02 (0.98-1.06)
25-29 541 -— 0.95 (0.92-0.99)
30+ 597 — 1.05 (0.98-1.12)

37.0+ <20 698 : —— 1.23 (1.18-1.27)
20-24 689 : —— 1.21 (1.17-1.26)
25-29 599 —— 1.05 (1.01-1.10)
30+ 536 —— 0.94 (0.83-1.07)

05 06 0.7 0.8 09 10 11 12 13 14
(@)

Figure 3. Cont.
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Average dail Average dail Cases, .

PMZ.S,gug/m! tempegrature‘,l °C per day Adjusted RR (95% C1)*

<15.0 <20 568 o 1.00 (Reference)
20-24 385 : 0.73 (0.70-0.77)
25-29 337 - 0.60 (0.58-0.62)
30+ 392 —— 0.61 (0.58-0.65)

15.0-23.6 <20 643 —— 1.10 (1.06-1.14)
20-24 530 —— 0.94 (0.90-0.97)
25-29 482 -— 0.80 (0.78-0.83)
30+ 496 —— 0.79 (0.76-0.83)

23.7-36.9 <20 657 1.05 (1.02-1.09)
20-24 577 —— 1.00 (0.97-1.04)
25-29 541 —— 0.92 (0.89-0.96)
30+ 597 — 0.91 (0.86-0.97)

37.0+ <20 698 —e— 1.01 (0.97-1.04)
20-24 689 —— 1.09 (1.05-1.13)
25-29 599 e 1.09 (1.05-1.13)
30+ 536 I e 0.95 (0.85-1.06)

05 06 07 08 09 10 11 12
(b)

Figure 3. (a) Average daily incidence and crude relative risk (RR) and 95% confidence interval (CI)
of acute bronchitis and bronchiolitis by temperature level in each PM; 5 stratum comparing the
reference condition with PM, 5 <15.0 pg/ m? at temperatures <20 °C. (b) Average daily incidence and
adjusted relative risk (RR) and 95% confidence interval (CI) of acute bronchitis and bronchiolitis by
temperature level in each PMj 5 stratum comparing the reference condition with PM, 5 <15.0 pug/ m?3
at temperatures <20 °C after controlling for income, SO; level, and O3 level.

4. Discussion

The ambient PM; 5 concentrations had a strong inverse correlation with ambient
temperatures and were higher in cold months than in warmer months in Taiwan [18]. Our
data revealed that CABs infections were statistically associated with these two factors.
The incidence was higher in colder months when the PMj, 5 levels were higher, and the
incidence was lower in the hot months when the PM, 5 levels were lower. The CABs
incidence showed a stronger relationship with temperature than PM; 5 after adjusting for
potential confounders.

In this study, the highest CABs incidence was noted when the daily average temper-
ature was <20 °C, with a high ambient PM; 5 concentration. With a subtropical climate,
ambient air temperatures <15 °C account for the lowest 5% of the temperature distribution
and are considered cold extremes in Taiwan [24,25]. In cold months, cold air at the Earth’s
surface is often inversely overlain by warm air, particularly when the weather is not sunny
or windy. The probability of inversion may exceed 70% in the cold months in most areas
in Taiwan [28]. The probability of inversion decreases to nearly 20% in hot months with
inversion occurring only in the morning. In general, when a temperature inversion occurs,
PMj 5 exhibits constrained dispersion and accumulates near the ground [29].

Our study showed that the CABs incidence increased with the ambient PM; 5 con-
centration regardless of the temperature range. For the temperature of <20 °C, the daily
increase in CABs cases by the PMj; 5 level, but the corresponding aRRs appeared to have
an inverse U-shaped association. The lowest CABs incidence cases appeared when the
daily values of temperature ranged from 25 °C to 29 °C, which could be regarded as a
warm temperature range. A protective relationship was noted, when temperature ranged
between 25 °C and 29 °C or over 30 °C, even at a PM; 5 level of >37 pg/ m3 compared with
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temperatures of <20 °C and PM; 5 levels of <15 ug/ m3. We suspect that children are more
likely indoors on days with higher PM; 5 levels so the person-to-person infection increases.
The CABs incidence may seem to have a stronger relationship with temperature than with
PM, 5 level. Therefore, temperature should be considered during the assessment of the
effects of PMj 5 on health.

