
 
 

BOARD OF COUNTY COMMISSIONERS OF DOUGLAS COUNTY, KANSAS 
  
WEDNESDAY, MARCH 26, 2014   
4:00 p.m. 
 
 CONSENT AGENDA 

(1) (a)  Consider approval of Commission Orders; 
  (b) Consider awarding construction contract for deck rehabilitation work on Bridge Nos.  
   11.00N-16.40E and 11.72N-17.50E, Project Nos. 2013-15 & 2013-16 (Keith Browning) 
   
REGULAR AGENDA 
 (2) Consider approval of ZTBU-2014-0002, a Temporary Business Permit for a Concrete Batch Plant, to 
  be located south and east of where the Mary’s Lake caretaker’s house was located at1535 N 1300 
  Road, Lawrence, KS as deferred from the 03-19-14 meeting (Linda Finger) 

 
(3) (a) Consider approval of Accounts Payable (if necessary)    

(b) Appointments 
Bert Nash Community Health Center Board of Directors (2) expire 04/2014  
Heritage Conservation Council (3) positions expire 05/31/2014 
Jayhawk Area Agency on Aging Board of Directors – (2) vacancies 
Jayhawk Area Agency on Aging Tri-County Advisory Council – (2) vacancies 
Lawrence-Douglas County Housing Authority (1) position expires 06/2014    
(c)  Public Comment  

  (d) Miscellaneous      
 
 (4) Adjourn  
 
WEDNESDAY, APRIL 2, 2014  
4:00 p.m. 
Proclamation for “Child Abuse Prevention Month” 
Proclamation for “National Public Health Week, April 7 – 13, 2014” (Dan Partridge) 
 
-Approval of Health Insurance Stop-Loss Coverage (Sarah Plinsky) 
-TA-13-00451: Consider a Text Amendment to Section 12-319-7 of the Zoning Regulations for the 
Unincorporated Territory of Douglas County, Kansas to establish criteria and review process for Agritourism 
uses which may have significant off-site impacts. (Amendment was initiated by the Board of County 
Commissioners at their October 16, 2013 meeting.) Mary Miller will present the item. 
 
MONDAY, APRIL 7, 2014  
9:00 a.m. – Lecompton Election Canvass 
 
WEDNESDAY, APRIL 9, 2014     
 
WEDNESDAY, APRIL 16, 2014     
-Proclamation for National Public Safety Telecommunicator’s Week April 13-19, 2014 (Scott Ruff) 
 
WEDNESDAY, APRIL 23, 2014     
 
WEDNESDAY, APRIL 30, 2014  
4:00 p.m. 
-Presentation of Report from Lawrence-Douglas County Advocacy Council on Aging (Judy Bellome) 
 
 
Note: The Douglas County Commission meets regularly on Wednesdays at 4:00 P.M. for administrative items and 6:35 P.M. for 
public items at the Douglas County Courthouse. Specific regular meeting dates that are not listed above have not been cancelled 
unless specifically noted on this schedule.  



DOUGLAS COUNTY PUBLIC WORKS 
1242 Massachusetts Street 
Lawrence, KS 66044-3350 

(785) 832-5293   Fax (785) 841-0943 
dgcopubw@douglas-county.com 

www.douglas-county.com 
 
 

 

Keith A. Browning, P.E. 
Director of Public Works/County Engineer 

MEMORANDUM 
 
 

To     : Board of County Commissioners 
 
From : Keith A. Browning, P.E., Director of Public Works/County Engineer 
 
Date  : March 21, 2014 
 
Re     :  Consider awarding construction contract for silica fume overlays 
  Bridge Nos. 11.00N-16.40E and 11.72N-17.50E 
  Project Nos. 2013-15 & 2013-16 
 

 
Bids were opened March 20 for deck rehabilitation work on the referenced two bridges 
(see attached bid tab).  The deck rehabilitation work includes patching and overlaying 
both bridge decks with silica fume concrete.  Three contractors submitted bids as 
follows: 
 
Bidder         Total Bid 
Wildcat Construction      $256,475.00 
Mill Valley Construction      $274,152.50 
PCI Roads        $287,144.23 
Engineer’s Estimate       $262,577.00 
 
The approved CIP includes $394,000 for these two projects combined.   
 
We plan for construction to commence in mid- to late-April.  The contract stipulates 
Bridge No. 11.00N-16.40E will be opened by July 1, and Bridge No. 11.72N-17.50E will 
be opened by July 18.  The bridges will be closed to all traffic during the work. 
 
The bid assumes a total 422 square yards of concrete bridge deck will require patching.  
However, if additional patching is required the final construction cost will exceed the bid 
amount accordingly.  Due to this uncertainty, we request authorization for the Public 
Works Director to approve change orders up to 10% of the total contract cost. 
 
Action Required: Consent Agenda approval of construction contract with the low bidder, 
Wildcat Construction, in the total bid amount of $256,475.00 for Project Nos. 2013-15 
and 2013-16, bridge deck rehabilitation for Bridges No. 11.00N-16.40E and 11.72N-
17.50E, and authorize Public Works Director to approve change orders totaling up to 
10% of the contract cost. 
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DOUGLAS COUNTY ZONING & CODES DEPARTMENT 

MEMORANDUM 
 
   
 
 
 
 
 
 
 

 
 

BACKGROUND: 
  
Tyler Myers, with Emery Sapp & Sons Inc.(ESS) , has submitted an application for  a Temporary 
Business Permit for the location of a  Concrete Batch Plant on a site directly west of the existing 
31st/N 1300 Road right-of-way located approximately ¼ mile east of Haskell Avenue/E 1500 Rd.  
Approval is requested for approximately a 32 month period, from March 20th, 2014 through November 
30th, 2016. The site covers three properties; two held outright by KDOT and the third (Asphalt Land 
LLC) on which KDOT holds a permanent (use) easement.  
 
The concrete batch plant is specifically to serve the needs of the contractor (ESS) in completing the 
South Lawrence Trafficway (SLT) and 31st Street extension east from Haskell Avenue/E 1500 Road to 
just east of O’Connell Road/E 1600 Road. 
 

APPLICABLE REGULATIONS: 
Temporary Business Uses may be permitted in any zoning district upon review and finding by the 
Board of County Commissioners that the proposed use is in the public interest [re: section 12-319-5].  
In making this determination, the Board is required to consider four factors: 

1. the intensity and duration of the use,  
2. the traffic that can be expected to be generated by the use,  
3. the applicant's plans for dealing with sanitation and other public health and safety issues, and  
4. other factors which the Board, in its discretion, determines will affect the public’s health, safety 

and welfare. 
 
Temporary business uses are enumerated in section 12-319-5.01.b.  The specific use requested of a 
temporary batch plant falls in the use category of, “1) Batching or rock crushing plant, including 
concrete or asphalt.”’ 
 
Typical application procedure requires an application be submitted a minimum of 28 days prior to the 
commencement date. A complete application was received on February 18, 2014.  
 
The application is required to be accompanied by a plan showing the location of the temporary 
business use (concrete batch plant) and to provide an explanation of the proposed activities.   
 
A summary of the activities submitted with the application follows: 

• Dust Control & Road Maintenance:  These activities are covered under KDOT Specifications, 
which are part of the KDOT Contract Emery Sapp & Sons Inc.(ESS), executed with KDOT 
after they were awarded the highway contract.  [A copy of the relevant sections to dust control 
and road maintenance are attached as an addendum to this report.] 

• Health Code:  The Contractor’s office is the building directly west of this batch plant site (the 
old LRM office building).  Water and restrooms are available in this building for employees. 

TO: Board of County Commissioners 
SUBJECT:  ZTBU-2014-0002, Temporary Business Permit for a Concrete Batch Plant, to be 

located south and east of where the Mary’s Lake caretaker’s house was located 
at1535 N 1300 Road, Lawrence, KS 

DATE:  March 19th, 2014  , PAGE 2 CONDITIONS REVISED 03-21-14 
FROM:  Linda M. Finger, Planning Resource Coordinator 
 Jim Sherman, Director of Zoning & Codes  
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[The applicant indicated there will also be drinking water and portable toilets on the batch plant 
site.  These are not shown on the site plan and need to be provided.] 

