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Abstract

Purpose of Review—Exposure to air pollutants is linked with poor asthma control in children 

and represents a potentially modifiable risk factor for impaired lung function, rescue medication 

use, and increased asthma-related healthcare utilization. Identification of the most relevant 

pollutants to asthma as well as susceptibility factors and strategies to reduce exposure are needed 

to improve child health.

Recent Findings—The current available literature supports the association between pollutants 

and negative asthma outcomes. Ethnicity, socioeconomic status, and presence of certain gene 

polymorphisms may impact susceptibility to the negative health effects of air pollution. Improved 

air quality standards were associated with better asthma outcomes.

Summary—The link between air pollution and pediatric asthma morbidity is supported by the 

recent relevant literature. Continued efforts are needed to identify the most vulnerable populations 

and develop strategies to reduce exposures and improve air quality.
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Introduction

Asthma is the most common chronic illness of childhood, affecting over 6 million U.S. 

children and resulting in over 136,000 pediatric hospitalizations in 2010 (1). Multiple factors 

influence asthma morbidity including access to healthcare, adherence to medications, and 

health literacy. Allergic T helper type 2 (TH2)-predominant asthma is the most common 

endotype in children and is mediated by immunoglobulin E (IgE), eosinophils, and TH2 

cytokines such as Interleukin (IL)-4, 5, and 13. Though asthma therapies targeting these 

components of TH2-predominant inflammation have been successful for reducing features of 

asthma, they often do not completely eliminate asthma symptoms or prevent exacerbations, 

indicating that other non-TH2 factors are involved in perpetuating airway inflammation and 

Address for correspondence: Allison J Burbank, MD, Department of Pediatrics, Division of Allergy, Immunology, & Rheumatology, 
104 Mason Farm Road, CB #7310, Chapel Hill, NC 27599-7310, 919-843-2714 (office), 919-962-4421 (fax), 
allison_burbank@med.unc.edu. 

Conflicts of Interest: none

HHS Public Access
Author manuscript
Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2019 April 01.

Published in final edited form as:
Curr Opin Allergy Clin Immunol. 2018 April ; 18(2): 124–131. doi:10.1097/ACI.0000000000000422.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



must be considered. Environmental exposures to indoor and outdoor pollutants influence 

asthma severity and control, and may play a role in asthma inception. Children are 

disproportionately affected by the negative health effects of air pollution. We have focused 

this review on the most relevant indoor and outdoor pollutant exposures in the context of 

pediatric asthma, including a discussion of susceptibility factors and strategies for reducing 

the impact of pollutant exposures on asthma morbidity in children.

How do pollutants influence childhood asthma morbidity?

Exposure to air pollutants has been consistently linked with poor asthma control in children, 

with numerous studies showing reduced lung function (2**–7**)(Table 1) and increased 

rates of rescue medication use, emergency department visits, and hospitalizations for asthma 

exacerbation (8*–13)(Table 2). In this section, we discuss the most recent evidence for the 

effects of air pollutants on pediatric asthma.

Tobacco smoke—Environmental tobacco smoke is one of the most prevalent air 

pollutants affecting children, with a staggering 40% of the world’s children exposed to 

second hand smoke (SHS) from their parents smoking in the home (14). SHS exposure is 

associated with greater frequency of asthma symptoms, decreased responsiveness to inhaled 

corticosteroids (15), more severe asthma attacks (16), increased risk for asthma-related ED 

visits or hospitalization (16), and increased length of hospitalization (17, 18). A recent 

survey of Texas Children’s Health Plan members found that children of mothers who smoke 

were more likely to report a diagnosis of asthma, filled rescue inhaler prescriptions more 

often, and had more asthma-related emergency department (ED) visits compared to children 

whose mothers did not smoke (8*). Minority children may be at even greater risk. A large 

study of 30,000 children with asthma in Connecticut found that the odds of being exposed to 

SHS were twice as high in black and Latino children than in Caucasians (19).

Traffic related air pollution—Both prenatal and postnatal exposures to traffic related air 

pollution (TRAP) have been shown to negatively affect lung development (2**, 20–23) and 

are linked to an increase in prevalence of asthma and allergic disease (24–26). TRAP 

encompasses a collection of gases (nitrogen dioxide [NO2], sulfur dioxide [SO2], benzene) 

and particulates (particulate matter <2.5 μm [PM2.5] or <10 μm [PM10], black carbon) 

associated with fossil fuel combustion. Nitrogen dioxide (NO2) is increasingly recognized as 

an important indoor and outdoor pollutant associated with development of atopy, current 

wheezing, and lower forced expiratory volume in 1 second (FEV1) (27). NO2 is generated 

by automobiles and gas heaters and cooking ranges. Recent studies have shown a link 

between NO2 exposure and reduced lung function (3*, 4*), increased need for rescue 

medications (28), and elevated risk and severity of asthma exacerbations (9, 11, 29). Gaffin 

et al reported that for every 10 ppb increase in classroom NO2 concentration, there was a 5% 

reduction in FEV1/Forced Vital Capacity (FVC) ratio; classroom NO2 was inversely 

associated with Forced Expiratory Flow at 25–75% of lung volume (FEF25-75) in this study 