The mechanisms underlying the association of CABs with both PM 5 level and tem-
perature have not been well investigated [12].

To the best of our knowledge, no study has reported that bronchitis and bronchiolitis
pathogens, that is, the human RSV, can be an airborne virus carried by ambient PMs. On the
other hand, Sato et al. conducted a survey among children with acute respiratory symptoms
at a pediatric outpatient clinic in Japan and found 37.1% of 499 nasopharyngeal aspirate
samples were human RSV positive, which peaked in three winter seasons [7]. A US study
at a childcare center found that respiratory virus was detected in 82% of 523 symptomatic
episodes of serious respiratory infections and 70% of 127 asymptomatic children [26]. Half
of the children had an RSV infection within 6 days after the first case was diagnosed,
indicating a rapid viral spread among children, which is not likely to be spread through
ambient PMs.

Therefore, the most commonly identified contagious virus associated with CABs
could be RSV, which can easily and rapidly spread through direct person-to-person con-
tacts [7]. Human-associated viruses are dominant in the indoor environment in cold
months [26,30,31]. A US study found the presence of airborne RSV in daycare centers in
winter [30], matching the seasonal CABs epidemic in the present study. Our data revealed
that 83.2% of patients with CABs were diagnosed with acute bronchitis. We found that
56.5% of CABs cases were diagnosed when it was colder, mainly in November, December,
January, February, and March, which are the cold months on the subtropical island of
Taiwan. A recent study investigating the etiology of viral infections at a medical center in
northern Taiwan found that RSV was the most prevalent agent among all positive viral
samples (31.7% or 113/357), mainly in children <5 years old [32].

Our data revealed that the bronchitis incidence rate increased with age, whereas the
bronchiolitis incidence rate decreased with age. These children are most likely attending
daycare centers, preschools, or elementary schools. During winter or on foggy days,
children are more likely to spend more time indoors than outdoors, increasing person-
to-person contacts. Given that viruses causing CABs are contagious, viral infections may
spread among children in daycare centers and schools on cold days.

Previous studies have reported that human occupancy is the main driver of airborne
RSV in daycare centers and is dominant in winter [30,31]. It is likely that CABs are mainly
caused by viruses spread through direct child-to-child contacts or indoor bioaerosols, when
in near proximity to a person.

It is also worth noting that the median national RSV infection in the US peaks in
February [4]. February is a cold month in North America, and children attend daycare
centers and schools during this time. Cold temperatures promote indoor activities and
frequent interpersonal contacts, and thereby increase pathogen spread. By contrast, our
data revealed that the average incidence of CABs exhibits an apparent dip in February,
more than 20% lower than that in January and March. This is likely due to Chinese New
Year celebrations, which usually occur in February, when daycare centers and schools in
Taiwan are closed for the winter break; the spread of infections is thus reduced among
children. The incidence climbed to a peak in March because indoor gatherings increased
again among children in classes of the new school semester. The incidence was the lowest
in July and August, the hot months in Taiwan, with school closure for the summer break.
Thus, the spread of viral infections is lower among children in February than in March, and
the lowest in July and August.

Studies in Czech, Hefei, Hong Kong, and Brisbane suspected that air pollutants could
induce oxidative stress, inflammation, and lesions in the respiratory tract, leading to
pathogen-induced infection, such as by RSV, adenovirus, and/or bacteria [13,15-17]. The
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Hong Kong study reported high temperature and high NO, level as risk factors of acute
bronchiolitis-related hospitalization in children [16]. However, this study also reported that
acute bronchiolitis admissions peaked in colder months, sharing a pattern similar to the
pattern in Taiwan. Both Hong Kong and Taiwan are islands located on the western Pacific
Ocean characterized by a subtropical climate. The seasonality of respiratory infection in
temperate regions is because children are more likely to have indoor gatherings in colder
months, increasing the pathogen spread. The Brisbane study used time-stratified case-
crossover analysis to comprehensively examine risks of nine types of respiratory infections
associated with hourly concentrations of four air pollutants [17]. Multiple testing might
have caused a problem in this study by simultaneously using a set of multiple statistical
inferences. Thus, the study found a moderate significant risk of acute bronchitis in the
warm season associated with daytime NO, pollution exposure for 13-24 h among children
in Brisbane.