• Lighting:  The applicant has indicated there will be security lighting; the site plan will need to 
be revised to provide locations, type of lighting and direction of lighting. [Specific locations of 
security lighting are not shown on the site plan and need to be shown. The Zoning Regulations 
require lighting be directed down and away from adjacent properties to prevent light trespass 
onto adjacent properties and rights-of-way.] 

• Security:  There will be security fencing along the perimeter and gates that will be locked 
during hours when the batch plant is not in operation.  There will also be security cameras on-
site. [None of this is shown on the site plan. The plan needs to be revised to show these 
elements.] 

• Township Fire Dept.:  Notification is required to be given to the Wakarusa Fire Department and 
the Douglas County Emergency Preparedness Coordinator regarding the concrete plant’s 
location and startup date. Staff can provide notification of the approval, location and operation 
dates.  The applicant will need to contact the Wakarusa Fire Department and it would be a 
good idea to also contact the Lawrence-Douglas County Fire and Medical Department with 
information as to the location, operation dates, and emergency access to the site during non-
business hours.  

• Liability Insurance:  A copy of Emery Sapp & Sons Inc. general liability & property insurance 
for this site will need to be on file with the Douglas County Zoning & Codes Department before 
operation begins.   

* [Notations in purple above are applicant’s responses.] 
 
Public notice of the temporary business use was mailed to property owners within 1000’ on February 
27, 2014.  The Zoning & Codes Department has received no inquiries or calls in response to the 
notice sent. 
 
A public hearing is required to be held by the Board of County Commissioners on the temporary 
business permit application in accordance with section 12-319-5.01.f.  The Commission may approve 
or deny the permit.  If the permit is approved, the action the Commission takes need to include the 
effective time period for the permit and all conditions under which the permit is granted.  
 
A Temporary Business Permit is issued to the applicant making the request.  It is not assignable to 
another part without the Commission’s consent [re:-12-391-5.01.g] 
 

STAFF RECOMMENDATION: 
 

Approval of the Temporary Business Permit for the location of a temporary concrete batch plant 
located at 1535 N 1300 Road, Lawrence, KS, for approximately 32 months, March 20th, 2014 through 
November 30th, 2016, subject to the following conditions: 

• A copy of the KDHE permit approval for air pollution for the operation of the equipment, 
• A copy of the General Liability & Property Insurance covering this site showing the 

County as a party held harmless from claims. 
• A dust control plan, approved by the County Engineer, is filed with the Zoning & Codes 

office. A portion of the management plan will include the use of magnesium chloride. 
• Hours of operation will be dusk to dawn with the ability to seek up to 5 administrative 

approvals (by the Director of Zoning & Codes) for emergency situations per 12 month 
period, with any additional emergency situations requiring County Commission 
approval. 

• Security lighting turned off when the plant is not in operation. 
 
*Please note an electrical permit is required for temporary power pole hook-up. 
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ADDENDUM FOR DUST CONTROL AND ROAD MAINTENANCE 
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DOUGLAS COUNTY ZONING & CODES DEPARTMENT 

MEMORANDUM 
 
   
 
 
 
 
 
 
 

 
 

BACKGROUND: 
  
Tyler Myers, with Emery Sapp & Sons Inc.(ESS) , has submitted an application for  a Temporary 
Business Permit for the location of a  Concrete Batch Plant on a site directly west of the existing 
31st/N 1300 Road right-of-way located approximately ¼ mile east of Haskell Avenue/E 1500 Rd.  
Approval is requested for approximately a 32 month period, from March 20th, 2014 through November 
30th, 2016. The site covers three properties; two held outright by KDOT and the third (Asphalt Land 
LLC) on which KDOT holds a permanent (use) easement.  
 
The concrete batch plant is specifically to serve the needs of the contractor (ESS) in completing the 
South Lawrence Trafficway (SLT) and 31st Street extension east from Haskell Avenue/E 1500 Road to 
just east of O’Connell Road/E 1600 Road. 
 

APPLICABLE REGULATIONS: 
Temporary Business Uses may be permitted in any zoning district upon review and finding by the 
Board of County Commissioners that the proposed use is in the public interest [re: section 12-319-5].  
In making this determination, the Board is required to consider four factors: 

1. the intensity and duration of the use,  
2. the traffic that can be expected to be generated by the use,  
3. the applicant's plans for dealing with sanitation and other public health and safety issues, and  
4. other factors which the Board, in its discretion, determines will affect the public’s health, safety 

and welfare. 
 
Temporary business uses are enumerated in section 12-319-5.01.b.  The specific use requested of a 
temporary batch plant falls in the use category of, “1) Batching or rock crushing plant, including 
concrete or asphalt.”’ 
 
Typical application procedure requires an application be submitted a minimum of 28 days prior to the 
commencement date. A complete application was received on February 18, 2014.  
 
The application is required to be accompanied by a plan showing the location of the temporary 
business use (concrete batch plant) and to provide an explanation of the proposed activities.   
 
A summary of the activities submitted with the application follows: 

• Dust Control & Road Maintenance:  These activities are covered under KDOT Specifications, 
which are part of the KDOT Contract Emery Sapp & Sons Inc.(ESS), executed with KDOT 
after they were awarded the highway contract.  [A copy of the relevant sections to dust control 
and road maintenance are attached as an addendum to this report.] 

TO: Board of County Commissioners 
SUBJECT:  ZTBU-2014-0002, Temporary Business Permit for a Concrete Batch Plant, to be 

located south and east of where the Mary’s Lake caretaker’s house was located 
at1535 N 1300 Road, Lawrence, KS 

DATE:  March 19th, 2014 
FROM:  Linda M. Finger, Planning Resource Coordinator 
 Jim Sherman, Director of Zoning & Codes  
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• Health Code:  The Contractor’s office is the building directly west of this batch plant site (the 
old LRM office building).  Water and restrooms are available in this building for employees. 
[The applicant indicated there will also be drinking water and portable toilets on the batch plant 
site.  These are not shown on the site plan and need to be provided.] 

• Lighting:  The applicant has indicated there will be security lighting; the site plan will need to 
be revised to provide locations, type of lighting and direction of lighting. [Specific locations of 
security lighting are not shown on the site plan and need to be shown. The Zoning Regulations 
require lighting be directed down and away from adjacent properties to prevent light trespass 
onto adjacent properties and rights-of-way.] 

• Security:  There will be security fencing along the perimeter and gates that will be locked 
during hours when the batch plant is not in operation.  There will also be security cameras on-
site. [None of this is shown on the site plan. The plan needs to be revised to show these 
elements.] 

• Township Fire Dept.:  Notification is required to be given to the Wakarusa Fire Department and 
the Douglas County Emergency Preparedness Coordinator regarding the concrete plant’s 
location and startup date. Staff can provide notification of the approval, location and operation 
dates.  The applicant will need to contact the Wakarusa Fire Department and it would be a 
good idea to also contact the Lawrence-Douglas County Fire and Medical Department with 
information as to the location, operation dates, and emergency access to the site during non-
business hours.  

• Liability Insurance:  A copy of Emery Sapp & Sons Inc. general liability & property insurance 
for this site will need to be on file with the Douglas County Zoning & Codes Department before 
operation begins.   

* [Notations in purple above are applicant’s responses.] 
 
Public notice of the temporary business use was mailed to property owners within 1000’ on February 
27, 2014.  The Zoning & Codes Department has received no inquiries or calls in response to the 
notice sent. 
 
A public hearing is required to be held by the Board of County Commissioners on the temporary 
business permit application in accordance with section 12-319-5.01.f.  The Commission may approve 
or deny the permit.  If the permit is approved, the action the Commission takes need to include the 
effective time period for the permit and all conditions under which the permit is granted.  
 
A Temporary Business Permit is issued to the applicant making the request.  It is not assignable to 
another part without the Commission’s consent [re:-12-391-5.01.g] 
 

STAFF RECOMMENDATION: 
 

Approval of the Temporary Business Permit for the location of a temporary concrete batch plant 
located at 1535 N 1300 Road, Lawrence, KS, for approximately 32 months, March 20th, 2014 through 
November 30th, 2016, subject to the following conditions: 

• A revised site plan showing the missing information (portable toilets, drinking water, 
lighting, temporary power pole, & security fencing) noted in the staff review,  [condition met 
on 03-18-14] 

• A copy of the KDHE permit approval for air pollution for the operation of the equipment, 
• A copy of the General Liability & Property Insurance covering this site showing the 

County as a party held harmless from claims. 
 