(3*). Prolonged NO2 exposure was associated with a 100 mL reduction in growth in FEV1 

over an 8 year period (20) and with severe asthma exacerbations in children (defined as 

requiring hospitalization or emergency room visit) (23). A systematic review examining the 

effects of air pollution on asthma exacerbations reported similar findings (21). Within the 
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Detroit urban area, 46% of air pollution-related asthma hospitalizations were attributed to 

NO2 exposure (29), with greater disease burden amongst Latino and low income 

populations. Similar to NO2, SO2 exposure has been linked to reductions in FEV1 and FVC 

(5) and an increased rate of asthma-related ED visits (10, 30).

Particulate matter exposure is implicated in multiple cardiopulmonary disease processes and 

is associated with premature death (11, 29). PM10 exposure during the first year of life was 

associated with a reduction in FEV1 of 60 mL by age 8 (23), and PM10 near the home was 

associated with increased risk of asthma-related hospitalization (31). Similarly, long term 

PM2.5 exposure was associated with severe asthma exacerbations (30) and positively 

correlated with number of wheezing episodes in children 2–10 years of age (32). PM 

emissions from burning biomass are associated with increased risk for cough, shortness of 

breath, chest tightness (32), wheezing (33) and other respiratory symptoms. Even short-term 

PM exposures can be harmful, with one study showing a positive correlation between daily 

PM concentration and pediatric asthma-related hospital visits (12).

Ozone—Nitrogen oxides and volatile organic compounds react in the presence of sunlight 

to generate ozone (O3), a by-product of photochemical smog. Both acute and long term 

exposure to O3 is associated with negative pulmonary health effects including lower 

FEV1/FVC ratio (4*), increased asthma-related ED visits (30, 33) and hospital admissions 

(13), and more severe asthma exacerbations (9). Short term O3 exposures during the months 

of August and September were positively associated with hospital admission for asthma 

among children 5–14 years in Texas, even after controlling for pollen and viral infections 

(13). Children are particularly susceptible, with a nearly 10% increase in risk of ED visits 

for asthma for each interquartile range (IQR) increase in O3, with the largest effect found in 

6–19 year olds (33).

What factors increase susceptibility of children to pollutant-induced respiratory disease?

A recent WHO air quality model estimates that 92% of the world’s population are exposed 

to annual mean levels of PM2.5 in excess of WHO air quality guidelines (10 μg/m3) (34). 

Not all persons are affected equally by these exposures. Factors such as age at exposure, 

ethnicity, socioeconomic status, gene polymorphisms, and presence of atopy may play a role 

in determining susceptibility to pollutant-induced respiratory disease.

Prenatal, early life, and ongoing childhood exposure to ambient air pollutants has been 

associated with increased risk for pulmonary disease. Significant research effort has been 

devoted to identification of factors that increase susceptibility to pollutants, with much 

interest in the effects of exposure during the perinatal period. Prenatal exposure to tobacco 

smoke was associated with reduced lung function in the teen years (35), but since postnatal 

SHS exposure often occurs with prenatal tobacco exposure, it has been difficult to assess the 

impact of either alone (36). To address this problem, a survey of 6–11 year olds performed 

spirometry and measured serum cotinine to determine current tobacco smoke exposure. 

Current tobacco smoke exposure was not significantly associated with airflow obstruction, 

but self-reported prenatal tobacco smoke exposure was associated in asthmatic children only. 

These findings suggest that children are most vulnerable to the effects of tobacco smoke in 

Burbank and Peden Page 3

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the perinatal period (36). Prenatal and early life exposures to TRAP have been linked with 

respiratory symptoms (37), reduced lung function (2**) and development of childhood 

asthma (38). A potential mechanism for this effect was reported by Gruzieva et al, who 

found that prenatal NO2 exposure was associated with differential methylation of antioxidant 

and anti-inflammatory genes in cord blood, which could potentially influence the 

inflammatory response to pollutant-induced lung damage (39*). Pollutant exposure, even 

within currently accepted air quality standards, can have an impact on lung development in 

early life (6*). Rice et al found that recent exposure to even low levels of ambient air 

pollutants PM2.5 and black carbon and living close to a major roadway were associated with 

reduced lung function in mid-childhood, with those living less than 100 meters from major 

roads having a FEV1 5.7% lower than children living more than 400 meters from major 

roads (6*). O3 differentially influences child health, with children at higher risk for hospital 

admission with increases in ambient ozone concentration compared to adults (40).