It is also interesting to note that in our study CABs infection increased with parental
income. In Taiwan, after-school care or tutoring programs are commonly available as
private institutes for children from kindergarten through to sixth-graders after their school-
day. An earlier study found fees and locations were factors of concern from the perspective
of parents [33]. We suspect that children from higher income families might be more likely
than those from lower income families to attend after-school programs, leading to more
frequent indoor gatherings and exposure to pathogens.

Strength and Limitations

The strength of this study is the use of a real-world population’s claims database to
provide real-world evidence of CABs risk related to ambient conditions. The stratified
analysis enabled us to evaluate CABs risk by PM; 5 stratum in each temperature stratum,
or by temperature stratum in each PM; 5 stratum.

However, there were limitations in this study. First, information on the daily activities
of individual children and laboratory data are unavailable in the claims database, preclud-
ing in-depth analysis of interpersonal contact among children on its relationship with CABs
incidence. We were unable to determine the pathogens associated with CABs without
the laboratory data. The illness of bronchiolitis is mainly associated with RSV infection
in children aged 5 years and younger [31], whereas the illness of bronchitis is associated
RSV and other pathogens [1-6]. This study was unable to evaluate in detail the variation
of CABs risks by pathogen among age groups. Second, we pooled all data available from
76 monitoring stations to measure the overall PMj; 5 levels and temperature for the entire
Taiwan area. The climate is slightly warmer in southern Taiwan than in northern areas. We
did not evaluate the variation of CABs risks among areas. Third, there are other types of
particle matter and pollutants which present health concerns. Other pollutants and PM; 5
may be collinear. Findings in Figure 2 showed incidence cases of CABs increased with
increasing PM; 5 when temperatures were <20 °C. The corresponding aRR were opposite,
and reduced after controlling for family income, SO, level, and O3 level. The reason for
this reversed pattern is not immediately clear based on the current data. However, our
study findings may not be generalizable to other regions or countries. CABs infection
associated with the environment factors shown in our study deserves further exploration
in other regions.

5. Conclusions

In this population-based study in Taiwan, seasonal CABs infections in children were
associated with lower ambient temperatures, which coincide with elevated PM; 5 con-
centrations. The association of CABs may be stronger with temperature than with PM; 5
levels. This study suggested that the role of temperature and its related changes in human
daily activities and behavior should be considered in studies of associations between PM; 5
and CAB:s.



Viruses 2022, 14, 1932

11 0f12

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/v14091932/s1.

Author Contributions: Conceptualization, P-C.C., C.-H.M., C.-C.W. and E-C.S.; Data curation,
C.W.C, S.PT. and E-C.S.; Formal analysis, P.-C.C. and C.-H.M.; Investigation, P.-C.C., C.-H.M.,
C.W.C,SPT,DPH.H., C-CW. and E-C.S.; Methodology, P.-C.C., CW.C., D.PH.H., S.PT., C.-C.W.
and E-C.S; Project administration, F-C.S.; Resources, F-C.S.; Software, P-C.C., C-H.M., CW.C. and
S.P.T,; Validation, D.P.H.H.; Writing—original draft, P-C.C. and C.-H.M.; Writing—review & editing,
CW.C,DPHH,SPT, C.-CW.and E-C.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This study is supported in part by Taiwan Ministry of Health and Welfare Clinical Trial
Center (MOHW110-TDU-B-212-124004), Ministry of Science and Technology (MOST 110-2321-B-039-
003), and China Medical University Hospital (DMR-111-228). The funders have no role in the study
design, data collection and analysis, the decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: The Research Ethics Committee of China Medical University
and Hospital approved the study (H107257).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data were retrieved from the insurance claims data of Taiwan
(http:/ /nhird.nhri.org.tw/, accessed on 9 October 2019) at the Health and Welfare Data Science
Center, and access to this database can be requested by sending a formal proposal to the NHI