*Please note an electrical permit is required for temporary power pole hook-up. 
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ADDENDUM FOR DUST CONTROL AND ROAD MAINTENANCE 
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General Notes
OWNER: KANSAS DEPARTMENT OF TRANSPORTATION

700 SW HARRISON STREET, 14TH FLOOR
TOPEKA, KANSAS 66603-3754

CONTRACTOR: EMERY SAPP & SONS INC.
140 WALNUT STREET
KANSAS CITY, MISSOURI 64106

LAND PLANNER/ LANDPLAN ENGINEERING, P.A.
ENGINEER: 1310 WAKARUSA DRIVE

LAWRENCE, KS  66049

1. EXISTING LAND USE: AGRICULTURAL, INDUSTRIAL
2. PROPOSED LAND USE: INDUSTRIAL (BATCH PLANT)
3. EXISTING ZONING: A - AGRICULTURAL, I-3  HEAVY INDUSTRIAL

Site Summary

North
Not to Scale

GROSS SITE AREA:
PUBLIC RIGHTS-OF-WAY:

BATCH PLANT AREA:

351,395.81 SF / 8.07 AC
0 SF /   0 AC

351,395.81 SF /  8.07 AC

 



 



To the Douglas County Commissioners: 

As a resident within 500 feet of the proposed cement batch plant to be operated by Emory Sapp and Sons, I am 

writing this letter to urge you to take into consideration the health effects from the fugitive dust generated by the 

proposed facility.  This type of operation is synonomous with the generation of the air pollutant designate “PM-

10” which is described as particulate matter with an overall diameter of less than 10 microns.  Chronic exposure 

to this type of pollutant can have a debilitating effect on the respiratory system.  This has been demonstrated in 

numerous studies funded by the National Institutes of Health.   Furthermore, the most vulnerable to this type of 

pollutant are the very young and very old.   

It would be my extreme preference, and that of my many neighbors also within close proximity to the proposed 

facility, that you deny the permit for the temporary batch plant.  This request is not a matter of simple annoyance 

or inconvenience, but rather it is a plea for our very health.  To think of the situation in another way, this type of 

chronic pm-10 exposure is not unlike forcing an entire neighborhood to ‘sit in the smoking section’.  

However, if the Commissioners do decide to approve the permit I would ask that they do so only by setting certain 

requirements of the operators.  

 The operator apply water or some other chemical means to roadways/storage piles/loading-unloading 

operations and other possible sites of fugitive dust emissions and these efforts be documented.  (not be 

needed in the event of precipitation greater than ¼ inch while operating) 

 Paved roadways within and leading in and out of the facility be washed/cleaned periodically 

 All trucks have dust control measures such as covers or dust suppression sytems or have water applied 

 No diesel generators powering the plant 

 Time of day operating restrictions (6am to 6pm) 

 Days of week operating restrictions (Monday through Friday) 

 Ensure that while operating the ambient impact of PM-10 at or beyond the nearest residence (500ft) not 

exceed 150 ug/m3 in any 24 hour period.  This can be demonstrated by maintaining a daily log of material 

processed and the ambient impact factor (rating) of equipment at the site (including background  levels 

(estimated at 20 ug/m3) 

 That all equipment be in good repair and that adequate replacement parts are available so that the plant 

is never operating without control equipment in place (dust shrouds, filters, etc.) 

Most of these requirements regarding emission control are very similar to those the operator has been subject to 

in other states (MO) based on that state’s air pollution regulations.  I have spoken with representatives of the 

KDHE regarding air quality permits and have found that even though many other states place strict emission 

controls and requirements on this type of operation, Kansas does not.  Therefore, it is solely within the discretion 

of the Commissioners to mandate these requirements that will at least provide the residents with some minimum 

level of protection. 

Thank you for taking the time to consider these concerns and for your service to Douglas County. 

Sincerely, 

Daniel Aillon 

3026 Harper St.  

Lawrence, KS   
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Long-term Exposure to PM10 and NO2 in Association with Lung Volume and 
Airway Resistance in the MAAS Birth Cohort
Anna Mölter,1 Raymond M. Agius,1 Frank de Vocht,1 Sarah Lindley,2 William Gerrard,3 Lesley Lowe,4 
Danielle Belgrave,4 Adnan Custovic,4 and Angela Simpson 4

1Centre for Occupational and Environmental Health, Health Sciences Group, School of Community-Based Medicine, Manchester 
Academic Health Sciences Centre, The University of Manchester, Manchester, United Kingdom; 2Department of Geography, School of 
Environment, Education and Development, The University of Manchester, Manchester, United Kingdom; 3Salford Lung Study, North West 
e-Health, Salford, United Kingdom; 4Manchester Academic Health Science Centre, NIHR Translational Research Facility in Respiratory 
Medicine, University Hospital of South Manchester NHS Foundation Trust, Wythenshawe Hospital, Manchester, United Kingdom

Background: Findings from previous studies on the effects of air pollution exposure on lung 
 function during childhood have been inconsistent. A common limitation has been the quality of 
exposure data used, and few studies have modeled exposure longitudinally throughout early life.

oBjectives: We sought to study the long-term effects of exposure to particulate matter with an 
aerodynamic diameter ≤ 10 μm (PM10) and to nitrogen dioxide (NO2) on specific airway resistance 
(sRaw) and forced expiratory volume in 1 sec (FEV1) before and after bronchodilator treatment. 
Subjects were from the Manchester Asthma and Allergy Study (MAAS) birth cohort (n = 1,185).

Methods: Spirometry was performed during clinic visits at ages 3, 5, 8, and 11 years. Individual-
level PM10 and NO2 exposures were estimated from birth to 11 years of age through a micro-
environmental exposure model. Longitudinal and cross-sectional associations were estimated using 
generalized estimating equations and multivariable linear regression models.

results: Lifetime exposure to PM10 and NO2 was associated with significantly less growth in FEV1 
(percent predicted) over time, both before (–1.37%; 95% CI: –2.52, –0.23 for a 1-unit increase in 
PM10 and –0.83%; 95% CI: –1.39, –0.28 for a 1-unit increase in NO2) and after bronchodilator 
treatment (–3.59%; 95% CI: –5.36, –1.83 and –1.20%; 95% CI: –1.97, –0.43, respectively). We 
found no association between lifetime exposure and sRaw over time. Cross-sectional analyses of 
detailed exposure estimates for the summer and winter before 11 years of age and lung function at 
11 years indicated no significant associations.

conclusions: Long-term PM10 and NO2 exposures were associated with small but statistically sig-
nificant reductions in lung volume growth in children of elementary-school age.

citation: Mölter A, Agius RM, de Vocht F, Lindley S, Gerrard W, Lowe L, Belgrave D, 
Custovic A, Simpson A. 2013. Long-term exposure to PM10 and NO2 in association with lung 
volume and airway resistance in the MAAS birth cohort. Environ Health Perspect 121:1232–1238. 
http://dx.doi.org/10.1289/ehp.1205961

Introduction
Lung function is an important indicator of 
respiratory health and long-term survival 
(Hole et al. 1996). Unlike information col-
lected through questionnaires, measured lung 
function is an objective health outcome that 
is not affected by recall or reporting bias. The 
respiratory tract is at risk from air pollution, 
because gaseous pollutants and small particles 
in the air are inhaled through the nose and 
mouth. Two air pollutants frequently studied 
are nitrogen dioxide (NO2) and particulate 
matter (PM). Both are derived from traffic 
related sources, but are also generated within 
the home—for example, by gas cookers 
and cigarette smoke. Both of these pollut-
ants have been associated with respiratory 
and cardiovascular morbidity and mortal-
ity (Brunekreef and Holgate 2002). Several 
cross-sectional and longitudinal studies have 
been carried out on the association between 
NO2 and PM exposure and lung function 
in children. However, results of these studies 
have been disparate and conclusions incon-
sistent. Whereas some studies reported asso-
ciations with lung volume only (Raizenne 
et al. 1996; Rojas-Martinez et al. 2007; Sugiri 

et al. 2006), others reported associations 
with expiratory flow only (Avol et al. 2001; 
Oftedal et al. 2008). Some studies reported 
associations with both lung volume and flow 
(Gauderman et al. 2000; Horak et al. 2002; 
Schwartz 1989), whereas others reported 
no associations at all (Dockery et al. 1989; 
Hirsch et al. 1999; Neas et al. 1991; Nicolai 
et al. 2003). In a recent review of studies on 
air pollution and lung function, Götschi et al. 
(2008) concluded that it was not possible 
to perform formal quantitative comparisons 
of findings because of the heterogeneity of 
study designs. 

