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Summary

Background The short-term effect of ambient air pollution on atopic dermatitis
(AD), along with its effect modifiers, has not been fully addressed.
Objectives To examine the short-term associations between air pollution and AD,
and to identify effect modifications by age and season.
Methods We used the generalized additive model to evaluate the short-term effect
of ambient air pollution on daily hospital visits for AD, adjusting for potential
confounders. Subgroup analyses were performed to identify potential effect mod-
ifications by season and age (< 18 years and ≥ 18 years).
Results A total of 29 972 hospital visits for AD were recorded in Guangzhou,
China, from 19 January 2013 to 31 December 2017. Among them, 72�8% were
visits by children and 51�4% occurred in the cool season. Acute and delayed
effects on AD hospital visits were significant for all air pollutants. Stronger effects
were seen in the cool season (approximately 1�7–3�0 times higher than effects in
the warm season). Stronger effects were also observed in children (approximately
1�3–1�8 times higher than effects in adults). Sensitivity analyses indicated the
results were robust.
Conclusions Air pollution might be an important trigger for AD in subtropical
Guangzhou, China. Children are more vulnerable than adults, and the effects are
stronger in the cool season.

What is already known about this topic?

• Atopic dermatitis (AD) has the highest number of disability-adjusted life-years

among skin disorders.

• The acute effect of air pollution on AD has not been well studied in China.

What does this study add?

• We found that air pollution (including ambient fine particulate matter, inhalable

particles, sulfur dioxide, nitrogen dioxide and ozone) acutely triggers AD, and that

children are more sensitive to this effect.

• The cool season is the vulnerable exposure window for these acute effects.

Atopic dermatitis (AD) is an inflammatory skin disease that

has the highest disability-adjusted life-years among skin disor-

ders and is characterized by recurrent eczema with an intract-

able itch.1,2 Although occurring primarily during childhood,3

AD has become more prevalent in Chinese adults in recent

years, potentially owing to the interaction between genetics

and the environment.4–6 Hence, assessing the effect of air

pollution on AD hospital admissions would increase

© 2020 British Association of Dermatologists1068 British Journal of Dermatology (2021) 184, pp1068–1076
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understanding of the causation and may provide insights into

the prevention efforts and management of AD.

Multiple studies have shown short-term associations

between some air pollutants, meteorological factors and hospi-

tal visits due to eczema and AD.7–11 However, few studies

have thoroughly examined this acute effect for all ambient air

pollutants on AD hospital visits by season and age. In the pre-

sent study, we collected information on all ambient air pollu-

tants, including fine particulate matter (PM2�5), inhalable

particles (PM10), nitrogen dioxide (NO2), sulfur dioxide

(SO2), and ozone (O3), so we could thoroughly study their

correlations with each other and with meteorological factors –
information that previous studies have not entirely cap-

tured.7–11 We also examined the potential effect modification

by age by including children and adults. A previous study

only examined AD in adults (≥ 18 years);7 however, children

have been shown to be more vulnerable to air pollution expo-

sure.12 We chose a study site with an air pollution level much

higher than related studies conducted in Korea and

Europe13–16 but comparatively lower than related studies in

China.7–9 Lastly, we examined the potential effect modification

by season on all ambient air pollutants; a previous study only

examined potential effects among particulate matters (PM2�5
and PM10).

17 Although temperature and humidity will change

moderately between the warm and cool seasons, other sea-

sonal factors such as rainfall and wind speed could interact

with temperature and humidity because the association

between meteorological factors and AD hospital visits has been

shown to differ by region and season, indicating a potential

effect of modification by season.17

The main hypothesis was that ambient PM2�5, PM10, NO2,

SO2 and O3 are all positively associated with hospital visits

due to AD after controlling for meteorological factors (ambi-

ent temperature and humidity). The subhypothesis was that

age and season are two effect modifiers of these associations.

Patients and methods

Study location and population

Guangzhou is a subtropical city in China with a typical monsoon

climate; it is also an important international transportation hub.

