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Abstract

Background: Atopic dermatitis (AD) poses a significant disease burden in adults. Environmental factors are essential in 
its pathogenesis. 

Objective: Given the possible role of air pollutants in allergic diseases, it is worthwhile to summarize the effects of  
outdoor air pollution on adult AD. 

Methods: We undertook a systematic review based on PubMed and EMBASE as of August 16, 2021, and found 20  
relevant studies. A random-effects meta-analysis was carried out. 

Results: Regarding long-term effects (within months to years), traffic-related air pollution and particulate matter  
< 2.5 μm in diameter (PM2.5, per 10 μg/m3 increment) are associated with the prevalence of adult AD (OR 1.40,  
95%CI [1.24, 1.58] and 1.67, 95%CI [1.26, 2.21]). Exposures to PM2.5 and nitrogen dioxide are associated with  
incident AD, with ORs of 2.30 (95%CI: 1.25, 4.25) and 1.30 (95%CI: 1.04, 1.61) per 10 μg/m3 increment. In terms of 
short term effects (within days), exposure to particulate matter < 10 μm in diameter (PM10) and sulfur dioxide (SO2) 
are associated with exacerbations of AD at lag day 0 based on those time-series studies, with an excessive risk of 2.9%, 
in particular, per 10 μg/m3 increment in SO2 exposure. In addition, both short-term and long-term exposures to these 
air pollutants are associated with AD symptoms (eczema, pruritus, and sleep disturbance). 

Conclusions: Outdoor air pollutants exert both short-term and long-term adverse effects on adult AD, contributing 
to its development, severity and exacerbation of symptoms. The influence of air pollution should be considered in the 
management of adult AD. 
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Introduction
Atopic dermatitis (AD) is a chronic, relapsing, eczematous 

disease characterized by severe pruritus and skin dryness.  
It poses a heavy burden on patients’ quality of life and  
healthcare resources.1 The human skin is in direct contact 
with a variety of environmental factors, such as humidity, 
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Selection of studies
Three authors (YY Hsiao, YH Chen, and KT Tang)  

independently assessed the titles and abstracts identified by 
the searches described above. The relevant full-text articles 
were then retrieved. Two authors (YY Hsiao and KT Tang) 
independently evaluated the full-text articles for eligibility.  
We selected articles, including conference abstracts, relevant  
to the relationship between outdoor air pollution and 
adult AD. These studies included cohorts, cross-sectional,  
case-control, and time-series studies. The references for the 
selected articles were also reviewed for relevance. Studies 
excluded were those enrolling children and/or adolescents 
only (< 18 years of age). We also excluded those studies  
concerning exclusively occupational exposure, indoor air  
pollutants, and/or tobacco smoking. Studies published in 
languages other than English were excluded. In case of  
controversy, it was resolved through group discussion. Finally,  
a total of 20 studies were finally identified (Figure 1).10-29  
We categorized selected studies into studies regarding  
long-term effects (within months to years) and short-term  
effects (within days) of air pollutants on AD, with the cut-off 
duration of 30 days. 

Data extraction
Information regarding the influence of outdoor chemical  

air pollutants on the incidence, prevalence and/or severity of 
AD in adults was independently retrieved from each study 
by two authors (YY Hsiao and KT Tang), and recorded in 
a standardized Excel file. The outcome measures included 
odds ratios (ORs) and risk ratios per 10 μg/m3 increment in  
exposure levels to air pollutants. For a time-series study, 
risk ratios derived from either the single or cumulative 
lag model were recorded. We did not contact authors for  
unreported data. 

Figure 1. The algorithm of study selection.

allergens, chemical substances, etc., which play an essential  
role in the pathogenesis of AD.2 The prevalence of AD is  
increasing globally, especially in the developing countries.3  
One predisposing factor is likely pollutants in the ambient air. 
Growing evidence supports the contribution of air pollution 
to allergic diseases like asthma and AD in children with some 
controversy.4-6 Recent epidemiological studies reported a high 
prevalence of AD in adults, reaching 10-17% in the general 
population.7-9 However, few studies have been published on 
the influence of air pollution on adult AD.10-12 

In recent decades, a number of studies have been  
conducted to investigate this issue. We hypothesized that 
outdoor air pollutants adversely affects AD in adults and  
therefore undertook a comprehensive systematic review to 
summarize current knowledge on the influence of these air 
pollutants on adult AD. 

Methods
Literature search 

Our review focused on studies investigating the  
relationship between AD in adults (≥ 18 years) and outdoor 
chemical air pollutants, including traffic-related air pollution, 
particulate matter, nitrogen dioxide (NO2), sulfur dioxide 
(SO2), ozone (O3), and carbon monoxide (CO). The algorithm  
followed the Preferred Reporting Items for Systematic  
Reviews and Meta-Analyses (PRISMA) checklist. We searched 
both the EMBASE and MEDLINE databases, and reviewed 
English literature till August 16, 2021. The search strategy is 
illustrated in Table S1, and it combined two sets of terms: 
one set involving a variety of outdoor air pollutants and the 
other involving atopic dermatitis. A review is exempted from 
the Institutional Review Board of Taichung Veterans General 
Hospital. This systematic review was registered in PROSPERO 
(CRD42022310716). 