One limitation common to many previ-
ous studies lies in the assessment of exposure 
to air pollution. Most studies of the effects 
of air pollution on lung development in chil-
dren have estimated associations with more 
recent air pollution exposure—the average 
concentration over the previous 12 months, 
rather than lifetime exposure or early-life 
exposure (Oftedal et al. 2008), and have 
estimated exposures based on measurements 
from central monitoring stations located near 
the child’s residence, without accounting 
for geographical factors (Hirsch et al. 1999; 

Nicolai et al. 2003; Oftedal et al. 2008), 
indoor as well as outdoor exposures, or time– 
activity patterns.

We have developed a novel micro-
environmental exposure model (MEEM) 
(Mölter et al. 2012), which allows for spatial 
(indoor and outdoor microenvironments) and 
temporal variability in pollutant concentra-
tions (Mölter et al. 2010a, 2010b) and incor-
porates children’s time–activity patterns to 
predict personal exposure. The performance 
of MEEM (for NO2) was evaluated previ-
ously through a personal monitoring study 
of 46 12- to 13-year-old schoolchildren in 
Manchester, United Kingdom (Mölter et al. 
2012); we found good agreement between 
modeled and measured NO2 concentration 
(e.g., mean predictor error = –0.75; normal-
ized mean bias factor = 0.04; normalized 
mean average error factor = 0.27; Spearman’s 
rank correlation = 0.31, p < 0.05) This per-
formance evaluation also demonstrated that 
MEEM provided better estimates of exposure 
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than central monitors or an outdoor air pol-
lution model, which tended to overestimate 
personal exposure levels (Mölter et al. 2012).

The aim of the present study was to 
estimate the associations of modeled PM10 
(particulate matter with an aerodynamic 
diameter ≤ 10 μm) and NO2 exposure with 
lung function in elementary-school children 
enrolled in a population-based birth cohort—
the Manchester Asthma and Allergy Study 
(MAAS). Exposures and lung function were 
evaluated longitudinally throughout child-
hood. In addition, we applied a more detailed 
exposure model in a cross-sectional analysis of 
lung function measured at 11 years of age.

Methods
Study population. The children studied were 
participants of MAAS, is an ongoing pro-
spective birth cohort, which initially com-
prised 1,185 children of mothers who were 
recruited during pregnancy at two local 
hospitals between 1995 and 1997 (Simpson 
et al. 2001). Children attended review clin-
ics at ages 3, 5, 8, and 11 years; the clinics 
included pulmonary function tests and skin 
prick tests for common inhalant and food 
allergens. In addition, parentally completed 
questionnaires were collected at each review 
(Custovic et al. 2002, 2004). MAAS received 
ethical approval by the Local Research Ethics 
Committee (SOU/00/258; SOU/00/259), 
and written informed consent was provided 
by the parents.

Definition of outcomes: lung function. All 
pulmonary function tests were performed by 
trained technicians at Wythenshawe Hospital, 
Manchester. The most informative test to 
measure lung function was selected for each 
age group (Beydon et al. 2007; Bisgaard and 
Klug 1995; Dab and Alexander 1976).

Specific airways resistance (sRaw) was 
measured at ages 3, 5, 8, and 11 years, using a 
constant volume whole-body plethysmograph 
(Masterscreen Body 4.3; Erich Jaeger GmbH, 
Würzburg, Germany) (Lowe et al. 2002; 
Nicolaou et al. 2008). High values of sRaw indi-
cate poor lung function. Forced expiratory vol-
ume in 1 sec (FEV1) was measured at ages 5, 8, 
and 11 years using a  pneumotachograph-based 
spirometer (Erich Jaeger Gmbh). The pro-
tocol for measuring FEV1 was in accordance 
with American Thoracic Society guidelines 
(American Thoracic Society 1995). All chil-
dren were asymptomatic at the time of testing, 
and β2-agonists were withheld for at least 4 hr 
before testing. The test was repeated at inter-
vals of 30 sec until three technically accept-
able traces were obtained, the highest two 
of which were within 5% of each other. The 
percent predicted FEV1 was calculated using 
reference equations developed by the Asthma 
UK Collaborative Initiative (Stanojevic 
et al. 2009). Postbronchodilator FEV1 was 

measured when the children were 5 and 
11 years of age by repeating the FEV1 mea-
surement 15 min after inhalation of 400 μg 
of albuterol. Results were analyzed as percent 
predicted FEV1.

Definition of exposures: modeled PM10 
and NO2 exposure. The exposure estimates in 
this study are based on the concept of micro-
environments (ME)—a defined space with 
a homogenous pollutant concentration (Ott 
1982). MEs can represent spaces outdoors or 
indoors, and different methods can be used to 
estimate concentrations in different types of 
microenvironments. The microenvironmental 
models used in this study assumed that chil-
dren spend the majority of their time in three 
types of MEs: home, school, and the journey 
between home and school.

Information on children’s home and 
school addresses from birth to 11 years of 
age was collected through a parental ques-
tionnaire, completed at the age 11 review. 
In this questionnaire parents were asked to 
list the dates and addresses for all homes the 
child had lived in and each school the child 
attended, the mode of transport between 
each home and respective schools. These 
data were entered into an SQL database 
(MS SQL2008R2; Microsoft, Redmond, 
WA, USA) to create a timeline for home and 
school addresses from birth to 11 years of age 
for each child. In addition, the shortest driv-
ing route between each home and school was 
estimated using the network analyst extension 
of ArcGIS9.2 (ESRI, Redlands, CA, USA).

Figure 1 summarizes the methods used 
to estimate NO2 and PM10 concentration in 

each ME. Concentrations for outdoor MEs 
(i.e., home outdoor ME, school outdoor 
ME, journey outdoor ME) were estimated 
using land use regression (LUR) models, 
as described in detail elsewhere (Mölter 
et al. 2010a, 2010b). In brief, LUR mod-
els were developed using estimated annual 
mean NO2 and PM10 concentrations at 
208 locations derived from an air disper-
sion model. The final LUR models mainly 
comprised traffic-related predictor variables, 
such as vehicle counts on major roads, and 
had determination coefficients (R2) of 0.71. 
Performance evaluations using a set-aside 
data set (70 locations), and concentrations 
measured at automatic monitoring stations 
showed an acceptable level of agreement 
(R2 range, 0.33–0.86). To model children’s 
exposure from 1996 through 2008, the above 
LUR models were recalibrated to provide 
13 annual models for PM10 and NO2, respec-
tively (Mölter et al. 2010b): Data from the air 
dispersion model and the United Kingdom 
year adjustment calculator were used to esti-
mate annual PM10 and NO2 concentrations 
from 1996 through 2008 at the 278 receptor 
sites described above. These concentrations 
were entered into regression analyses that 
included the same predictor variables used 
in the original LUR models. This resulted in 
individual models for each year; all models 
used the same predictor variables but gen-
erated different coefficients. A performance 
evaluation of these models against monitored 
data showed good agreement [R2 range, 
0.35–0.97; root mean square error (RMSE) 
range, 1.8–8.3] (Mölter et al. 2010b).

Figure 1. Outline of exposure assessment showing methods used to estimate concentrations in each 
microenvironment (with relevant references). The same methods were used at all time points except for 
the year before the age 11 review. A detailed indoor model could be used to estimate concentrations 
inside the kitchen, living room, and child’s bedroom. Abbreviations: I/O, Indoor to outdoor ratio; MEEM, 
micro environmental exposure model.
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Concentrations for journey indoor 
MEs (i.e., inside cars or buses) and school 
indoor MEs were estimated based on 
indoor to outdoor (I/O) ratios published 
in the literature (International Center For 
Technology Assessment 2000; Stranger et al. 
2008). Concentrations in the Home indoor 
MEs were estimated using I/O ratios or 
a mass balance model (INDAIR), depend-
ing on the time period being modeled 
(Dimitroulopoulou et al. 2006). This resulted 
in two slightly different models: the MEEM 
and the lifetime models (Figure 1).