Acknowledgments: We are grateful to the Health Data Science Center, China Medical University
Hospital for providing administrative and technical support, and to the Ministry of Health and
Welfare and the Environmental Protection Administration for providing data.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
aRR adjusted relative risk
CABs childhood acute bronchitis and bronchiolitis
CI confidence interval
cRR crude relative risk
EPA Environmental Protection Administration
ICD-9-CM/ICD-10-CM In’feljnational‘C‘las§ification of Diseases, 9th/10th Revisions,
Clinical Modification
O3 ozone
PM; 5 particulate matter of <2.5 ym
RR relative risk
RSV respiratory syncytial virus
SO, sulfur dioxide
References
1. Fleming, D.M.; Pannell, R.S;; Elliot, A.].; Cross, K.W. Respiratory illness associated with influenza and respiratory syncytial virus
infection. Arch. Dis. Child. 2005, 90, 741-746. [CrossRef] [PubMed]
2. Meissner, H.C. Viral bronchiolitis in children. N. Engl. . Med. 2016, 374, 62-72. [CrossRef] [PubMed]
3. Florin, T.A.; Plint, A.C.; Zorc, ]J.J. Viral bronchiolitis. Lancet 2017, 389, 211-224. [CrossRef]
4.  Rose, E.B.; Wheatley, A.; Langley, G.; Gerber, S.; Haynes, A. Respiratory Syncytial Virus Seasonality—United States, 2014-2017.
Morb. Mortal. Wkly. Rep. 2018, 67, 71-76. [CrossRef] [PubMed]
5. Avendano Carvajal, L.; Perret Perez, P. Epidemiology of Respiratory Infections. In Pediatric Respiratory Diseases—A Comprehensive
Textbook; Bertrand, PJ., Sanchez, I, Eds.; Springer: Cham, Switzerland, 2020; pp. 264-273. [CrossRef]
6.  Perez, M.; Piedmonte, G. Bronchiolitis. In Pediatric Respiratory Diseases—A Comprehensive Textbook; Bertrand, PJ., Sanchez, 1., Eds.;
Springer: Cham, Switzerland, 2020; pp. 283-297.
7. Sato, M.; Saito, R.; Sakai, T.; Sano, Y.; Nishikawa, M.; Sasaki, A. Molecular epidemiology of respiratory syncytial virus infections

among children with acute respiratory symptoms in a community over three seasons. J. Clin. Microbiol. 2005, 43, 36—-40. [CrossRef]
[PubMed]


https://www.mdpi.com/article/10.3390/v14091932/s1
http://nhird.nhri.org.tw/
http://doi.org/10.1136/adc.2004.063461
http://www.ncbi.nlm.nih.gov/pubmed/15855178
http://doi.org/10.1056/NEJMra1413456
http://www.ncbi.nlm.nih.gov/pubmed/26735994
http://doi.org/10.1016/S0140-6736(16)30951-5
http://doi.org/10.15585/mmwr.mm6702a4
http://www.ncbi.nlm.nih.gov/pubmed/29346336
http://doi.org/10.1007/978-3-030-26961-6_28
http://doi.org/10.1128/JCM.43.1.36-40.2005
http://www.ncbi.nlm.nih.gov/pubmed/15634948

Viruses 2022, 14, 1932 12 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hervas, D.; Reina, J.; Hervas, ].A. Meteorologic conditions and respiratory syncytial virus activity. Pediatr. Infect. Dis. . 2012, 31,
e176—e181. [CrossRef] [PubMed]

Zhang, X.L.; Shao, X.J.; Wang, J.; Guo, W.L. Temporal characteristics of respiratory syncytial virus infection in children and its
correlation with climatic factors at a public pediatric hospital in Suzhou. J. Clin. Virol. 2013, 58, 666-670. [CrossRef]

Zhang, Y.; Yuan, L.; Zhang, X.; Zheng, M.; Kyaw, M.H. Burden of respiratory syncytial virus infections in China: Systematic
review and meta-analysis. J. Glob. Health. 2015, 5, 020417. [CrossRef]

Lopes, G.P.; Amorim, I.PS.; de Oliveira de Melo, B.; Maramaldo, C.E.C.; Bomfim, M.R.Q.; Neto, L.G.L.; Alves, M.S.; Silva, EB.;
Soeiro-Pereira, P.V.; Falcai, A. Identification and seasonality of rhinovirus and respiratory syncytial virus in asthmatic children in
tropical climate. Biosci. Rep. 2020, 40, BSR20200634. [CrossRef]

Darrow, L.A.; Klein, M.; Flanders, W.D.; Mulholland, J.A.; Tolbert, P.E.; Strickland, M.]. Air pollution and acute respiratory
infections among children 0—4 years of age: An 18-year time-series study. Am. ]. Epidemiol. 2014, 180, 968-977. [CrossRef]
[PubMed]