PubMed Search n = 4215; 
EMBASE search, n = 4901

Additional records 
identified through other 

sources; n = 3

Unique records after 
duplicates removed; n = 5906

Excluded by title and 
abstract; n = 5710

Full-ttext articles assessed 
for eligibility; n = 196

Full-text articles excluded due to 
reasons below; n = 176
(1) Not relevant, n = 105
(2) Involving only  children and/or 

adolescents, n = 35
(3) Concerning indoor air pollution 

and/or smoking only, n = 26
(4) Duplicate sample sources,  

n = 10

Studies included; 
n = 20
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Risk of bias
Risk of bias was evaluated using the tool: Risk of Bias in 

Non-Randomised Studies of Interventions (ROBINS-I).30  
This tool incorporates 7 domains, including confounding,  
selection of participants, classification of intervention,  
deviation from interventions, missing outcome data,  
measurement of outcomes, and selection of reported result.  
The overall risk of bias was rated as follows: 0, no  
information; 1, low risk; 2, moderate risk; 3, serious risk; 
and 4, critical risk. Two authors (YY Hsiao and KT Tang) 
independently assessed these risks of bias. In case of  
disagreement, it was resolved through group discussion. 

Statistical analyses
Statistical analyses were performed using Stata version 

14.0 (StataCorp, College Station, TX, USA). The summary  
estimates of odds ratio and risk ratio were derived using 
the command “metan” according to a random effects model  
following the procedure of DerSimonian & Laird provided  
data were obtained from two or more studies of similar  
design (e.g. cohorts or cross-sectional studies).31 Risk ratios 
from the time-series studies were presented as excessive risks. 
The heterogeneity across studies was quantified based on 
Tau2, Chi2, and I2 measures derived from the Mantel-Haenszel 
model. Begg’s and Egger’s tests were used to assess  
publication bias, while funnel plots were presented to  
visualize asymmetry. A p value < 0.05 was considered  
statistically significant. The Bonferroni correction was  
undertaken in the meta-analyses regarding different lag times 
in the time-series studies. 

Stratification and sensitivity analyses
Analyses after stratification according to gender and  

season were performed whenever data were available.  
In addition, sensitivity analyses were performed after  
excluding studies conducted in a single center or studies with 
an overall high risk of bias (serious or critical). 

subjects was 50-60% in most of the studies except for an  
Iranian study, in which 84% of participants were female.21

Most outcome measures in these time-series studies were 
based on hospital records of outpatient and/or emergency  
department visits due to AD. Only one study was based 
on questions on AD symptoms.21 These studies were 
all conducted in Asian countries and 7 of them were  
single-center studies. 

Long-term effects of air pollutants on adult AD
As shown in Figure 2a, exposures to traffic-related air  

pollution and PM2.5 were associated with prevalent adult AD 
(OR 1.40, 95% CI [1.24, 1.58] and 1.67, 95%CI [1.26, 2.21]). 
Exposures to particulate matter < 2.5 μm in diameter (PM2.5) 
and NO2 were associated with incident AD, with ORs of 2.30 
(95% CI: 1.25, 4.25) and 1.30 (95% CI: 1.04, 1.61) per 10 μg/m3  
increase respectively. Regarding effect of particulate matter  
< 10 μm in diameter (PM10) on prevalent AD, the inter-study 
heterogeneity was moderate across studies. The study of  
Patella et al. recruited 58 pediatric and adult AD patients 
and recorded their monthly disease activity based on the  
index of SCORing Atopic Dermatitis (SCORAD).15 An  
increase of 10 μg/m3 in PM10, NO2, and O3 concentrations 
were associated with an increase of AD symptoms by 3.0% 
(95% CI: 0.3, 4.2), 2.7% (95% CI: 0.7, 4.7), and 3.0% (95% 
CI: 1.2, 4.7) respectively. Furthermore, exposures to these 
pollutants were more predictive of disease severity than  
weather factors. 

Short-term effects of air pollutants on adult AD
Results of meta-analyses on short-term effects of air  

pollutants on AD exacerbations (outpatient and/or emergency  
department visits) based on time series studies are  
summarized in Figure 2b and 2c. Data with respect to CO 
are not shown due to wide 95% confidence intervals. In the 
single lag model, PM2.5, PM10 and SO2 were associated 
with AD exacerbations at lag day 0, although the association  
between PM2.5 and AD exacerbations was not statistically  
significant after correction of multiple comparisons.  
In particular, exposures to SO2 was associated with excessive  
risks of 2.9% (95%CI: 1.3, 4.7) per 10 μg/m3 increase at 
lag day 0. We also observed a trend in which the effects of  
pollutants PM2.5, PM10, SO2, and NO2 were attenuated 
with the increasing lag time. In contrast, O3 was significantly  
associated with AD exacerbations at lag day 4 and 7. On 
the other hand, in the cumulative model, some of the  
associations regarding PM10, SO2, and O3 were statistically  
significant, despite no obvious trend. In particular, SO2  
exposure was significantly associated with an excessive risk 
of 2.3-3.7% for AD exacerbations per 10 μg/m3 increment. 
Details of the meta-analyses are shown in Figure S1 and S2, 
and substantial study heterogeneity existed in most analyses. 
In addition, Nakhjirgan et al. reported that both PM2.5 and 
PM10 are associated with skin itching and sleep disturbance 
at lag day 0, 1, and 2 in AD patients.21