MEEM was used to estimate each child’s 
exposures during the summer and win-
ter before the review visit at 11 years of age 
(Mölter et al. 2012). We modeled winter 
and summer exposures separately to capture 
variation in home indoor air concentrations 
because of seasonal differences in air exchange 
rates. In MEEM home kitchen ME, home 
living room ME, and home bedroom ME, 
concentrations were estimated individually 
using the INDAIR model, designed specifi-
cally to estimate indoor concentrations of 
NO2 and PM10 concentrations within resi-
dential buildings in the United Kingdom 
(Dimitroulopoulou et al. 2001, 2006).

A parent questionnaire administered at 
the child’s age 11 review was used to collect 
input parameters for the INDAIR model, 
such as room sizes, air exchange rates, and 
the presence of indoor sources of NO2 and 
PM10. The indoor sources included in the 
model were gas cooking and cigarette smoke, 
which are considered to be the main sources 
of NO2 and PM10 inside homes in the United 
Kingdom (Berry et al. 1996; Coward et al. 
2001). In addition, the questionnaire collected 
time–activity data used to estimate the timing 
and duration of time in each ME. Therefore, 
MEEM provided spatially resolved time-
weighted exposure estimates for each child.

We evaluated the performance of 
MEEM using a personal monitoring study of 
schoolchildren (12–13 years of age) attend-
ing a local secondary school in Manchester 
(Mölter et al. 2012). MEEM performed well 
when compared with NO2 concentrations 
measured with personal monitors (Ogawa 
passive samplers; Ogawa & Co. USA, Inc., 
Pompano Beach, FL, USA), with a mean 
prediction error of –0.75 μg/m3. A paired 
analysis of measured and predicted con-
centrations showed no significant differ-
ence between measured concentrations and 
MEEM estimates (Wilcoxon’s signed rank 
test: z = –0.05, p = 0.96).

Input parameters for the INDAIR model 
were available for the current (at 11 years of 
age) home of each child, but most children 
had changed residence at least once since 
birth. Therefore, we used a simplified lifetime 
model to estimate the average PM10 and NO2 

exposure of each child for each month from 
birth to 11 years. In contrast with MEEM, 
the lifetime model used an I/O ratio to cal-
culate exposure inside the home, instead of 
using the INDAIR model, and it assumed 
that all children were in the school indoor 
ME from 0900 to 1500 hours. However, 
as for MEEM, outdoor ME exposures (i.e., 
home outdoor ME, school outdoor ME, jour-
ney outdoor ME) were estimated using LUR 
models, and journey indoor MEs (i.e., inside 
cars or buses) and school indoor MEs were 
estimated based on I/O ratios.

Definition of potential confounders. 
Potential confounding variables and covari-
ates were identified based on previous 
research within MAAS and previous publi-
cations (Lowe et al. 2002, 2004; Nicolaou 
et al. 2008; Oftedal et al. 2008) and included 
sex, age, ethnicity, older siblings, sensitiza-
tion, asthma or current wheeze, family his-
tory of asthma, parental smoking, parental 
atopy, child care attendance during the first 
2 years of life, hospitalization during the first 
2 years of life, presence of a gas cooker in 
the home, presence of a dog or cat in the 
home, visible signs of dampness or mold in 
the home, body height, body weight, body 
mass index, maternal age at birth, gestational 
age, duration of breastfeeding, Tanner stage 
(age 11 years only), and socioeconomic status 
(paternal income). In addition, average PM10 
and NO2 concentrations over 3 days before 
the child’s review visit were collected from 
four (for PM10) or five (for NO2) urban back-
ground monitoring stations across the Greater 
Manchester area (Oftedal et al. 2008).

We classified children as having current 
wheeze based on a positive response to the 
question “Has your child had wheezing or 
whistling in the chest in the last 12 months?” 
and classified them as having asthma based on 
positive answers to at least two of the follow-
ing three variables: doctor diagnosis of asthma 
ever; current wheeze; asthma medication dur-
ing the previous 12 months, consistent with 
the GA2LEN (Global Allergy and Asthma 
European Network) definition of asthma 
(Carlsen et al. 2006; Håland et al. 2006). At 
each review, potential allergic sensitization 
to common inhalant and food allergens was 
determined through skin prick tests for inhal-
ant allergens (mites, cat, dog, mold, grass pol-
len, and tree pollen) and food allergens (milk, 
egg, and peanut). All allergens were tested at 
each review except for tree pollen and peanut 
allergens, which were tested at the age 8 and 
age 11 reviews only. Children were classified 
as having atopy, if they had at least one posi-
tive skin prick test (defined as a mean wheal 
diameter 3 mm greater than the negative 
control). Parental atopy was also established 
through skin prick tests, which were carried 
out during the recruitment stage.

Statistical analysis. All analyses were 
carried out with SPSS 16.0 (IBM SPSS, 
Chicago, IL, USA). Before all analyses, sRaw 
was ln-transformed because it follows a log-
normal distribution. FEV1 and postbroncho-
dilator FEV1 were not transformed because 
these variables were normally distributed. 
Multivariable linear regression was used to 
cross-sectionally estimate associations of PM10 
and NO2 exposure during the summer and 
winter before children were 11 years of age 
(estimated by MEEM), with sRaw and FEV1 
at 11 years. All potential confounders were 
entered individually into bivariate models 
with the exposure and outcome variables, and 
potential confounders that were significant 
predictors of the outcome (p < 0.05) were 
evaluated using multivariate stepwise analyses 
that retained only covariates that significantly 
predicted the outcome, or that were retained 
a priori (age and sex in all sRaw  models, 
Tanner stage for all models of outcomes at 
age 11). Models of FEV1 outcomes were 
not adjusted for age, sex, and body height, 
because these factors were used to calculate the 
percent predicted values. Models of MEEM 
exposures at 11 years of age were not adjusted 
for cigarette smoking because information 
on smoking was already included in the 
INDAIR model.

We analyzed the association between 
lifetime exposure and the development of 
lung function using generalized estimating 
equations to account for the within-subject 
correlation of repeated measures, with the 
same covariates included in the cross-sectional 
models. Monthly exposures were averaged 
into the following time windows: for sRaw, 
0–3, 3–5, 5–8, and 5–11 years of age; for 
FEV1, 0–5, 5–8, and 8–11 years of age; for 
FEV1 after bronchodilator treatment, 0–5 
and 5–11 years of age. For completeness, 
exposure estimates from the lifetime exposure 
model were also analyzed cross-sectionally 
against lung function at 3, 5, 8, and 11 years 
of age. For these analyses the monthly 
exposure estimates were averaged into the 
following time windows: first year of life 
(0–1), birth to review ages (0–3, 0–5, 0–8, 
0–11 years), 1 calendar year before reviews 
(2–3, 4–5, 7–8, 10–11 years). The level for 
statistical significance was set at p < 0.05.

Results
Participants and descriptive data. Participant 
flow with numbers of individuals at each 
stage of the study, the number of lung func-
tion measurements collected and the number 
of exposure estimates available is shown in 
Figure 2. Descriptive statistics of the study 
population and the covariates included in 
the final models are presented in Table 1; 
descriptive statistics of potential confounders 
not included in the final models are shown 
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in Supplemental Material, Table S1. As 
expected, the prevalence of atopy increased 
from 3 to 11 years of age, whereas the preva-
lence of asthma or current wheeze remained 
fairly constant during this time period. A 
complete data set of FEV1, pollutant expo-
sures, and covariates at two or more reviews 
was available for 342 children (Table 1). 
Children included in the longitudinal analysis 
of the effect of PM10 and NO2 exposure on 
the change in FEV1 were more likely to be 
female and were less likely to have asthma 
or wheeze in early life. By 8 years of age, 
there were no differences in asthma/wheeze 
between children with full sets of longitudinal 
data and those without. Table 2 summarizes 
the lung function measurements at each age. 
The mean FEV1 increased from 1.05 L at 
5 years to 2.30 L at 11 years, resembling typi-
cal values for Caucasian children of these ages 
(Stanojevic et al. 2009).

Exposure to pollutants. Figures S1 and S2 
(Supplemental Material) describe the distribu-
tion of the exposure estimates by pollutant 
and exposure time window. MEEM predicted 
higher PM10 and NO2 exposures dur-
ing the winter than during the summer (see 
Supplemental Material, Figures S1 and S2), 
and it predicted a wider range of exposures 
than the lifetime model. The lifetime exposure 
estimates decreased from 0–1 to 10–11 years 
of age (see Supplemental Material, Figures S1 
and S2), which most likely reflects the gen-
eral decrease of PM10 and NO2 levels in the 
Greater Manchester area from 1996 to 2008 
(Department for Environment, Food and 
Rural Affairs 2009). PM10 and NO2 expo-
sures were moderately to strongly correlated 
in all exposure time windows (Pearson’s 
r = 0.59–0.89).