In Guangzhou, approximately 12�7 million people reside in a

land area of 7434�40 km2, with forest coverage of 42�1%.18

Atopic dermatitis

We obtained de-identified day patient records for the period

19 January 2013–31 December 2017 from the electronic

medical system of Guangzhou Municipal Clinical Center for

Dermatology. This centre, located in the urban core area of

Guangzhou, is one of the highest-level hospitals for the treat-

ment of skin diseases in Guangdong Province and the only

municipal clinical centre for dermatology in Guangzhou. The

medical records include demographic information, clinical

diagnosis in Chinese and corresponding International Classifi-

cation of Diseases, 10th Revision (ICD-10) codes. This coding

system has been widely used in our clinic, and its operation

has been monitored by the centre’s strict quality control and

quality assurance programmes. Patients of all ages were

included in the study, and outpatients with AD with an ICD-

10 code of L20�9 were screened.

The study was exempt from Institutional Review Board

approval as the data used in the study were de-identified.

Air pollution

The daily 24-h concentrations (μg m–3) for PM2�5, PM10, SO2

and NO2, and the maximum 8-h concentration for O3 were

collected from 11 Guangzhou Environmental Monitoring Cen-

ter stations (Figure 1). The daily mean concentrations of each

air pollutant from all monitor stations were arithmetically

averaged to represent the daily air pollution exposure for the

general population. During the study period, there were miss-

ing concentration values for < 3% of days, and extremely

large concentrations were seen on 10 days. All of these out-

liers and missing values were replaced by imputed values

using the linear interpolation approach (‘na.approx’ function

in R; R Core Team, 2019).19

Statistical analysis

The time series design is well suited to examining the acute

effect of air pollution on hospital visits for AD.20 A hospital

visit for AD is a small possibility event, following Poisson dis-

tribution. Thus, we used a generalized additive model (GAM)

with quasi-Poisson link and specified using an a priori model

to estimate the association between air pollution exposure and

hospital visits for AD.8 Penalized smoothing spline functions

were used to account for long-term trends, seasonal patterns,

temperature and relative humidity (RH).21 In these smoothing

functions, degrees of freedom were set according to previous

studies:22,23

Log E Ytð Þ½ � ¼ α þ βZtþ S time, dfð Þ þ S temperature03, df
� �

þ S relative humidity, dfð Þ þ DOWt

In this equation, t represents the day of observation; E(Yt)

is the expected daily hospital visits for AD on day t; α is the

intercept; β is the coefficient for a pollutant; Zt represents pol-

lutant concentration at day t; temperature03 is the moving

average of daily mean temperatures on the current day and

3 days before the hospital visit for AD;16 RH is daily mean

RH; DOW is a dummy variable for day of the week; and S

refers to the smoothing spline function.

We explored the lag effects of air pollution on AD from the

current day (lag0) up to 5 days before (lag5). In order to esti-

mate the cumulative effect of air pollutants on the risk of AD,

we used the moving averages for the previous one (lag01),

three (lag03) and five (lag05) days in the main analysis.7,17

© 2020 British Association of Dermatologists British Journal of Dermatology (2021) 184, pp1068–1076
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Covariates

Daily temperature (°C) and RH (%) were obtained from the

National Weather Data Sharing System (https://data.cma.cn/).

Spearman’s correlation coefficients were used to estimate the

correlations between temperature, RH and air pollutants.24

Stratified analysis

The warm season was defined as lasting from 1 May to 30

September, and cool season as lasting from 1 October to 30

April each year. Patients were divided into two groups accord-

ing to age – children and adults – with children defined as

being < 18 years old and adults as being ≥ 18 years old.

Patient age and sex were collected from the de-identified med-

ical records. Sex was recorded as either male or female.

In addition, the significance of between-group differences

was tested using the 95% confidence interval (CI) of the dif-

ference: (β1– β2) � 1�96
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSE1Þ2þðSE2Þ2

q
, where β1 and β2

were the regression coefficient for each subgroup, and SE1
and SE2 were the standard errors.25

Two statistical significance levels were used in this study:

significant (P < 0�05) and highly significant (P < 0�001). The

results were reported as excess risks (ERs): ER = (relative risk

– 1) × 100% and their 95% CIs. All statistical analyses were

conducted in R version 3�5.3 (R Core Team, 2019). The time

series analysis was performed using the R package ‘mgcv’

(version 3�2.3, http://cran.r-project.org/).