Results
Characteristics of selected studies

Characteristics of the selected studies are listed in  
Table 1. In the 9 studies on long-term effects of air pollutants, 
there were 4 cohorts and 5 cross-sectional studies. In these 
studies, female constituted around 50% of the subjects. The 
only exception was the Study on the influence of Air pollution 
on Lung Function Inflammation and Ageing (SALIA) cohort, 
in which only women were recruited as subjects.14 Their mean 
age was also older (74 years) when compared with those in 
other studies. 

In the 11 studies on short-term effect of air pollutants, 
most were time-series studies. Only one was a time-stratified  
cross-over study.29 Since a time-stratified cross-over air 
pollution study is considered equivalent to a time-series  
study,32 we synthesized their data altogether. While adult 
cases constituted the majority of subjects, all ages were  
accounted for in these studies. The proportion of female 
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Figure 2. The meta-analyses of the (a) long-term effects and short-term effects (exacerbations), in either (b) the single lag, or 
(c) the cumulative lag model, of outdoor air pollutants (per 10 μg/m3 increment) on adult AD in adults. The black squares 
represent the effect estimates of the individual studies and the diamonds represent the summary effect estimates. 
AD, atopic dermatitis; PM2.5, particulate matter < 2.5 μm in diameter; PM10, particulate matter < 10 μm in diameter.
*p < 0.05; **p < 0.006; ***p < 0.007, based on the Bonferroni correction. 

a
Study

Weight 
(%) Odds ratio

Prevalent AD in cross-sectional studies
Traffic-related air pollution
Montnemery et al. 48.01 1.45 (1.25, 1.67)
Pesce et al. 30.43 1.29 (1.04, 1.61)
Total 1.40 (1.24, 1.58)*

Heterogeneity: Tau2 = 0.0000; Chi2 = 0.76; p = 0.382; I2 = 0.0%
PM2.5
Tang et al. 69.96 1.63 (1.22, 2.16)
Huls et al. 8.32 3.93 (0.68, 22.71)
Total 1.67 (1.26, 2.21)*

Heterogeneity: Tau2 = 0.0000; Chi2 = 0.95; p = 0.331; I2 = 0.0%
PM10
Tang et al. 77.35 0.82 (0.74, 1.00)
Huls et al. 22.65 1.81 (0.56, 5.76)
Total 0.98 (0.51, 1.88)

Heterogeneity: Tau2 = 0.1381; Chi2 = 1.77; p = 0.184; I2 = 43.4%
NO2

Tang et al. 57.7 0.90 (0.68, 1.11)
Huls et al. 35.43 1.18 (0.86, 1.60)
Total 1.01 (0.78, 1.31)

Heterogeneity: Tau2 = 0.0156; Chi2 = 1.76; p = 0.185; I2 = 43.1%
Incident AD in cohort studies
PM2.5
Huls et al. 84.68 2.22 (1.14, 4.31)
Lopez et al. 15.32 2.85 (0.57, 13.04)
Total 2.30 (1.25, 4.25)*

Heterogeneity: Tau2 = 0.0000; Chi2 = 0.08; p = 0.773; I2 = 0.0%
NO2

Huls et al. 77.49 1.31 (1.03, 1.68)
Lopez et al. 22.51 1.25 (0.78, 1.95)
Total 1.30 (1.04, 1.61)*

Heterogeneity: Tau2 = 0.0000; Chi2 = 0.03; p = 0.853; I2 = 0.0%

1010.1
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Figure 2. (Continued)

b

50-5

Air pollutant Excessive risk (%)
PM2.5
Lag0 0.50 (0.10, 0.90)
Lag1 0.20 (-0.20, 0.60)
Lag2 0.20 (-0.10, 0.60)
Lag3 0.00 (-0.20, 0.20)
Lag4 0.20 (-0.10, 0.50)
Lag5 -0.30 (-1.39, 0.80)
PM10
Lag0 0.40 (0.20, 0.70)**
Lag1 0.30 (-0.10, 0.60)
Lag2 0.30 (0.10, 0.50)**
Lag3 0.20 (0.00, 0.40)
Lag4 0.30 (0.00, 0.50)
Lag5 0.10 (-0.10, 0.30)
Lag6 0.00 (-0.30, 0.20)
Lag7 0.10 (-0.20, 0.40)
SO2