Association between exposure to pollutants 
and sRaw. The results of the cross-sectional 
analyses conducted at 3–11 years of age are 
shown in Supplemental Material, Table S2. 
Table S2 indicates a significant negative asso-
ciation between PM10 exposure during early 
life and sRaw at 3 and 5 years. However, all 
other analyses showed no statistically signifi-
cant associations. Furthermore, at 11 years 
there was no association between PM10 and 
NO2 exposure (MEEM) during the summer 
or winter and sRaw (Table 3), and there was 
no association between lifetime exposure and 
longitudinal sRaw.

Association between exposure to pollut-
ants and FEV1. In the cross-sectional analysis 
at 11 years of age, there was no association 
between PM10 and NO2 exposure (MEEM) 
during the summer or winter and FEV1 per-
cent predicted (Table 3). In contrast, the 
longitudinal model of lifetime exposure to 
pollutants and longitudinal measures of FEV1 
revealed a significant association between 
exposure to pollutants and the change in this 

Figure 2. Flow diagram of MAAS cohort showing participation rates at each review, the number of lung 
function measurements collected, and the number of exposure estimates available.

Birth
n = 1,185

Age 3 review
n = 1,108

Age 5 review
n = 1,072

Age 8 review
n = 1,025

Age 11 review
n = 925

sRaw: n = 629 Exposure age 0–3: n = 618

Exposure age 0–5: n = 486
Exposure age 3–5: n = 460

Exposure age 5–8: n = 425

Exposure age 5–11: n = 373
Exposure age 8–11: n = 457

sRaw: n = 937
FEV1 percent predicted: n = 832

sRaw: n = 891
FEV1 percent predicted: n = 790

sRaw: n = 730
FEV1 percent predicted: n = 795

Table 1. Description of study population.

Variable

MAAS cohort at birth
Children with longitudinal FEV1 
and longitudinal exposure data

p-ValuecN a
nb (%) or  

mean ± SD N a
nb (%) or  

mean ± SD
Female sex 1,185 543 (45.8) 342 173 (50.6) 0.036
Family history of asthma 1,185 441 (37.2) 342 125 (36.5) 0.763
Child is atopicd

Age 3 983 225 (22.9) 306 72 (23.5) 0.748
Age 5 963 294 (30.5) 334 94 (28.1) 0.241
Age 8 927 314 (33.9) 330 100 (30.3) 0.088
Age 11 784 281 (35.8) 332 116 (34.9) 0.652

Child has asthma or current wheeze
Age 3 1,097 296 (27.0) 330 71 (21.5) 0.007
Age 5 1,071 297 (27.7) 341 75 (22.0) 0.004
Age 8 1,023 217 (21.2) 341 65 (19.1) 0.234
Age 11 925 214 (23.1) 341 78 (22.9) 0.886

Hospitalization during first 2 years of life 
for lower respiratory tract infection

1,185 109 (9.2) 342 34 (9.9) 0.573

Gas cooker in the home
Age 1 1,028 801 (77.9) 341 270 (79.2) 0.492
Age 8 1,029 819 (79.6) 342 270 (78.9) 0.717
Age 11 930 727 (78.2) 342 267 (78.1) 0.954

Age at follow-up (years)
Age 3 1,081 3.0 ± 0.1 326 3.0 ± 0.0 0.208
Age 5 1,044 5.0 ± 0.1 340 5.0 ± 0.1 0.008
Age 8 976 8.0 ± 0.2 339 8.0 ± 0.1 0.084
Age 11 813 11.4 ± 0.5 341 11.4 ± 0.5 0.876

Body mass index (kg/m²)
Age 3 1,044 16.7 ± 1.4 321 16.7 ± 1.5 0.914
Age 5 1,017 16.3 ± 1.6 339 16.4 ± 1.7 0.776
Age 8 923 17.1 ± 2.4 333 17.1 ± 2.6 0.643
Age 11 816 19.1 ± 3.4 341 19.2 ± 3.4 0.885

Short-term PM10 (μg/m3) 3-day average 
before review visit

Age 3 1,081 21.6 ± 7.7 326 21.0 ± 6.9 0.186
Age 5 1,044 21.5 ± 7.2 340 21.6 ± 7.2 0.910
Age 8 976 20.8 ± 6.2 339 21.0 ± 6.0 0.660
Age 11 820 19.6 ± 9.2 337 19.7 ± 9.0 0.895

Mean Tanner stage 763 2.1 ± 0.9 317 2.1 ± 0.9 0.648
aTotal number of children. bNumber of positive children. cp-Value of chi-square test or Student’s t-test comparing chil-
dren with longitudinal FEV1 and exposure data against all children in the MAAS cohort at birth. dDetermined through 
skin prick test, mean wheal diameter 3 mm greater than negative control for at least 1 of 9 allergens tested.  
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measure of lung function during childhood. 
PM10 and NO2 exposures were associated 
with poorer lung function over time [PM10: 
β = –1.37 (95% CI: –2.52, –0.23); NO2: 
β = –0.83 (95% CI: –1.39, –0.28)]. Based 
on the average predicted FEV1 within MAAS 
at 5, 8, and 11 years of 1.65 L (Table 2), the 
model estimated that for each unit increase 
(1 μg/m3) in PM10 exposure, the growth 
in FEV1 from 5 to 11 years was 23 mL 
smaller; and for each unit increase (1 μg/m3) 
of NO2 exposure, the growth in FEV1 was 
14 mL smaller [ΔFEV1 = β / 100 × 1.65 × 
1,000]. Results of cross-sectional analyses 
conducted at other time points are shown 
in Supplemental Material, Table S3; we 
observed no statistically significant association 
between PM10 or NO2 exposure windows 
and FEV1 in cross- sectional analyses.

Association between exposure to pollutants 
and postbronchodilator FEV1. At 11 years of 
age, there was no association between PM10 
or NO2 exposure (MEEM) during the sum-
mer or winter and postbronchodilator FEV1 
percent predicted (Table 3). However, there 
was a significant negative association between 
postbronchodilator FEV1 and the annual aver-
age NO2 exposure from 10 to 11 years of age 
estimated by the lifetime model (β = –1.00; 
95% CI: –1.96, –0.03, p = 0.043). In the lon-
gitudinal models, we observed a significant 
negative association between postbroncho-
dilator FEV1 and PM10 and NO2 exposure 
over time [PM10: β = –3.59 (95% CI: 
–5.36, –1.83); NO2: β = –1.20 (95% CI: 

–1.97, –0.43)]. Based on the average predicted 
FEV1 of 1.65 L, these would be equivalent 
to a growth deficit in post bronchodilator 
FEV1 of 59 mL from 5 to 11 years of age per 
unit increase in PM10, and a growth deficit of 
20 mL from 5 to 11 years per unit increase 
in NO2. For completeness results of cross-
sectional analyses conducted at other time 
points are shown in Supplemental Material, 
Table S4. Table S4 shows significant nega-
tive associations between postbronchodilator 
FEV1 and early-life PM10 (βAge 0–1 = –3.00; 
95% CI: –5.29, –0.71; βAge 0–5 = –4.70; 
95% CI: –7.85, –1.55) and NO2 exposures 
(βAge 0–1 = –0.91; 95% CI: –1.77, –0.05).

Discussion
To our knowledge, this is the first study to 
estimate the effect of modeled individual 
lifetime exposure to PM10 and NO2, from 
birth through elementary school, on the 
development of lung function measured 
throughout childhood. With both exposure 
and lung function modeled longitudinally, 
our results indicated a small but statistically 
significant impairment in growth of FEV1 
with an increase in exposure to air pollutants. 
We estimated the size of this effect to be a 
loss of 23 mL in the growth in FEV1 from 5 
to 11 years of age per unit increase in PM10 
(~ 3.8 mL/year), and 14 mL per unit increase 
of NO2 exposure (~ 2.3 mL/year). In addi-
tion, we observed significant associations of 
PM10 and NO2 exposures with postbroncho-
dilator FEV1. In cross-sectional analyses, using 

a detailed assessment of summer and winter 
pollutant exposure at 11 years, we found no 
associations between air pollution and con-
temporaneous measures of lung function.