Minority and low-income populations may be at increased risk for negative health outcomes 

from pollutant exposure. Early life particulate exposures were associated with reduced lung 

function in Latino and African American children with asthma, with a 5 μg/m3 increase in 

average lifetime PM2.5 associated with 7.7% decrease in FEV1 (7**). Others have replicated 

these findings, demonstrating a greater impact of TRAP and ozone on lung function (5) and 

respiratory disease (41) in low income groups. A study of the environmental burden of 

disease attributable to air pollution in the city of Detroit found that Latino populations are 

disproportionately affected (29). Some of this effect likely results from poor housing 

conditions and living in closer proximity to major roadways. Bowatte et al reported that 

living less than 200 meters from a major road was associated with current wheeze (aOR, 

1.38; 95% CI, 1.06–1.80) and atopy (aOR, 1.26; 95% CI, 0.99–1.62), and lower 

prebronchodilator and postbronchodilator FEV1 (27). In addition, black and Latino children 

are twice as likely to be exposed to SHS than white children; children on public insurance 

were three times more likely to have SHS exposure (19).

Gene variants may also convey susceptibility, even to relatively low levels of pollutants. 

Children with a particular polymorphism in the tumor necrosis factor α gene had more 

significant reductions in lung function after SO2 exposure (42). Polymorphisms in the 

antioxidant Glutathione S-Transferase (GST) genes have been studied as potential modifiers 

of response to pollutants (43, 44). One study found a significant interaction between GSTT1 
null genotype and living less than 200 meters from roadways for atopy (OR 2.66; 95%CI, 

1.3–5.43), house dust mite sensitization (OR 2.59; 95%CI, 1.32–5.05), current wheeze (OR 

3.00; 95%CI, 1.48–6.1), and current asthma (OR 2.92; 95%CI, 1.43–5.95) (27). The 

presence of atopy may also impact response to environmental pollutants in children. 

Cockroach-sensitized atopic children exposed to black carbon showed demethylation of 

proinflammatory genes including interleukin-4, and this was associated with higher FeNO, a 

biomarker of eosinophilic airway inflammation (45). Patients with a history of allergic 

rhinitis or atopic dermatitis were at greater risk of asthma-related ED visit with increases in 

PM10 exposure (33).
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What can be done to reduce childhood asthma morbidity related to air pollution?

Indoor and outdoor pollutants are important modifiable risk factors for poor asthma control 

in children. Legislative efforts such as banning smoking in public spaces can be effective 

strategies for reducing the impact of this common pollutant on child health. Indoor tobacco 

legislation was associated with a fall in asthma-related ED visits in children in Washington 

D.C (adjusted rate ratio 0.83; 95%CI, 0.82–0.85) (46). However, these public smoking bans 

do not address the risks associated with parental smoking within the home. Faber et al 

published a systematic review of the benefits of WHO tobacco control policies on child 

health (8*), including smoke-free legislation, smoking cessation programs, and taxation of 

tobacco products. They found that studies evaluating smoke-free legislation demonstrated a 

reduction in pediatric hospitalizations for asthma and respiratory infections. Smoking 

cessation programs were not associated with significant changes in pediatric asthma-related 

ED visits but did correlate with a decrease in ED visits for upper respiratory tract infections 

(47). Tobacco taxation was associated with no significant change in ED visits for asthma but 

a decrease in ED visits for lower respiratory tract infections (47).

Home interventions for improving indoor air quality have been studied for their impact on 

respiratory health. A study of asthmatic children living in homes with wood-burning stoves 

examined the impact of improved stoves and air filters on child health (48). They found no 

change in asthma-related quality of life with either intervention, but addition of air filters 

was associated with a reduction in indoor PM2.5 levels and diurnal peak flow variability, 

which the authors used to approximate airway hyperreactivity.

A prior study of antioxidants in children with asthma found some potential protective anti-

inflammatory effects against ambient air pollutants, whose harmful effects are thought to be 

mediated in part by generation of reactive oxidants (49). A recently published study 

evaluated children from the Swedish BAMSE birth cohort and found a significant inverse 

association between dietary antioxidant intake and sensitization to allergens; however, this 

association was strongest in children with low exposure to TRAP, suggesting that in children 

exposed to higher amounts of air pollutants, dietary antioxidants may be insufficient to 

provide protection (50).

Others have attempted to harness the popularity of technology-based interventions for health 

into efforts to detect and reduce pollutant exposure. In one study, children wore sensors 

equipped with GPS that detected PM levels in real time in the home, during transit and in the 

school. Exposure to ≥ 5 μg/m3 of PM during commute to school was associated with 

significantly higher urinary LTE4 excretion and with albuterol use, more so than in the home 

or school environments (51*). Norwegian researchers implemented a small, inexpensive 

sensor for measuring real-time outdoor air quality at schools, allowing teachers to plan 

outdoor activities to limit exposure to air pollutants (52).