Hertz-Picciotto, I.; Baker, R.].; Yap, P-S.; Dostél, M.; Joad, ].P; Lipsett, M.; Greenfield, T.; Herr, C.E.; Benes, I.; Shumway, R.H.; et al.
Early childhood lower respiratory illness and air pollution. Environ. Health Perspect. 2007, 115, 1510-1518. [CrossRef] [PubMed]
Li, Y.; Huang, X;; Liu, Q.; Li, W; Yang, B.; Chen, Y.; Lin, W.; Zhang, ].]. Changes in children’s respiratory morbidity and residential
exposure factors over 25 years in Chongqing, China. J. Thorac. Dis. 2020, 12, 6356-6364. [CrossRef] [PubMed]

Bai, L.; Su, X,; Zhao, D.; Zhang, Y.; Cheng, Q.; Zhang, H.; Wang, S.; Xie, M.; Su, H. Exposure to traffic-related air pollution and
acute bronchitis in children: Season and age as modifiers. J. Epidemiol. Community Health 2018, 72, 426-433. [CrossRef] [PubMed]
Leung, S.Y,; Lau, S.F.; Kwok, K.L.; Mohammad, K.N.; Chan, PK.S.; Chong, K.C. Short-term association among meteorological
variation, outdoor air pollution and acute bronchiolitis in children in a subtropical setting. Thorax 2021, 76, 360-369. [CrossRef]
Cheng, J.; Su, H.; Xu, Z. Intraday effects of outdoor air pollution on acute upper and lower respiratory infections in Australian
children. Environ. Pollut. 2021, 268 Pt A, 115698. [CrossRef]

Cheng, Y.H.; Wu, PJ.; Cheng, 1.].; Mou, C.H,; Lan, Y.C.; Hsieh, D.P.H.; Sung, E.C. Spatiotemporal trend of fine particulate matter
2.5 um in Taiwan from 2006-2016. Taiwan J. Public Health 2018, 37, 686—695.

Meng, C.; Cheng, T.; Gu, X.; Hu, S.; Yuan, L.; Liu, Y.; Bao, F. Contribution of meteorological factors to particulate pollution during
winters in Beijing. Sci. Total Environ. 2019, 656, 977-985. [CrossRef]

Vecchi, R.; Marcazzan, G.; Valli, G.; Ceriani, M.; Antoniazzi, C. The role of atmospheric dispersion in the seasonal variation of
PM; and PM; 5 concentration and composition in the urban area of Milan (Italy). Atmos. Environ. 2004, 38, 4437—-4446. [CrossRef]
Chen, Y.; Zheng, M.; Lv, J.; Shi, T,; Liu, P; Wu, Y,; Feng, W.; He, W.; Guo, P. Interactions between ambient air pollutants and
temperature on emergency department visits: Analysis of varying-coefficient model in Guangzhou, China. Sci. Total Environ.
2019, 668, 825-834. [CrossRef]

Ren, C.; O'Neill, M.S.; Park, S.K.; Sparrow, D.; Vokonas, P.; Schwartz, ]. Ambient temperature, pollution, and heart rate variability
in an aging population. Am. J. Epidemiol. 2011, 173, 1013-1021. [CrossRef]

Stafoggia, M.; Schwartz, J.; Forastiere, F.; Perucci, C.A.; SISTI Group. Does temperature modify the association between air
pollution and mortality? A multicity case-crossover analysis in Italy. Am. |. Epidemiol. 2008, 167, 1476-1485. [CrossRef]

Wang, Y.C; Lin, YK,; Chen, YJ.; Hung, S.C.; Zafirah, Y.; Sung, EC. Ambulance services associated with extreme temperatures and
fine particles in a subtropical island. Sci. Rep. 2020, 10, 2855. [CrossRef]

Wang, Y.C; Lin, Y.K,; Chuang, C.Y,; Li, M.H.; Chou, C.H.; Liao, C.H.; Sung, F.C. Associating emergency room visits with first
and prolonged extreme temperature event in Taiwan: A population-based cohort study. Sci. Total Environ. 2012, 416, 97-104.
[CrossRef]

Chu, H.Y,; Kuypers, J.; Renaud, C.; Wald, A.; Martin, E.; Fairchok, M.; Magaret, A.; Sarancino, M.; Englund, J.A. Molecular
epidemiology of respiratory syncytial virus transmission in childcare. J. Clin. Virol. 2013, 57, 343-350. [CrossRef]