Lag0 2.94 (1.31, 4.71)**
Lag1 1.21 (-0.20, 2.63)
Lag2 1.11 (0.40, 1.71)**
Lag3 0.90 (0.40, 1.41)
Lag4 1.01 (0.60, 1.31)**
Lag5 -0.10 (-1.49, 1.41)
Lag6 -0.10 (-1.69, 1.51)
Lag7 -0.40 (-4.21, 3.67)
NO2

Lag0 1.61 (0.00, 3.25)
Lag1 1.11 (-0.80, 3.15)
Lag2 0.30 (-0.50, 1.21)
Lag3 0.20 (-0.10, 0.60)
Lag4 -0.10 (-0.70, 0.40)
Lag5 -0.60 (-1.09, 0.00)
Lag6 -0.70 (-1.29, -0.10)
Lag7 -0.60 (-1.69, 0.60)
O3

Lag0 -0.10 (-1.39, 1.21)
Lag1 0.20 (-0.90, 1.21)
Lag2 0.00 (-1.09, 1.11)
Lag3 0.20 (-0.50, 0.90)
Lag4 0.30 (0.20, 0.50)**
Lag5 0.40 (0.10, 0.70)
Lag6 0.20 (-1.39, 1.92)
Lag7 0.60 (0.40, 0.70)**

c

50-5

Excessive risk (%)
PM2.5
Lag0-1 1.01 (0.00, 2.02)
Lag0-2 0.60 (0.10, 1.01)
Lag0-3 0.70 (0.10, 1.31)
Lag0-4 0.50 (-0.40, 1.51)
Lag0-5 1.41 (-0.20, 3.05)
PM10
Lag0-1 0.60 (0.10, 1.01)
Lag0-2 0.30 (0.10, 0.50)***
Lag0-3 0.80 (0.30, 1.21)***
Lag0-4 0.60 (0.20, 1.01)***
Lag0-5 0.80 (0.30, 1.31)***
Lag0-6 0.80 (0.70, 1.01)***
Lag0-7 0.90 (-0.10, 1.82)
SO2

Lag0-1 2.33 (1.21, 3.56)***
Lag0-2 2.74 (0.50, 4.92)
Lag0-3 3.67 (0.50, 6.82)
Lag0-4 3.25 (-1.29, 8.11)
Lag0-5 2.74 (-1.78, 7.47)
Lag0-6 2.74 (0.60, 5.02)
Lag0-7 7.14 (-3.25, 18.53)
NO2

Lag0-1 0.80 (-0.70, 2.33)
Lag0-2 -0.20 (-1.29, 1.01)
Lag0-3 0.30 (-1.29, 1.82)
Lag0-4 -0.80 (-1.78, 0.20)
Lag0-5 0.20 (-1.88, 2.22)
Lag0-6 0.10 (-3.73, 4.08)
Lag0-7 0.20 (-4.59, 5.23)
O3

Lag0-1 0.30 (-0.80, 1.41)
Lag0-2 0.50 (-1.19, 2.12)
Lag0-3 1.21 (0.40, 2.02)***
Lag0-4 1.11 (-0.10, 2.43)
Lag0-5 1.92 (1.31, 2.53)***
Lag0-6 2.02 (0.30, 3.77)
Lag0-7 2.22 (-0.10, 4.50)
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Stratification analyses
In terms of seasons, we observed no modifying effect 

regarding short-term effects of air pollutants (Figure 3).  
Owing to limited data, we did not undertake meta-analyses  
after stratification according to seasons regarding long-term  
effects of air pollutants, nor after stratification according  
to sex regarding long-term and short-term effects of air  
pollutants. 

Risk of bias
In the 9 studies on long-term effects of air pollutants, 3 of 

them were recognized as having a serious risk (Figure S3a). 
In the 11 studies on short-term effects of air pollutants, 3 of 
them were recognized as having a serious risk (Figure S3b). 

Sensitivity analyses
After we had excluded single-center studies, in the single 

lag model, the associations between AD exacerbations and 
PM10 at lag day 0 and 2 became non-significant whereas the 
association between AD exacerbations and SO2 at lag day 0 
was enhanced (Figure S4a). NO2 exposure became negatively 
associated with AD exacerbations at lag day 2 and 6. In the 
cumulative lag model, the associations between SO2 exposure 
and AD exacerbations were enhanced whereas NO2 exposure 

Figure 3. The meta-analyses of the short-term effects of outdoor air pollutants (per 10 μg/m3 increment) on exacerbations 
of adult atopic dermatitis after stratification according to seasons. The black squares represent the effect estimates of the  
individual studies and the diamonds represent the summary effect estimates. 

Factors Characteristics of the vulnerable 
subpopulations

Reference 
number

Age Older age 12, 21, 27, 28

Sex Men 12, 17

Soscioeconomic 
status Higher soscioeconomic status 23

Geographic area Certain areas 11

Genetics Low genetic prediposition to AD 13

Temperature Higher temperature 22

Seasons Warm and cold seasons 18, 23, 25, 28

AD, atopic dermatitis.

Table 2. Potential effect modifiers with regards to the  
influence of air pollutants on adult AD.