Multiple studies around the world have demonstrated benefit to child health with improved 

air quality. Guerrirero et al determined that reduction in outdoor NO2 exposure near London 

schools could result in an average of 82 fewer asthma exacerbations per year per school (53). 

A longitudinal cohort study of U.S. children from 1993 to 2012 found a significant 

association between decreases in ambient air pollutants concentrations in California and 
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reduction in cough and congestion symptoms in children with and without asthma (54*). A 

3.6 ppb decrease in ambient air O3 was associated with an OR of 0.66 (95% CI, 0.50–0.86) 

for bronchitic symptoms, with a 16% reduction in prevalence. Similar findings were 

reported for a 5.8 μg/m3 reduction in PM10 [OR 0.61 (95% CI, 0.48–0.78), 18.7% decrease 

in prevalence], a 6.8 μg/m3 reduction in PM2.5 [OR 0.68 (95% CI, 0.53–0.86), 15.4% 

decrease in prevalence], and a 4.9 ppb reduction in NO2 [OR 0.79 (95% CI,0.67–0.94), 

10.1% decrease in prevalence]. Reduction in PM2.5 level associated with fewer asthma-

related ED visits in another study (30). Ultimately, reducing the burden of pollutant-induced 

respiratory disease will require broad policy changes that reduce the burning of fossil fuels, 

increase urban green space, and mitigate the effects of climate change.

Conclusions

In this review, we have summarized the most recent scientific findings regarding the impact 

of air pollution on asthma morbidity in children. Air pollution clearly impacts child health, 

contributing to increased asthma symptoms, rescue medication use, ED visits and 

hospitalizations, resulting in significant social and economic burden. Further study is needed 

to identify factors that increase susceptibility of children to pollutants and poor asthma 

outcomes. Reducing exposure to air pollutants has been associated with improved 

respiratory health. Coordinated efforts between scientists, healthcare workers, and local, 

state, and federal governments are needed to successfully implement policy changes that will 

reduce air pollutant exposures and improve the health of children.

Acknowledgments

Financial support and sponsorship: DBP reports grants from National Institute of Environmental Health Sciences 
(5R01ES023349-05, 3R01ES023349-04S1, 5R01ES025124-02). AJB is supported by grants from the National 
Heart, Lung and Blood Institute (R01HL135235-01) and National Institute of Environmental Health Sciences 
(5R01ES023349-05, 3R01ES023349-04S1, 5R01ES025124-02).

References

1. Centers for Disease Control and Prevention. Jan 16, 2017. Available from: https://www.cdc.gov/
asthma/asthmadata.htm

**2. Schultz ES, Hallberg J, Bellander T, Bergstrom A, Bottai M, Chiesa F, Gustafsson PM, Gruzieva 
O, Thunqvist P, Pershagen G, Melen E. Early-Life Exposure to Traffic-related Air Pollution and 
Lung Function in Adolescence. Am J Respir Crit Care Med. 2016; 193:171–177. This study 
highlights the impact of early life exposure to air pollution on lung function later in life. 
[PubMed: 26397124] 

*3. Gaffin JM, Hauptman M, Petty CR, Sheehan WJ, Lai PS, Wolfson JM, Gold DR, Coull BA, 
Koutrakis P, Phipatanakul W. Nitrogen dioxide exposure in school classrooms of inner-city 
children with asthma. J Allergy Clin Immunol. 2017 The authors examine the impact of nitrogen 
dioxide exposure in the school environment on asthma in inner city children, highlighting the 
importance of childhood exposures that occur outside of the home. 

*4. Ierodiakonou D, Zanobetti A, Coull BA, Melly S, Postma DS, Boezen HM, Vonk JM, Williams 
PV, Shapiro GG, McKone EF, Hallstrand TS, Koenig JQ, Schildcrout JS, Lumley T, Fuhlbrigge 
AN, Koutrakis P, Schwartz J, Weiss ST, Gold DR. Childhood Asthma Management Program 
Research G. Ambient air pollution, lung function, and airway responsiveness in asthmatic 
children. J Allergy Clin Immunol. 2016; 137:390–399. This study examines the impact of air 
pollution on lung function and airway hyperresponsivenss in children enrolled in the Childhood 
Asthma Management Program (CAMP) study. [PubMed: 26187234] 

Burbank and Peden Page 6

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cdc.gov/asthma/asthmadata.htm
https://www.cdc.gov/asthma/asthmadata.htm


5. Cakmak S, Hebbern C, Cakmak JD, Vanos J. The modifying effect of socioeconomic status on the 
relationship between traffic, air pollution and respiratory health in elementary schoolchildren. J 
Environ Manage. 2016; 177:1–8. [PubMed: 27064731] 