Sensitivity analyses

A series of sensitivity analyses were performed to evaluate the

robustness of the estimated associations by changing the

degrees of freedom (df) for the smoothing functions to con-

trol for nonlinear covariates (6–9 df/year). In addition, two-

pollutant models were conducted. In these two-pollutant mod-

els, two different air pollutants were included together on the

same lag day.

Results

Descriptive results

Table 1 shows the descriptive results of daily hospital visits

associated with AD, air pollution and meteorological data. The

mean daily concentrations of PM2�5, PM10, SO2, NO2 and O3

Figure 1 Locations of Guangzhou’s 11 ambient air monitoring stations in the period 19 January 2013 to 31 December 2017.

© 2020 British Association of DermatologistsBritish Journal of Dermatology (2021) 184, pp1068–1076
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were 41�4 μg m–3, 61�2 μg m–3, 15�4 μg m–3, 46�5 μg m–3

and 82�1 μg m–3, respectively. In contrast to the warm season,

the cool season had higher mean daily concentrations of all

air pollutants, with the exception of O3. The mean daily tem-

perature in Guangzhou was 22�0 °C, and the mean daily RH

was 80�2%. During the study period, a total of 29 972 hospi-

tal visits for AD were recorded in the study population. Of

these visits, 15 387 were female patients and 21 807 were

aged < 18 years (72.8%). The mean daily number of hospital

visits associated with AD was 16�6, with a minimum of 0 and

a maximum of 56 visits in one day.

Spearman correlation between pollutants and

meteorological factors

Table 2 shows the Spearman correlation coefficients between

air pollutants and meteorological factors. PM2�5, PM10, SO2,

NO2 and O3 were positively correlated with each other and

were all negatively correlated with meteorological factors,

except for SO2 and NO2. Insignificant correlations were

observed between SO2 and temperature and between NO2 and

RH. PM2�5 and PM10 had the strongest correlation with a

Spearman’s rho of 0�94 (P < 0�001).

Short-term effects

Figure 2 shows the ERs of daily AD that were associated with

a 10 μg m–3 increase of PM2�5, PM10, SO2, NO2 and O3,

adjusting for temperature and RH. The single lag days ranged

from lag0 to lag5. A 10 μg m–3 increase in ambient SO2,

NO2, PM2�5, PM10 and O3 corresponded to a 6�1% (95% CI

3�11–9�21), 3�1% (95% CI 2�05–4�26), 2�67% (95% CI

1�67–3�67%), 1�9% (95% CI 1�2–2�7) and 1�1% (95% CI

0�64–1�52) increase in AD hospital visits on the day of

Table 1 Daily air pollution, meteorological data and hospital visits for atopic dermatitis (AD) in Guangzhou, China, from 19 January 2013 to 31

December 2017

Whole study Cool seasona Warm seasonb Min. P25 P50 P75 Max.

Air pollutants

PM2�5 (μg/m3) 41�4 � 22�2 49�3 � 24�0 30�7 � 13�2 5�8 24�4 36�2 53�7 136�5
PM10 (μg/m3) 61�2 � 28�1 70�1 � 30�9 49�2 � 17�8 10�0 39�8 54�4 77�4 174�9
SO2 (μg/m3) 15�4 � 8�6 16�4 � 10�3 14�0 � 5�2 3�8 10�2 13�5 18�4 88�1
NO2 (μg/m3) 46�5 � 19�0 52�7 � 21�4 38�1 � 10�2 3�9 33�1 42�2 56�2 126�6
O3 (μg/m3) 82�1 � 44�4 72�3 � 41�3 95�5 � 45�0 4�8 46�6 79�4 110�1 238�5

Meteorology

Temperature (°C) 22�0 � 6�1 18�1 � 4�9 27�4 � 2�2 3�5 17�0 23�4 27�3 32�3
RH (%) 80�2 � 11�0 77�8 � 12�3 83�5 � 7�8 31�0 74�0 81�0 88�0 100�0