Potential effect modifiers
Potential effect modifiers regarding the influence of  

outdoor air pollutants on adult AD are summarized in  
Table 2. In addition, we noted in several studies that children  
and adolescents were more vulnerable to the short-term  
effects of air pollutants on AD exacerbations.24,26,28,29 

Study Excessive risk (%)
PM10
Lag0
Cool seasons
Li et al. -0.20 (-0.70, 0.20)
Wang et al. 1.92 (1.11, 2.94)
Total 0.80 (-1.29, 2.94)
Warm seasons
Li et al. 0.60 (0.40, 0.90)
Wang et al. 0.80 (-0.60, 2.22)
Total 0.60 (0.40, 0.90)
Lag0-6
Cool seasons
Li et al. 0.30 (-0.60, 1.31)
Wang et al. -0.10 (-1.00, 0.80)
Total 0.10 (-0.50, 0.80)
Warm seasons
Li et al. 1.21 (0.70, 1.71)
Wang et al. 1.11 (-0.20, 2.43)
Total 1.21 (0.80, 1.71)
Lag0-7
Cool seasons
Baek et al. 1.11 (0.70, 1.41)
Wang et al. -0.20 (-1.29, 0.90)
Total 0.50 (-0.70, 1.82)
Warm seasons
Baek et al. 16.30 (13.31, 19.60)
Wang et al. 1.21 (-0.30, 2.74)
Total 8.44 (-5.35, 24.23)

-5 0 5
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Figure 3. (Continued)

Study Excessive risk (%)
SO2

Lag0
Cool seasons
Li et al. 0.60 (-0.50, 1.61)
Wang et al. 8.98 (5.02, 13.09)
Total 4.50 (-3.44, 13.09)
Warm seasons
Li et al. 1.21 (0.50, 2.02)
Wang et al. 5.97 (-0.60, 13.09)
Total 2.43 (-1.49, 6.40)
Lag0-6
Cool seasons
Li et al. 2.33 (0.10, 4.60)
Wang et al. -6.39 (-11.40, 0.90)
Total -1.59 (-9.70, 7.36)
Warm seasons
Li et al. 3.87 (2.53, 5.13)
Wang et al. 6.82 (-11.40, 27.25)
Total 3.87 (2.63, 5.13)
Lag0-7
Cool seasons
Baek et al. -1.00 (-2.47, 0.40)
Wang et al. -6.85 (-11.84, 0.90)
Total -3.05 (-8.33, 2.53)
Warm seasons
Baek et al. 0.10 (-1.09, 1.21)
Wang et al. 2.74 (-14.53, 23.61)
Total 0.10 (-1.09, 1.31)
NO2

Lag0
Cool seasons
Li et al. 1.92 (0.60, 3.15)
Wang et al. 3.46 (2.22, 4.71)
Total 2.74 (1.11, 4.29)
Warm seasons
Li et al. 2.53 (1.92, 3.25)
Wang et al. 2.22 (-0.10, 5.13)
Total 2.53 (1.92, 3.25)
Lag0-6
Cool seasons
Li et al. 0.60 (-2.08, 3.25)
Wang et al. 0.10 (-3.15, 3.67)
Total 0.40 (-1.59, 2.53)
Warm seasons
Li et al. 4.19 (2.74, 5.55)
Wang et al. -0.80 (-6.01, 3.98)
Total 2.33 (-2.27, 7.14)
Lag0-7
Cool seasons
Baek et al. -2.57 (-3.15, -1.98)
Wang et al. -0.50 (-4.02, 2.74)
Total -2.18 (-3.73, -0.70)
Warm seasons
Baek et al. -0.20 (-0.60, 0.20)
Wang et al. -0.80 (-6.01, 5.23)
Total -0.20 (-0.60, 0.20)

-5 0 5
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Figure 4. The adverse effects of air pollutants on adult atopic dermatitis (AD) and underlying mechanisms. 
IL, interleukin; ROS, reactive oxygen species; TSLP, thymic stromal lymphopoietin. 
Figure created using Biorender (https://biorender.com/).

became negatively associated with AD exacerbation (Figure 
S4b). After excluding those studies with an overall high risk 
of bias, the results remained similar except for SO2 exposure 
whose associations with AD exacerbations became significant  
at lag day 0-2, 0-3, 0-4, and 0-5 in the cumulative model  
(Figure S5). 

Publication bias
Asymmetry in the funnel plot was found in most studies 

on short-term effects of air pollutants. The Begg’s and Egger’s 
test results were statistically significant in only a few of them 
(Table S2). 

Discussion
This systematic review and meta-analysis have  

comprehensively summarized the effects of various outdoor 
air pollutants on AD in adults. We found that the exposure 
to these air pollutants had both short-term and long-term 
adverse effects, and it was associated with the incidence, 
prevalence, symptom severity, and exacerbation of AD.  
Furthermore, short-term effects emerge as early as the same 
day of exposure. 