*6. Rice MB, Rifas-Shiman SL, Litonjua AA, Oken E, Gillman MW, Kloog I, Luttmann-Gibson H, 
Zanobetti A, Coull BA, Schwartz J, Koutrakis P, Mittleman MA, Gold DR. Lifetime Exposure to 
Ambient Pollution and Lung Function in Children. Am J Respir Crit Care Med. 2016; 193:881–
888. This study emphasizes the importance of even relatively low levels of pollutant exposure, 
after the implementation of policies to improve air quality, on lung function in children. 
[PubMed: 26575800] 

**7. Neophytou AM, White MJ, Oh SS, Thakur N, Galanter JM, Nishimura KK, Pino-Yanes M, 
Torgerson DG, Gignoux CR, Eng C, Nguyen EA, Hu D, Mak AC, Kumar R, Seibold MA, Davis 
A, Farber HJ, Meade K, Avila PC, Serebrisky D, Lenoir MA, Brigino-Buenaventura E, 
Rodriguez-Cintron W, Bibbins-Domingo K, Thyne SM, Williams LK, Sen S, Gilliland FD, 
Gauderman WJ, Rodriguez-Santana JR, Lurmann F, Balmes JR, Eisen EA, Burchard EG. Air 
Pollution and Lung Function in Minority Youth with Asthma in the GALA II (Genes-
Environments and Admixture in Latino Americans) and SAGE II (Study of African Americans, 
Asthma, Genes, and Environments) Studies. Am J Respir Crit Care Med. 2016; 193:1271–1280. 
In this study, lung function in minority children with asthma was disproportionately impacted by 
air pollution exposure. [PubMed: 26734713] 

*8. Farber HJ, Batsell RR, Silveira EA, Calhoun RT, Giardino AP. The Impact of Tobacco Smoke 
Exposure on Childhood Asthma in a Medicaid Managed Care Plan. Chest. 2016; 149:721–728. 
This survey of a large number of children on a managed health plan in Texas reported 
associations between tobacco smoke exposure and asthma diagnosis, frequency of medication 
use, and healthcare utilization. [PubMed: 26512943] 

9. Tetreault LF, Doucet M, Gamache P, Fournier M, Brand A, Kosatsky T, Smargiassi A. Severe and 
Moderate Asthma Exacerbations in Asthmatic Children and Exposure to Ambient Air Pollutants. Int 
J Environ Res Public Health. 2016:13.

10. Schvartsman C, Pereira LA, Braga AL, Farhat SC. Seven-day cumulative effects of air pollutants 
increase respiratory ER visits up to threefold. Pediatr Pulmonol. 2017; 52:205–212. [PubMed: 
27575889] 

11. Orellano P, Quaranta N, Reynoso J, Balbi B, Vasquez J. Effect of outdoor air pollution on asthma 
exacerbations in children and adults: Systematic review and multilevel meta-analysis. PLoS One. 
2017; 12:e0174050. [PubMed: 28319180] 

12. Ding L, Zhu D, Peng D, Zhao Y. Air pollution and asthma attacks in children: A case-crossover 
analysis in the city of Chongqing, China. Environ Pollut. 2017; 220:348–353. [PubMed: 
27692885] 

13. Goodman JE, Zu K, Loftus CT, Tao G, Liu X, Lange S. Ambient ozone and asthma hospital 
admissions in Texas: a time-series analysis. Asthma Res Pract. 2017; 3:6. [PubMed: 28794889] 

14. Wipfli H, Avila-Tang E, Navas-Acien A, Kim S, Onicescu G, Yuan J, Breysse P, Samet JM. Famri 
Homes Study I. Secondhand smoke exposure among women and children: evidence from 31 
countries. Am J Public Health. 2008; 98:672–679. [PubMed: 18309121] 

15. Lazarus SC, Chinchilli VM, Rollings NJ, Boushey HA, Cherniack R, Craig TJ, Deykin A, 
DiMango E, Fish JE, Ford JG, Israel E, Kiley J, Kraft M, Lemanske RF Jr, Leone FT, Martin RJ, 
Pesola GR, Peters SP, Sorkness CA, Szefler SJ, Wechsler ME, Fahy JV. National Heart L, Blood 
Institute’s Asthma Clinical Research N. Smoking affects response to inhaled corticosteroids or 
leukotriene receptor antagonists in asthma. Am J Respir Crit Care Med. 2007; 175:783–790. 
[PubMed: 17204725] 

16. Wang Z, May SM, Charoenlap S, Pyle R, Ott NL, Mohammed K, Joshi AY. Effects of secondhand 
smoke exposure on asthma morbidity and health care utilization in children: a systematic review 
and meta-analysis. Ann Allergy Asthma Immunol. 2015; 115:396–401 e392. [PubMed: 26411971] 