One of the strengths of this study was the 
use of the comprehensive validated MEEM 
model to estimate exposures for cross- sectional 
analyses of outcomes at 11 years of age. This 
model provided weighted estimates of expo-
sure based on time–activity patterns and 
NO2 and PM10 models with a high spatio-
temporal resolution. Ideally, we would have 
used MEEM to estimate lifetime exposure of 
each child. However, MEEM requires detailed 
descriptions of the house design that were 
not available longitudinally for the approxi-
mately 50% of children who had moved 
house from their original home during follow-
up. Therefore we used the lifetime model—
a slightly simplified version of MEEM that 
did not require detailed knowledge of the 
home environment to estimate exposures on 
a monthly basis from birth to 11 years for 
longitudinal analyses. The ranges of exposures 
estimated by MEEM (9.7–28.0 μg/m3 and 
6.5–38.1 μg/m3 for PM10 during the previ-
ous summer and winter, respectively; and 
9.5–43.0 μg/m3 and 10.3–47.2 μg/m3 for 
NO2, respectively) were greater than the cor-
responding estimates from the lifetime model 
at 10–11 years (PM10: 8.8–14.0 μg/m3; NO2: 
10.8–23.7 μg/m3). Differences between esti-
mates from each model reflect the different 
time periods used for averaging (3-month 
averages during summer and winter for 
MEEM, 12-month averages at 10–11 years of 
age for the lifetime model) and the use of the 
INDAIR model to estimate indoor exposures 
for MEEM, which captures peaks in exposure 
due to gas cooking and cigarette smoking, 
as well as very low exposures due to low air 
exchange rates. However, the lifetime model 
also improves over previously used exposure 
assessment methods by providing retrospective 

Table 2. Summary of lung function measures at each review (mean ± SD).

Lung function measure Age 3 Age 5 Age 8 Age 11
sRaw (kPa/sec)a 1.10 (1.23) 1.17 (1.21) 1.22 (1.23) 1.26 (1.29)
FEV1 (L) 1.05 ± 0.16 1.59 ± 0.25 2.30 ± 0.40
Predicted FEV1 (L) 1.03 ± 0.27 1.60 ± 0.17 2.34 ± 0.29
FEV1 (% predicted) 96.4 ± 12.7 99.0 ± 11.8 98.5 ± 11.7
FEV1 postbronchodilator (% predicted) 104.9 ± 11.3 103.8 ± 11.5
aGeometric mean (GSD).

Table 3. Results of longitudinal analyses (GEE) of longitudinal PM10 and NO2 exposure (based on the lifetime model) and lung function and cross-sectional analy-
ses (multivariable linear regression) of PM10 and NO2 exposure at 10–11 years of age (based on the lifetime model or MEEM) and lung function at 11 years of age.

Exposure metric/ 
lung function metric

Longitudinal exposure  
and lung function

Exposure at age 10–11 (lifetime model)  
and lung function at age 11

Winter exposure  
before age 11 review (MEEM)  

and lung function at age 11

Summer exposure  
before age 11 review (MEEM)  

and lung function at age 11

βa (95% CI) p-Value n b βa (95% CI) p-Value nb βa (95% CI) p-Value nb βa (95% CI) p-Value nb

PM10 (μg/m3)
Ln sRaw (kPa/sec)c 0.009 (–0.027, 0.010) 0.37 453 –0.007 (–0.054, 0.040) 0.77 352 –0.001 (–0.011, 0.008) 0.78 315 0.001 (–0.008, 0.009) 0.90 298
FEV1 (% predicted)d –1.37 (–2.52, –0.23) 0.019 342 –1.13 (–3.36, 1.09) 0.32 373 –0.20 (–0.65, 0.26) 0.39 334 0.07 (–0.33, 0.47) 0.73 317
FEV1 after bronchodilator 

treatment (% predicted)d
–3.59 (–5.36, –1.83) < 0.001 176 –1.71 (–3.94, 0.53) 0.13 366 –0.14 (–0.61, 0.34) 0.57 327 0.15 (–0.27, 0.57) 0.48 310

NO2 (μg/m3)
Ln sRaw (kPa/sec)c –0.007 (–0.016, 0.003) 0.16 453 0.002 (–0.020, 0.023) 0.88 352 0.001 (–0.004, 0.007) 0.64 315 –0.001 (–0.006, 0.004) 0.57 298
FEV1 (% predicted)d –0.83 (–1.39, –0.28) 0.003 342 –0.83 (–1.79, 0.14) 0.093 373 –0.10 (–0.36, 0.17) 0.47 334 0.05 (–0.18, 0.29) 0.66 317
FEV1 after bronchodilator 

treatment (% predicted)d
–1.20 (–1.97, –0.43) 0.002 176 –1.00 (–1.96, –0.03) 0.043 366 –0.01 (–0.29, 0.27) 0.93 327 0.08 (–0.17, 0.32) 0.53 310

GEE, generalized estimating equation.
aβ coefficient per 1-μg/m3 increase in exposure. bNumber of children included in analysis. cAdjusted for age, sex, concurrent body mass index, concurrent atopy, concurrent asthma 
or wheeze, family history of asthma, hospitalization during first two years of life for lower respiratory tract infection, average 3-day background PM10 concentration prior to sRaw 
 measurement, mean Tanner stage. dAdjusted for age (only in GEE), concurrent atopy, concurrent asthma or wheeze, hospitalization during first two years of life for lower respiratory 
tract infection, gas cooker in home, mean Tanner stage. 
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estimates of monthly exposures that can be 
aggregated into different exposure time win-
dows for longitudinal and cross- sectional 
analyses. Furthermore, using home and school 
address histories, we modeled exposure at 
an individual level, rather than a commu-
nity level, thereby reducing the potential for 
exposure misclassification.

Because of the strong correlation between 
NO2 and PM10 exposures in our study, 
we used single- rather than two-pollutant 
 models. Many previous cohort studies of air 
pollution have included cigarette smoking 
and socioeconomic status as confounders in 
their analysis (Brunst et al. 2012; Li et al. 
2000; Stocks and Dezateux 2003). Although 
it is likely that parental smoking and socio-
economic status affect lung function in chil-
dren, we did not include them in our final 
model because they were not significant pre-
dictors of the outcomes, and we therefore 
assumed that they did not confound asso-
ciations with air pollution exposures in our 
study. However, we cannot rule out residual 
confounding by these or other exposures. In 
addition, we acknowledge that our estimates 
of PM10 exposures do not necessarily repre-
sent the size fraction of particulate matter that 
is most damaging and that further studies of 
associations with fine or ultrafine particles are 
needed to address this.

Another strength of this study was its 
setting in the context of a population-based 
birth cohort with repeated measurements of 
lung function—an objective outcome that is 
not affected by recall or reporting bias—at 
four ages. Assessment of sRaw enabled mea-
surement of lung function from a young age 
(3 years). Assessing bronchodilator responses 
is a common diagnostic tool to test for 
reversible airway obstruction that can also 
be used to estimate the maximum achiev-
able expiratory volume of a child. The results 
of our longitudinal analyses suggest an aver-
age annual growth deficit of 9.8 mL/year 
and 3.3 mL/year in the maximum achievable 
expiratory volume with each unit increase in 
PM10 and NO2 exposure.

A limitation of this study was the rela-
tively small sample sizes for some of the 
analyses, mostly due to missing exposure 
data. Exposure data were missing for children 
who moved outside the Greater Manchester 
area and for children with incomplete 

information on home and school addresses. 
However, the loss in precision due to sample 
size limitations may be partly offset by the 
use of detailed individual-level estimates of 
longitudinal exposures.

Most published studies have investigated 
the association between pollutant exposure 
and FEV1 cross-sectionally—at a single 
time point only. Some of these studies also 
reported that PM10 or NO2 exposures were 
associated with decreases in mean FEV1, but 
not at a statistically significant level (Avol 
et al. 2001; Dockery et al. 1989; Oftedal et al. 
2008). However, other studies have reported 
significant negative associations between air 
pollution exposure and FEV1 (Gauderman 
et al. 2000, 2004; Horak et al. 2002; Peters 
et al. 1999; Rojas-Martinez et al. 2007), but 
often only in subgroups of children [e.g., 
only in girls (Peters et al. 1999), only in one 
age group (Gauderman et al. 2004), or only 
 during one season (Horak et al. 2002)].