The pathogenesis of AD is complex. Impaired skin  
barrier function allows skin penetration of allergens and  
microbes such as Staphylococcus aureus (“outside-in”).  
Owing to inherent dysregulation of the immune system 

(“inside-out”), these stimuli overzealously activate immune 
cells, predominantly Th2 cells and mast cells.33 Meanwhile, 
IgE produced by B cells and infiltrating neutrophils enter the 
skin tissue. Keratinocytes and fibroblasts are also activated  
to promote inflammation and epidermal proliferation.  
Outdoor air pollutants could disrupt the skin barrier,34-36  
increase reactive oxygen species (ROS) production,35,37  
alter the balance between T helper cells,38 facilitate skin  
infiltration by neutrophils,39 increase IgE production,39 activate  
keratinocytes, fibroblasts, and mast cells,35,39 and promote the 
secretion of pro-inflammatory cytokines, chemokines, and 
matrix metalloproteinases (MMPs) (Figure 4).35 The end  
result is to promote the generation and propagation of allergy 
in the skin.35,40,41

Outdoor air pollution is known to be associated with 
allergic diseases such as allergic rhinitis and asthma  
in children from several earlier meta-analyses.5,42 The  
associations with childhood AD were also reported in some 
studies, despite weaker evidence and inconsistent findings.4  
A recent meta-analysis of 5 European birth cohorts  
revealed no association between outdoor air pollutants and 
childhood prevalent AD.6 The evidence on the associations  
between these air pollutants and adult AD has not been 
systematically reviewed. Our review comprehensively  
showed the short-term and long-term negative impacts 
of these air pollutants on adult AD in several aspects,  
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including its incidence, prevalence, symptoms and  
exacerbation. The discrepancy between our results 
(some based on Asian studies) and the null findings in  
European pediatric birth cohorts6 may be due to the  
geographic difference (e.g., disparate racial gene-environment  
interactions,14,43 background air pollutant levels, etc).  
Nevertheless, interventional studies are required to verify  
the contributory role of these air pollutants in adult AD.

In terms of long-term effects of air pollutants on AD, 
our meta-analysis showed that traffic-related air pollution,  
PM2.5, and NO2 were associated with either the prevalence  
or the incidence of AD in adults. Notably, PM2.5 was  
associated with a two-fold increased odds for incident AD. 
In addition, Seo et al. conducted a geographic information  
system (GIS) analysis which showed that PM10  
concentrations were ecologically associated with the  
prevalence of AD at the subdistrict level of Seoul, despite 
the existence of geographical variations.12 We previously  
also collected urine samples from a small group of adult 
AD patients and found higher levels of exposure to  
certain polycyclic aromatic hydrocarbons based on urine  
metabolites, when compared with healthy controls.16 In line 
with these findings, Park et al. used a healthcare insurance 
database (consisting of 209,168 Korean subjects) to show 
that incident AD is associated with the exposure to PM2.5,  
PM10, SO2, NO2, and CO based on a Cox proportional  
hazard model.17 Taken together, long-term exposure to  
outdoor air pollutants may well contribute to the development 
of AD in adults. Reducing exposure to these air pollutants is 
a potential strategy to prevent the development of AD in the 
at-risk population.

In terms of short-term effects of air pollutants on AD, 
our meta-analysis of time-series studies demonstrated that 
the exposure to some air pollutants was associated with  
increased outpatient and/or emergency department visits  
for AD in the single lag model, especially at lag day 0. 
In addition, the effect of single air pollutants remained  
significant even after adjusting for the exposure to other air  
pollutants.19,20,23,28 These findings implied that the short-term  
effect of outdoor air pollutants on exacerbations of  
AD symptoms was immediate and shared by several air  
pollutants. This might be explained by an underlying  
common and immediate pathogenic mechanism, e.g. an  
increased oxidative stress.37 In summary, outdoor air  
pollutants likely contribute in a collective way to the  
exacerbation of AD symptoms within a relatively short 
time period. More studies are required to confirm such a  
possibility and clinical benefits of minimizing exposure to 
these air pollutants in the management of AD exacerbations. 

Effects of air pollutants may be modified by several  
factors. Both the elderly and children are likely more  
vulnerable to the effect of outdoor air pollutants, a finding 
which is compatible with previous reports.4,44 Children are 
more vulnerable probably due to their immature immune  
and respiratory systems, more outdoor activities, and a  
relatively small volume of distribution.4 On the other hand, 
impaired respiratory function and pre-existing chronic  
diseases may predispose the elderly to the adverse effects of 
air pollutants.44 Sex was found to be a potential modifying 

factor and the association between air pollutants and adult 
AD appeared more prominent in men. This finding is in 
contradiction with previous reports on asthma patients, in 
which women seemed more vulnerable to the effect of air  
pollution. However, such gender role may vary according 
to different life stages and hormonal status, making a firm  
conclusion difficult to draw.45 Genetics also plays a role. Huls 
et al. found that the associations with air pollutants among 
the elderly tend to be stronger in subjects carrying fewer 
risk alleles for AD.14 This finding implied that genetic and  
environmental factors probably independently contribute to 
the development of adult AD. 