17. Andrews AL, Shirley N, Ojukwu E, Robinson M, Torok M, Wilson KM. Is secondhand smoke 
exposure associated with increased exacerbation severity among children hospitalized for asthma? 
Hosp Pediatr. 2015; 5:249–255. [PubMed: 25934808] 

Burbank and Peden Page 7

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18. Vanker A, Gie RP, Zar HJ. The association between environmental tobacco smoke exposure and 
childhood respiratory disease: a review. Expert Rev Respir Med. 2017; 11:661–673. [PubMed: 
28580865] 

19. Hollenbach JP, Schifano ED, Hammel C, Cloutier MM. Exposure to secondhand smoke and 
asthma severity among children in Connecticut. PLoS One. 2017; 12:e0174541. [PubMed: 
28362801] 

20. Gauderman WJ, Avol E, Gilliland F, Vora H, Thomas D, Berhane K, McConnell R, Kuenzli N, 
Lurmann F, Rappaport E, Margolis H, Bates D, Peters J. The effect of air pollution on lung 
development from 10 to 18 years of age. N Engl J Med. 2004; 351:1057–1067. [PubMed: 
15356303] 

21. Gehring U, Gruzieva O, Agius RM, Beelen R, Custovic A, Cyrys J, Eeftens M, Flexeder C, Fuertes 
E, Heinrich J, Hoffmann B, de Jongste JC, Kerkhof M, Klumper C, Korek M, Molter A, Schultz 
ES, Simpson A, Sugiri D, Svartengren M, von Berg A, Wijga AH, Pershagen G, Brunekreef B. Air 
pollution exposure and lung function in children: the ESCAPE project. Environ Health Perspect. 
2013; 121:1357–1364. [PubMed: 24076757] 

22. Morales E, Garcia-Esteban R, de la Cruz OA, Basterrechea M, Lertxundi A, de Dicastillo MD, 
Zabaleta C, Sunyer J. Intrauterine and early postnatal exposure to outdoor air pollution and lung 
function at preschool age. Thorax. 2015; 70:64–73. [PubMed: 25331281] 

23. Schultz ES, Gruzieva O, Bellander T, Bottai M, Hallberg J, Kull I, Svartengren M, Melen E, 
Pershagen G. Traffic-related air pollution and lung function in children at 8 years of age: a birth 
cohort study. Am J Respir Crit Care Med. 2012; 186:1286–1291. [PubMed: 23103735] 

24. Gehring U, Wijga AH, Brauer M, Fischer P, de Jongste JC, Kerkhof M, Oldenwening M, Smit HA, 
Brunekreef B. Traffic-related air pollution and the development of asthma and allergies during the 
first 8 years of life. Am J Respir Crit Care Med. 2010; 181:596–603. [PubMed: 19965811] 

25. Gehring U, Wijga AH, Hoek G, Bellander T, Berdel D, Bruske I, Fuertes E, Gruzieva O, Heinrich 
J, Hoffmann B, de Jongste JC, Klumper C, Koppelman GH, Korek M, Kramer U, Maier D, Melen 
E, Pershagen G, Postma DS, Standl M, von Berg A, Anto JM, Bousquet J, Keil T, Smit HA, 
Brunekreef B. Exposure to air pollution and development of asthma and rhinoconjunctivitis 
throughout childhood and adolescence: a population-based birth cohort study. Lancet Respir Med. 
2015; 3:933–942. [PubMed: 27057569] 

26. Hsu HH, Chiu YH, Coull BA, Kloog I, Schwartz J, Lee A, Wright RO, Wright RJ. Prenatal 
Particulate Air Pollution and Asthma Onset in Urban Children. Identifying Sensitive Windows and 
Sex Differences. Am J Respir Crit Care Med. 2015; 192:1052–1059. [PubMed: 26176842] 

27. Bowatte G, Lodge CJ, Knibbs LD, Lowe AJ, Erbas B, Dennekamp M, Marks GB, Giles G, 
Morrison S, Thompson B, Thomas PS, Hui J, Perret JL, Abramson MJ, Walters H, Matheson MC, 
Dharmage SC. Traffic-related air pollution exposure is associated with allergic sensitization, 
asthma, and poor lung function in middle age. J Allergy Clin Immunol. 2017; 139:122–129 e121. 
[PubMed: 27372567] 

28. Paulin LM, Williams DL, Peng R, Diette GB, McCormack MC, Breysse P, Hansel NN. 24-h 
Nitrogen dioxide concentration is associated with cooking behaviors and an increase in rescue 
medication use in children with asthma. Environ Res. 2017; 159:118–123. [PubMed: 28797886] 

29. Martenies SE, Milando CW, Williams GO, Batterman SA. Disease and Health Inequalities 
Attributable to Air Pollutant Exposure in Detroit, Michigan. Int J Environ Res Public Health. 
2017:14.