Outcome (AD)

Daily admission 16�6 � 8�5 14�8 � 7�8 19�0 � 8�8 0�0 10�0 15�0 22�0 56�0
Daily admission by age (y)

< 18 (children) 12�1 � 6�7 10�6 � 6�1 14�1 � 7�0 0�0 7�0 11�0 16�0 44�0
≥18 (adults) 4�5 � 3�0 4�3 � 2�9 5�0 � 3�1 0�0 2�0 4�0 6�0 19�0

Daily admission by sex
Female 8�1 � 4�7 7�0 � 4�3 9�5 � 5�0 0�0 5�0 7�0 11�0 27�0
Male 8�5 � 4�6 7�7 � 4�3 9�6 � 4�8 0�0 5�0 8�0 11�0 33�0

Data are mean � SD unless otherwise indicated. Min., minimal value; P25, the first quartile; P50, the second quartile (median); P75, the third

quartile; max., maximal value; PM2�5, particulate matter < 2�5 μm in aerodynamic diameter; PM10, particulate matter < 10 μm in aerody-

namic diameter; SO2, sulfur dioxide; NO2, nitrogen dioxide; O3, ozone; RH, relative humidity. aCool periods were from 1 October to April

30; bwarm period was from 1 May to 30 September.

Table 2 Spearman’s correlation between daily mean air pollutant concentrations and meteorological factors in Guangzhou, China, from 19 January

2013 to 31 December 2017

PM2�5 PM10 SO2 NO2 O3 Temperature RH

PM2�5 1�00
PM10 0�94** 1�00
SO2 0�69** 0�66** 1�00
NO2 0�71** 0�76** 0�50** 1�00
O3 0�30** 0�39** 0�35** 0�08** 1�00
Temperature –0�35** –0�25** –0�04 –0�35** 0�36** 1�00
RH –0�25** –0�28** –0�19** 0�04 –0�43** 0�19** 1�00

PM2�5, particulate matter < 2�5 μm in aerodynamic diameter; PM10, particulate matter < 10 μm in aerodynamic diameter; SO2, sulfur diox-

ide; NO2, nitrogen dioxide; O3, ozone; RH, relative humidity. **P < 0�001.

© 2020 British Association of Dermatologists British Journal of Dermatology (2021) 184, pp1068–1076
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exposure, respectively. The delayed effects lasted up to 4 days

for O3, 3 days for PM10, 2 days for PM2�5 and NO2, and

1 day for SO2. The cumulative lag days ranged from lag01 to

lag05. Cumulative lag days had much stronger effects than

single lag days for all pollutants except for NO2, indicating

higher cumulative effects for air pollutants on the risk of AD

hospital visits. The largest cumulative effects occurred on

lag03 for PM2�5 (ER 3�1%; 95% CI 1�76–4�49), PM10 (ER

2�5%; 95% CI 1�51–3�44), SO2 (ER 6�3%; 95% CI

2�49–10�21%), NO2 (ER 3�1%; 95% CI 1�70–4�62) and O3

(ER 1�7%; 95% CI 1�16–2�27).
Figure 3 shows dose–response curves between each air pol-

lutant and daily hospital visits for AD during the study period

in Guangzhou. These curves appear linear from the graph, and

the sections where they deviate from the linear relationship

have much wider 95% CIs (area between dashed lines), indi-

cating low confidence in the estimates at these sections.

Figure 4 shows the residual plots of associations between

air pollutants and daily hospital visits for AD during the study

period. All estimation lines appear flat where most spots are

located, indicating the assumptions for linearity are generally

met for all air pollutants.

Effect modification

Figure 5 shows the estimated ERs of daily hospital visits for

AD per 10 μg m–3 increment in each air pollutant

concentration, stratified by age and season. Stronger effects

were seen in children (those aged < 18 years) for each air

pollutant, with the exception of SO2, which showed an

inverse relationship. Stronger and significant effects were seen

in the cool season, whereas nonsignificant effects were seen in

the warm season.