Frome, E.L.; Checkoway, H. Epidemiologic programs for computers and calculators. Use of Poisson regression models in
estimating incidence rates and ratios. Am. J. Epidemiol. 1985, 121, 309-323. [CrossRef] [PubMed]

Liou, Y.A,; Yan, S.K. Two-year microwave radiometric observations of low-level boundary-layer temperature inversion sig-
natures. In Proceedings of the 2006 IEEE International Symposium on Geoscience and Remote Sensing, Denver, CO, USA,
31 July—4 August 2006.

Yin, PY.; Chang, R.IL; Day, R.E; Lin, Y.C.; Hu, C.Y. Improving PM; 5 concentration forecast with the identification of temperature
inversion. Appl. Sci. 2021, 12, 71. [CrossRef]

Prussin, A.J., 2nd; Vikram, A.; Bibby, K.J.; Marr, L.C. Seasonal dynamics of the air borne bacterial community and selected viruses
in a children’s day care center. PLoS ONE 2016, 11, e0151004. [CrossRef]

Prussin, A.J., 2nd; Torres, PJ.; Shimashita, J.; Head, S.R.; Bibby, K.J.; Kelley, S.T.; Marr, L.C. Seasonal dynamics of DNA and RNA
viral bioaerosol communities in a daycare center. Microbiome 2019, 7, 53. [CrossRef]

Lin, C.Y.; Hwang, D.; Chiu, N.C,; Weng, L.C.; Liu, H.E; Mu, J.J.; Liu, C.P; Chi, H. Increased Detection of Viruses in Children with
Respiratory Tract Infection Using PCR. Int. J. Environ. Res. Public Health 2020, 17, 564. [CrossRef]

Lee, A.H.I; Yang, C.N,; Lin, C.Y. Evaluation of children’s after-school programs in Taiwan. Asia Pac. Educ. Rev. 2012, 13, 347-357.
[CrossRef]


http://doi.org/10.1097/INF.0b013e31825cef14
http://www.ncbi.nlm.nih.gov/pubmed/22572747
http://doi.org/10.1016/j.jcv.2013.09.027
http://doi.org/10.7189/jogh.05.020417
http://doi.org/10.1042/BSR20200634
http://doi.org/10.1093/aje/kwu234
http://www.ncbi.nlm.nih.gov/pubmed/25324558
http://doi.org/10.1289/ehp.9617
http://www.ncbi.nlm.nih.gov/pubmed/17938744
http://doi.org/10.21037/jtd-19-crh-aq-005
http://www.ncbi.nlm.nih.gov/pubmed/33209474
http://doi.org/10.1136/jech-2017-209948
http://www.ncbi.nlm.nih.gov/pubmed/29440305
http://doi.org/10.1136/thoraxjnl-2020-215488
http://doi.org/10.1016/j.envpol.2020.115698
http://doi.org/10.1016/j.scitotenv.2018.11.365
http://doi.org/10.1016/j.atmosenv.2004.05.029
http://doi.org/10.1016/j.scitotenv.2019.03.049
http://doi.org/10.1093/aje/kwq477
http://doi.org/10.1093/aje/kwn074
http://doi.org/10.1038/s41598-020-59294-8
http://doi.org/10.1016/j.scitotenv.2011.11.073
http://doi.org/10.1016/j.jcv.2013.04.011
http://doi.org/10.1093/oxfordjournals.aje.a114001
http://www.ncbi.nlm.nih.gov/pubmed/3839345
http://doi.org/10.3390/app12010071
http://doi.org/10.1371/journal.pone.0151004
http://doi.org/10.1186/s40168-019-0672-z
http://doi.org/10.3390/ijerph17020564
http://doi.org/10.1007/s12564-011-9202-9

	Introduction 
	Methods and Materials 
	Data Source and Study Population 
	Environmental Condition Data 
	Statistical Analysis 

	Results 
	Monthly Incidence by Temperature and PM2.5 Levels and Daily Cases by Age, Temperature, and Sex 
	Temperature, PM2.5, and Income Specific Daily Incident Cases 
	Daily Incidence and Risk by PM2.5 Level in Each Temperature Stratum 

	Discussion 
	Conclusions 
	References