The strength of the present study is that it is the first 
systematic review and meta-analysis on the impact of  
outdoor air pollutants on adult AD. We have comprehensively 
analyzed effects regarding a variety of air pollutants on several 
domains relevant to AD, including its incidence, prevalence, 
severity, and exacerbation. Furthermore, reviews on the effect 
of air pollutants with respect to allergy in adults are scarce. 
Our review is expected to fill the knowledge gap. 

Our review has some limitations. First, the study  
population, measurement of exposure to air pollutants, 
and outcome ascertainment methods differed considerably  
across studies. Such heterogeneity limited the strength in  
interpreting the results. Second, underrepresentation, e.g.  
ethnic groups other than Asians regarding short-term  
effects of air pollutants, would raise concerns when trying  
to generalize our findings. Third, the publication bias was 
significant and may undermine our conclusions. Fourth,  
smoking and/or second-hand smoke were not adjusted 
for in most of these studies, despite their importance as a 
source of ambient indoor air pollution and their reported  
association with the development of AD.46 Last, we only 
searched two large databases: EMBASE and MEDLINE. 
We might not identify all relevant studies. Some of the  
meta-analyses included few studies and the study  
heterogeneity was difficult to estimate.47 Despite all these  
limitations, our review can still provide an updated and  
valuable overview of the relationship between outdoor air  
pollutants and adult AD.

Conclusion
Our systematic review showed that the exposure of  

outdoor air pollutants has both short-term and long-term 
adverse effects on adult AD with regards to its development 
and symptom severity. The short-term effect appeared as  
early as within the same day of exposure. Study heterogeneity  
and publication bias should be taken into account when  
interpreting the results. Interventional studies are needed to 
verify the beneficial effects of reducing exposure to these air 
pollutants in adult AD patients.
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Supplemental Materials

PubMed

#1 Air Pollution[Mesh] OR Pollut*[tiab] OR Traffic-Related Pollution[Mesh] OR Traffic*[tiab] OR Vehicle Emissions[Mesh] OR Vehic*[tiab] OR Emis-
sion*[tiab] OR Exhaust*[tiab] OR Particulate Matter[Mesh] OR Particulate*[tiab] OR Particle*[tiab] OR Nitrogen Dioxide[Mesh] OR Nitro*[tiab] OR 
Sulfur dioxide[Mesh] OR Sulfur*[tiab] OR Sulphur*[tiab] OR Ozone[Mesh] OR Ozon*[tiab] OR Carbon Monoxide[Mesh] OR Carbon*[tiab]

#2 Dermatitis, Atopic[Mesh] OR Atop*[tiab] OR eczema*[tiab]

#3  #1 AND #2

EMBASE

#1 ‘air pollution’/exp OR ‘pollut*’:ab,ti,kw OR ‘traffic pollution’/exp OR ‘traffic*’:ab,ti,kw OR ‘exhaust*’:ab,ti,kw OR ‘vehic*’:ab,ti,kw OR ‘emission*’:ab,ti,kw 
OR ‘particulate matter’/exp OR ‘particulate*’:ab,ti,kw OR ‘particle*’:ab,ti,kw OR ‘nitrogen dioxide’/exp OR ‘nitro*’:ab,ti,kw OR ‘sulfur dioxide’/exp OR 
‘sulfur*’:ab,ti,kw OR ‘sulphur*’:ab,ti,kw OR ‘ozone’/exp OR  ‘ozon*’:ab,ti,kw OR ‘carbon monoxide’/exp OR ‘carbon*’:ab,ti,kw

#2 ‘atopic dermatitis’/exp OR ‘atop*’:ab,ti,kw OR ‘eczema*’:ab,ti,kw

#3 #1 AND #2

Table S1. The search strategy.

Table S2. The publication bias of selected studies.

Pollutant Funnel plot 
asymmetry Egger’s p Begg’s p

Short-term effects (single lag model)

PM2.5

Lag0 Yes 0.895 0.497

Lag1 Yes 0.420 0.497

Lag2 Yes 0.149 0.042

Lag3 Yes 0.716 0.497

Lag4 No 0.833 0602

Lag5 Yes 0.520 0.117

Pollutant Funnel plot 
asymmetry Egger’s p Begg’s p

Short-term effects (single lag model) (Continued)

PM10

Lag0 Yes 0.012 0.652

Lag1 Yes 0.064 0.453

Lag2 Yes 0.027 0.099

Lag3 Yes 0.132 0.652

Lag4 Yes 0.193 0.051

Lag5 No 0.705 0.652

Lag6 Yes 0.820 0.497

Lag7 Yes 0.483 0.602



Asian Pac J Allergy Immunol DOI 10.12932/AP-060922-1448

Pollutant Funnel plot 
asymmetry Egger’s p Begg’s p

Short-term effects (cumulative lag model)