Sensitivity analysis

Table S1 (see Supporting Information) provides the estimated

ERs and 95% CIs using different dfs in the time trend function

of the GAM model. The results showed consistent associations

between air pollutants and daily hospital visits for AD across

different degrees of freedom.

Table S2 (see Supporting Information) provides estimated

ERs and 95% CIs using the two-pollutant GAM models. Con-

trolling for a second air pollutant did not change the direction

of the significant association in the original one-pollutant

model. However, the estimated ERs became much smaller

after adding another pollutant into the original one-pollutant

model.

Discussion

Our findings indicated that acute exposure to PM2�5, PM10,

SO2, NO2 and O3 was associated with increased daily hospital

visits for AD, confirming the main hypothesis that ambient air

Figure 2 Excess risk (ER; %) and 95% confidence interval (CI) for atopic dermatitis per 10 μg m–3 increase in the concentration of each air

pollutant along different lag days in Guangzhou, China, from 19 January 2013 to 31 December 2017. PM2�5, particulate matter < 2�5 μm in

aerodynamic diameter; PM10, particulate matter < 10 μm in aerodynamic diameter; SO2, sulfur dioxide; NO2, nitrogen dioxide; O3, ozone.

© 2020 British Association of DermatologistsBritish Journal of Dermatology (2021) 184, pp1068–1076
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pollution posed an acute risk on AD hospital visits after con-

trolling for meteorological factors (ambient temperature and

humidity). This is consistent with previous time series stud-

ies.7,8,17 All pollutants had the strongest effects on hospital

visits associated with AD on the day of exposure (lag0), which

was consistent with previous time series studies in Asia.7–11,17

However, the estimated ER of a single pollutant became much

smaller after control for another air pollutant, which might be

due to the high correlation between the air pollution values.

In particular, the effects of SO2 were no longer significant in

two-pollutant models, a finding consistent with previous stud-

ies and indicating no independent effect of SO2 on AD hospi-

tal admission.8,10

This study found relatively higher ERs than other Asian time

series studies, which might be due to the large forestry cover-

age of our study site,26 leading to higher allergen exposure

and lower wind speeds. However, there could be other

residual confounders that need to be further investi-

gated.7–11,17 While studies in Beijing suggested a potential

effect modification by ambient temperature, their findings are

not consistent with findings from studies in Chengdu and

Shanghai,7–10 both of which had similar temperatures. How-

ever, the study from Chengdu reported much higher effects

than the Shanghai study (Table S3; see Supporting Informa-

tion).9,10 Therefore, we support the evidence provided by

studies from Korea reporting that weather type, rather than

temperature itself, is an effect modifier of the association

between air pollution and AD symptoms.7–10,17

Our study showed that season and age modified the short-

term association between air pollution and hospital visits for

AD, with stronger effects in the cool season and among chil-

dren. This finding supports our subhypotheses that (i) the

cool season shows a stronger effect of air pollution on AD

hospital visits than the warm season; and (ii) children are

Figure 3 Dose–response curves for different air pollutants in Guangzhou, China, from 19 January 2013 to 31 December 2017. PM2�5, particulate
matter < 2�5 μm in aerodynamic diameter; PM10, particulate matter < 10 μm in aerodynamic diameter; SO2, sulfur dioxide; NO2, nitrogen

dioxide; O3, ozone.

© 2020 British Association of Dermatologists British Journal of Dermatology (2021) 184, pp1068–1076
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more vulnerable to the acute effect of air pollution on AD hos-

pital visits than adults. These results are consistent with previous

studies.7,17 Because AD occurs more frequently in children and

during the cool season, and we had only 4 years’ worth of data

from one city, we may not have collected enough data for an

analysis of adults and during the warm season. This could par-

tially explain our large 95% CIs for adults and the warm season

(Figure 5). The 95% CIs for adults and warm season over-

lapped with those for children and the cool season, indicating

statistically insignificant modifications, which were further con-

firmed by our between-group difference analyses. However, the

patterns of stronger effects among children and in the cool sea-

son were consistent across different air pollutants. For example,

the effects for all air pollutants in the cool season were

approximately 1�7–3�0 times higher than in the warm season.