30. Byers N, Ritchey M, Vaidyanathan A, Brandt AJ, Yip F. Short-term effects of ambient air 
pollutants on asthma-related emergency department visits in Indianapolis, Indiana, 2007–2011. J 
Asthma. 2016; 53:245–252. [PubMed: 26517197] 

31. Mazenq J, Dubus JC, Gaudart J, Charpin D, Nougairede A, Viudes G, Noel G. Air pollution and 
children’s asthma-related emergency hospital visits in southeastern France. Eur J Pediatr. 2017; 
176:705–711. [PubMed: 28382539] 

32. Dunea D, Iordache S, Pohoata A. Fine Particulate Matter in Urban Environments: A Trigger of 
Respiratory Symptoms in Sensitive Children. Int J Environ Res Public Health. 2016:13.

33. Noh J, Sohn J, Cho J, Cho SK, Choi YJ, Kim C, Shin DC. Short-term Effects of Ambient Air 
Pollution on Emergency Department Visits for Asthma: An Assessment of Effect Modification by 

Burbank and Peden Page 8

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Prior Allergic Disease History. J Prev Med Public Health. 2016; 49:329–341. [PubMed: 
27744674] 

34. Organization WH. 2016. Available from: http://www.who.int/mediacentre/news/releases/2016/air-
pollution-estimates/en/

35. Dai X, Dharmage SC, Lowe AJ, Allen KJ, Thomas PS, Perret J, Waidyatillake N, Matheson MC, 
Svanes C, Welsh L, Abramson MJ, Lodge CJ. Early smoke exposure is associated with asthma and 
lung function deficits in adolescents. J Asthma. 2017; 54:662–669. [PubMed: 27791435] 

36. Brown SW, Liu B, Taioli E. The Relationship Between Tobacco Smoke Exposure and Airflow 
Obstruction in US Children: Analysis of the National Health and Nutrition Examination Survey 
(2007–2012). Chest. 2017

37. Ranciere F, Bougas N, Viola M, Momas I. Early Exposure to Traffic-Related Air Pollution, 
Respiratory Symptoms at 4 Years of Age, and Potential Effect Modification by Parental Allergy, 
Stressful Family Events, and Gender: A Prospective Follow-up Study of the PARIS Birth Cohort. 
Environ Health Perspect. 2016

38. Hehua Z, Qing C, Shanyan G, Qijun W, Yuhong Z. The impact of prenatal exposure to air pollution 
on childhood wheezing and asthma: A systematic review. Environ Res. 2017; 159:519–530. 
[PubMed: 28888196] 

*39. Gruzieva O, Xu CJ, Breton CV, Annesi-Maesano I, Anto JM, Auffray C, Ballereau S, Bellander 
T, Bousquet J, Bustamante M, Charles MA, de Kluizenaar Y, den Dekker HT, Duijts L, Felix JF, 
Gehring U, Guxens M, Jaddoe VV, Jankipersadsing SA, Merid SK, Kere J, Kumar A, Lemonnier 
N, Lepeule J, Nystad W, Page CM, Panasevich S, Postma D, Slama R, Sunyer J, Soderhall C, 
Yao J, London SJ, Pershagen G, Koppelman GH, Melen E. Epigenome-Wide Meta-Analysis of 
Methylation in Children Related to Prenatal NO2 Air Pollution Exposure. Environ Health 
Perspect. 2017; 125:104–110. This study investigates a potential mechanism by which prenatal 
exposure to air pollution contributes to negative health effects. [PubMed: 27448387] 

40. Zu K, Liu X, Shi L, Tao G, Loftus CT, Lange S, Goodman JE. Concentration-response of short-
term ozone exposure and hospital admissions for asthma in Texas. Environ Int. 2017; 104:139–
145. [PubMed: 28434561] 

41. O’Lenick CR, Winquist A, Mulholland JA, Friberg MD, Chang HH, Kramer MR, Darrow LA, 
Sarnat SE. Assessment of neighbourhood-level socioeconomic status as a modifier of air pollution-
asthma associations among children in Atlanta. J Epidemiol Community Health. 2017; 71:129–
136. [PubMed: 27422981] 

42. Makamure MT, Reddy P, Chuturgoon A, Naidoo RN, Mentz G, Batterman S, Robins TG. Tumour 
necrosis factor alpha polymorphism (TNF-308alpha G/A) in association with asthma related 
phenotypes and air pollutants among children in KwaZulu-Natal. Asian Pac J Allergy Immunol. 
2016; 34:217–222. [PubMed: 27001655] 

43. Alexis NE, Zhou H, Lay JC, Harris B, Hernandez ML, Lu TS, Bromberg PA, Diaz-Sanchez D, 
Devlin RB, Kleeberger SR, Peden DB. The glutathione-S-transferase Mu 1 null genotype 
modulates ozone-induced airway inflammation in human subjects. J Allergy Clin Immunol. 2009; 
124:1222–1228 e1225. [PubMed: 19796798] 