PM2.5

Lag0-1 Yes 0.409 0.174

Lag0-2 Yes 0.249 0.497

Lag0-3 Yes 0.149 0.327

Lag0-4 Yes 0.674 0.602

Lag0-5 Yes 0.084 0.117

PM10

Lag0-1 Yes 0.028 0.050

Lag0-2 Yes 0.266 0.174

Lag0-3 Yes 0.375 0.327

Lag0-4 Yes 0.995 1.000

Lag0-5 Yes 0.753 0.497

Lag0-6 No 0.257 0.117

Lag0-7 Yes 0.389 0.602

SO2

Lag0-1 Yes 0.611 0.624

Lag0-2 No 0.720 1.000

Lag0-3 Yes 0.640 0.327

Lag0-4 Yes 0.470 0.497

Lag0-5 Yes 0.629 0.497

Lag0-6 Yes 0.613 0.602

Lag0-7 Yes 0.292 0.602

NO2

Lag0-1 Yes 0.061 0.327

Lag0-2 Yes 0.132 0.497

Lag0-3 Yes 0.168 0.327

Lag0-4 Yes 0.522 0.174

Lag0-5 Yes 0.068 0.174

Lag0-6 Yes 0.350 0.602

Lag0-7 Yes 0.045 0.602

O3

Lag0-1 Yes 0.392 0.174

Lag0-2 Yes 0.099 0.117

Lag0-3 Yes 0.043 0.042

Lag0-4 Yes 0.034 0.117

Lag0-5 Yes 0.056 0.117

Table S2. (Continued)

Pollutant Funnel plot 
asymmetry Egger’s p Begg’s p

Short-term effects (single lag model) (Continued)

SO2

Lag0 Yes 0.900 0.652

Lag1 Yes 0.154 0.293

Lag2 Yes 0.353 0.293

Lag3 No 0.971 0.652

Lag4 Yes 0.283 0.176

Lag5 Yes 0.701 0.652

Lag6 No 0.796 1.000

Lag7 Yes 0.355 0.602

NO2

Lag0 Yes 0.323 0.453

Lag1 Yes 0.232 0.881

Lag2 Yes 0.411 0.881

Lag3 No 0.721 0.652

Lag4 Yes 0.763 0.573

Lag5 No 0.583 0.851

Lag6 Yes 0.273 0.174

Lag7 Yes 0.629 0.602

O3

Lag0 Yes 0.490 0.117

Lag1 Yes 0.383 0.117

Lag2 Yes 0.499 0.117

Lag3 Yes 0.389 0.602

Lag4 No 0.902 0.602

Lag5 No 0.125 0.117

AD, atopic dermatitis.
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(a)

Figure S1. The meta-analyses of the short-term effects in the single lag model, of (a) PM2.5, (b) PM10, (c) SO2, (d) NO2, and 
(e) O3 exposure (per 10 μg/m3 increment) on exacerbations of atopic dermatitis in adults. The black squares represent the 
effect estimates of the individual studies and the diamonds represent the summary effect estimates.
*p < 0.006 based on the Bonferroni correction.
PM2.5, particulate matter < 2.5 μm in diameter; PM10, particulate matter < 10 μm in diameter. 
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(b)

Figure S1. (Continued)
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(c)

Figure S1. (Continued)
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(d)

Figure S1. (Continued)
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(e)

Figure S1. (Continued)
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Figure S2. The meta-analyses of the short-term effects in the cumulative lag model, of (a) PM2.5, (b) PM10, (c) SO2, (d) NO2, 
and (e) O3 exposure (per 10 μg/m3 increment) on exacerbations of atopic dermatitis in adults. The black squares represent 
the effect estimates of the individual studies and the diamonds represent the summary effect estimates.
*p < 0.007 based on the Bonferroni correction.
PM2.5, particulate matter < 2.5 μm in diameter; PM10, particulate matter < 10 μm in diameter.

(a)
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(b)

Figure S2. (Continued)
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Figure S2. (Continued)

(c)
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(d)

Figure S2. (Continued)
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Figure S2. (Continued)

(e)
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Figure S3. The risk of bias in regards to studies investigating (a) long-term and (b) short-term effects of outdoor air  
pollutants on atopic dermatitis in adults.

(a)

(b)
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Figure S4. The meta-analyses on the short-term effects of outdoor air pollutants (per 10 μg/m3 increment) on exacerbations  
of atopic dermatitis in adults, in either (a) the single lag or (b) the cumulative lag model, after excluding single-center  
studies. The black squares represent the effect estimates of the individual studies and the diamonds represent the summary 
effect estimates.
*p < 0.012; **p < 0.006; ***p < 0.025, based on the Bonferroni correction.

(a) (b)
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Figure S5. The meta-analyses on the short-term effects (exacerbations), in either (a) the single lag or (b) the cumulative lag 
model,the cumulative lag model, of outdoor air pollutants (per 10 μg/m3 increment) on atopic dermatitis in adults after 
excluding studies with an overall high risk of bias. The black squares represent the effect estimates of the individual studies 
and the diamonds represent the summary effect estimates.
*p < 0.006; **p < 0.01; ***p < 0.007, based on the Bonferroni correction.

(a) (b)