This seasonality could be explained by the subtropical weather

in Guangzhou: in the warm season, the humid weather mois-

turized skin and eased AD symptoms; in the cool season, the

dry weather further aggravated AD symptoms.27 Although

inconsistent results have been reported by one study in Bei-

jing,8 this discrepancy in findings might be explained by resid-

ual confounders that were subject to change of season and that

they were unable to control for, such as weather type (cloud

cover and wind speed) and ultraviolet radiation.10,17,28 Simi-

larly, the effects of PM2�5, PM10, NO2 and O3 among children

were approximately 1�3–1�8 times higher than among adults,

which may be due to the fact that children have thinner stra-

tum corneum than adults. Although children and adults may be

Figure 4 Residual plots of associations between air pollutants and daily hospital visits for atopic dermatitis in Guangzhou, China, from 19 January

2013 to 31 December 2017. PM2�5, particulate matter < 2�5 μm in aerodynamic diameter; PM10, particulate matter < 10 μm in aerodynamic

diameter; SO2, sulfur dioxide; NO2, nitrogen dioxide; O3, ozone.

© 2020 British Association of DermatologistsBritish Journal of Dermatology (2021) 184, pp1068–1076
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exposed to the same level of air pollution, more air pollutants

were able to penetrate children’s skin. Children also have

immature immune systems, leaving them more vulnerable to

air pollution exposure.12 However, the effect of SO2 in children

was relatively lower than in adults, which could be explained

by the high correlation between SO2 and other air pollutants.

Therefore, the effects of other air pollutants may mask the

effect of SO2 in our study.

In addition, our study observed a higher effect of O3 in the

cool season than in warm season, although the concentration of

O3 was lower during the cool season. Similar results have been

reported in previous study.29 The underlying reason might be that

the residents in subtropical Guangzhou tend to have increased

outdoor activities on cool days and hence were exposed to more

ambient O3 in the cool season. It is also possible that the correla-

tion with other air pollutants had stronger effects in the cool sea-

son with higher concentration levels (Table 2).

There were several limitations to our study. There may have

been some prescheduled hospital visits, which could have

affected our analysis of the acute effects of air pollution on

AD. However, our clinical experience suggested that the num-

ber of prescheduled visits was very low and thus the effect on

the analysis results would have been negligible.30,31 The num-

ber of visits for AD did not strictly follow the trend of ambi-

ent air pollution concentrations, which may be caused by

other AD risk factors that are stronger than air pollution, such

as allergens (Figure S1; see Supporting Information).7,8,10,27,32

Misclassification of personal exposure and AD cases may have

been introduced by our study design owing to the lack of per-

sonal exposure data.33 Misdiagnosis may have been present as

there are other diseases that share symptoms with AD, such as

eczema and pruritus, which may have led to risk estimates

that were lower than reality.34,35 The underreporting of AD

cases is also likely as individuals with a mild form of AD may

choose home remedies instead of seeking medical attention,

leading to an underestimation of the association. In addition,

we were unable to explain the cluster nature of data by

including recurrent cases.

In conclusion, the short-term association between ambient

air pollution and AD hospital visits was observed in Guangz-

hou, China. Children were more vulnerable than adults to the

effect and stronger effects were observed in the cooler season.

These findings could only be generalized to a city with similar

population, social and environmental settings.
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Figure S1 Proposed mechanisms of ambient air pollutants

contributing to hospital visits associated with atopic dermatitis

(conceptual model).

Table S1 Excess risks (%) and 95% confidence intervals for

atopic dermatitis per 10 μg m–3 increase in air pollutant con-

centrations for different degrees of freedom, using lag0, in

Guangzhou, China, from 19 January 2013 to 31 December

2017.

Table S2 Excess risks (%) and 95% confidence intervals for

daily hospital visits for atopic dermatitis in two-pollutant

models, using lag0, in Guangzhou, China, from 19 January

2013 to 31 December 2017.

Table S3 A comparison between the results of our study

and the results of related studies in China.
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