44. Dillon MA, Harris B, Hernandez ML, Zou B, Reed W, Bromberg PA, Devlin RB, Diaz-Sanchez D, 
Kleeberger S, Zhou H, Lay JC, Alexis NE, Peden DB. Enhancement of systemic and sputum 
granulocyte response to inhaled endotoxin in people with the GSTM1 null genotype. Occup 
Environ Med. 2011; 68:783–785. [PubMed: 21441173] 

45. Jung KH, Lovinsky-Desir S, Yan B, Torrone D, Lawrence J, Jezioro JR, Perzanowski M, Perera FP, 
Chillrud SN, Miller RL. Effect of personal exposure to black carbon on changes in allergic asthma 
gene methylation measured 5 days later in urban children: importance of allergic sensitization. 
Clin Epigenetics. 2017; 9:61. [PubMed: 28588744] 

46. Ciaccio CE, Gurley-Calvez T, Shireman TI. Indoor tobacco legislation is associated with fewer 
emergency department visits for asthma exacerbation in children. Ann Allergy Asthma Immunol. 
2016; 117:641–645. [PubMed: 27979021] 

47. Hawkins SS, Hristakeva S, Gottlieb M, Baum CF. Reduction in emergency department visits for 
children’s asthma, ear infections, and respiratory infections after the introduction of state smoke-
free legislation. Prev Med. 2016; 89:278–285. [PubMed: 27283094] 

Burbank and Peden Page 9

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.who.int/mediacentre/news/releases/2016/air-pollution-estimates/en/
http://www.who.int/mediacentre/news/releases/2016/air-pollution-estimates/en/


48. Noonan CW, Semmens EO, Smith P, Harrar SW, Montrose L, Weiler E, McNamara M, Ward TJ. 
Randomized Trial of Interventions to Improve Childhood Asthma in Homes with Wood-burning 
Stoves. Environ Health Perspect. 2017; 125:097010. [PubMed: 28935614] 

49. Sienra-Monge JJ, Ramirez-Aguilar M, Moreno-Macias H, Reyes-Ruiz NI, Del Rio-Navarro BE, 
Ruiz-Navarro MX, Hatch G, Crissman K, Slade R, Devlin RB, Romieu I. Antioxidant 
supplementation and nasal inflammatory responses among young asthmatics exposed to high 
levels of ozone. Clin Exp Immunol. 2004; 138:317–322. [PubMed: 15498043] 

50. Gref A, Rautiainen S, Gruzieva O, Hakansson N, Kull I, Pershagen G, Wickman M, Wolk A, 
Melen E, Bergstrom A. Dietary total antioxidant capacity in early school age and subsequent 
allergic disease. Clin Exp Allergy. 2017; 47:751–759. [PubMed: 28222232] 

*51. Rabinovitch N, Adams CD, Strand M, Koehler K, Volckens J. Within-microenvironment exposure 
to particulate matter and health effects in children with asthma: a pilot study utilizing real-time 
personal monitoring with GPS interface. Environ Health. 2016; 15:96. The authors explore the 
utility of technology-based measures for detecting pollutant exposures. [PubMed: 27724963] 

52. Castell N, Schneider P, Grossberndt S, Fredriksen MF, Sousa-Santos G, Vogt M, Bartonova A. 
Localized real-time information on outdoor air quality at kindergartens in Oslo, Norway using 
low-cost sensor nodes. Environ Res. 2017

53. Guerriero C, Chatzidiakou L, Cairns J, Mumovic D. The economic benefits of reducing the levels 
of nitrogen dioxide (NO2) near primary schools: The case of London. J Environ Manage. 2016; 
181:615–622. [PubMed: 27451292] 

*54. Berhane K, Chang CC, McConnell R, Gauderman WJ, Avol E, Rapapport E, Urman R, Lurmann 
F, Gilliland F. Association of Changes in Air Quality With Bronchitic Symptoms in Children in 
California, 1993–2012. JAMA. 2016; 315:1491–1501. The findings of this study suggest that 
improvements in air quality can translate into improved symptoms in children with asthma. 
[PubMed: 27115265] 

Burbank and Peden Page 10

Curr Opin Allergy Clin Immunol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Key Points

• Children are more susceptible to the negative health effects of pollutants than 

adults, and pollutant exposure has been linked with reduced lung function and 

increased asthma-related healthcare utilization.

• Timing of exposure, genetic factors, atopy, and socioeconomic status are all 

factors that may increase susceptibility to air pollution effects in children with 

asthma.

• Improvements in air quality have been associated with reduced respiratory 

symptoms and decreased asthma-related healthcare visits in children, though 

even low levels of pollutant exposure can still have negative health effects.
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