Few studies have estimated the longitudi-
nal effects of pollutants on the growth in lung 
function (Table 4). The Children’s Health 
Study was set in 12 communities of Southern 
California (USA), with a broad range of pol-
lutant exposures (Gauderman et al. 2000, 
2004). After 4 years of follow-up from 
10 years of age, increasing community expo-
sure to PM10 was associated with a reduced 
adjusted mean FEV1 growth rate, with those 
in the most polluted community having an 
estimated cumulative reduction in FEV1 of 
3.4% over 4 years compared with those in the 
least polluted communities (Gauderman et al. 
2000). After 8 years of follow-up, this associa-
tion with PM10 was no longer statistically sig-
nificant, although a much higher proportion 
of the children who lived in high-PM10 com-
munities had a FEV1 < 80% predicted. By the 
time children were 18 years of age, the aver-
age FEV1 in the community with the high-
est NO2 exposure was about 100 mL lower 
than that seen in the community with the 
lowest exposure (Gauderman et al. 2004). In 
a population of 975 8-year-old Austrian chil-
dren who were followed for 3 years, signifi-
cant negative associations with lung function 
growth were reported for winter NO2 and 
summer PM10, even though higher concentra-
tions of PM10 were present during the winter 
(Horak et al. 2002). A 3-year study of 3,170 
children living in Mexico City, which has 

comparatively high pollution levels, reported 
statistically significant negative associations of 
both PM10 and NO2 with growth in FEV1 
(Rojas-Martinez et al. 2007). Specifically, 
the authors estimated that an interquartile 
range (IQR) increase in PM10 (36.4 μg/m3) 
was associated with a mean annual deficit in 
FEV1 of 29 mL in girls and 27 mL in boys. 
Similarly, they estimated that an IQR increase 
in NO2 (12.0 ppb) was associated with a 
mean annual deficit of 32 mL in girls and 
26 mL in boys. When estimates are scaled 
to the same exposure increment and time 
period (Table 4), it is apparent that past and 
present longitudinal studies have estimated 
a very broad range of effect sizes on lung 
function growth.

Having found a longitudinal asso-
ciation during childhood, we find it inter-
esting to speculate at which time point 
exposure to pollutants may be most damaging 
to lung function. The cross-sectional analy-
sis of the detailed NO2 and PM10 exposure 
estimates derived from MEEM showed no 
association between exposure and lung 
function at 11 years of age. However, for post-
bronchodilator FEV1 the cross-sectional analy-
ses indicate that early exposures are associated 
with poorer lung function (see Supplemental 
Material, Table S4), but this association was 
not as evident for FEV1 percent predicted (see 
Supplemental Material, Table S3). Previous 
research has suggested that lung development 
during infancy is particularly susceptible to 
environmental toxins and that exposure can 
result in irreversible lung damage (Dietert 
et al. 2000; Plopper and Fanucchi 2000). 
In the Children’s Health Study, no signifi-
cant associations of pollutant exposures were 
reported for older children (recruited at 13 
and 15 years of age) who were also followed 
longitudinally (Gauderman et al. 2000). 
However, most epidemiological studies on 
children’s lung function have assessed only 
present air pollution exposure (Götschi et al. 
2008), and very little work has been done 
on early-life exposure (Oftedal et al. 2008). 
The results of the present study support the 
hypothesis that early life exposures may affect 
lung development in later life.

We found evidence of an impairment 
in lung function growth at apparently lower 
exposure levels than those of previous longi-
tudinal studies of air pollution exposure and 

Table 4. Comparison of average deficit in lung growth with findings from previously published population-based studies.

Reference, country Exposure assigned at Study duration

Range of exposures  
(μg/m3)

Average deficit in lung growth (mL/year) associated 
with 1-μg/m3 increase in exposurea

PM10 NO2 PM10 NO2

Gauderman et al. 2000, 2004, USA Community level Age 10–14 20–65 10–70 0.20 0.19
Horak et al. 2002, Austria Community level Age 8–11 9–31 2–35 8.4 9.5
Rojas-Martinez et al. 2007, Mexico Community level Age 8–11 53–96 54–74 0.80 (girls), 0.74 (boys) 1.4 (girls), 1.1 (boys)
Present study, United Kingdom Individual level Birth–age 11 10–16 15–28 3.8 2.3
aCalculated based on published figures, assuming a linear relationship between exposure and lung function.
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lung function in children (Avol et al. 2001; 
Gauderman et al. 2004; Rojas-Martinez et al. 
2007). However, exposure estimates in previ-
ous studies are not directly comparable with 
exposure estimates used in our study, because 
they were based on levels measured at cen-
trally located outdoor pollution monitors. In 
contrast, our estimates accounted for both 
indoor and outdoor exposures, because chil-
dren living in urban areas in industrialized 
countries spend most of their time indoors 
(Infante-Rivard 1993). Our previous work 
on MEEM has shown that a model allow-
ing for indoor and outdoor exposure provides 
a better estimate of personal exposure than 
methods based solely on outdoor air pollu-
tion, which tended to overestimate personal 
exposure (Mölter et al. 2012). Therefore, it 
is possible that exposure levels assigned to 
children in previous studies based on outdoor 
monitors overestimated their true personal 
exposures. Nonetheless, the maximum out-
door concentrations of 70–80 μg/m3 NO2 
and 60–90 μg/m3 PM10 found in previous 
studies in Mexico (Rojas-Martinez et al. 
2007) and the United States (Avol et al. 
2001; Gauderman et al. 2004) do exceed the 
current regulatory limits for annual mean 
concentrations in the United Kingdom 
(NO2 = 40 μg/m3; PM10 = 40 μg/m3) and are 
higher than concentrations typically measured 
at urban background monitoring stations in 
Manchester (Mölter et al. 2010a, 2010b).

Conclusions
Our findings suggest that lifetime exposure 
to PM10 and NO2 may be associated with 
reduced growth in FEV1 in children. Although 
the observed reductions in FEV1 growth were 
small, and therefore may have little impact on 
healthy individuals, they could have implica-
tions for individuals with chronic respiratory 
disease, particularly obstructive lung diseases, 
or in children who go on to smoke cigarettes. 
Future follow-up will provide further insight 
on whether reductions in FEV1 growth associ-
ated with air pollution persist into adulthood 
or disappear during adolescence.
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Review

Particulate matter (PM) with an aerodynamic 
diameter ≤ 10 µm (PM10) and nitrogen diox-
ide (NO2) are important ambient air pol-
lutants regulated by European and national 
legislations. Measurements of PM10 include 
PM of different aerodynamic diameter (coarse, 
fine, and ultrafine PM), and the size distribu-
tion is related to the emission source, with the 
coarse fraction mainly originating from soil 
and natural sources and fine and ultrafine PM 
mainly originating from combustion or being 
secondary aerosols from sources that can be far 
away (Williams 1999). Notwithstanding pos-
sible long-range transport, most of NO2 in the 
ambient air arises from oxidization of emitted 
NOx from combustion mainly from motor 
engines in urban areas (Williams 1999), and 
it is considered to be a good marker of traffic-
related air pollution.

The health effects of PM10 and NO2 have 
been extensively reviewed, and air quality 
standards and guidelines have been proposed 
to protect public health [U.S. Environmental 
Protection Agency (EPA) 2005, 2008a; World 
Health Organization (WHO) Regional Office 
for Europe 2000, 2006]. Nevertheless, impor-
tant clinical effects are currently detectable in 

real-life exposure to traffic-related pollutants 
among susceptible subgroups of the popula-
tion, such as individuals with asthma. A recent 
study from London has clearly shown that 
asthmatic adults have a significant decrease 
in lung function after 2 hr of walking along a 
street in the center of London as opposed to 
walking in a nearby park (McCreanor et al. 
2007). The effects were stronger in individuals 
with moderate asthma compared with indi-
viduals with mild asthma. Several studies have 
been conducted among children with asthma 
focusing on the short-term effects of air pollu-
tion, that is, its effects on daily symptoms and 
lung function. Most studies used air pollution 
measurements from central monitoring sites 
that provide daily data. Mostly PM10, NO2, 
and ozone (O3) have been evaluated; results 
for carbon monoxide, black smoke, and PM2.5 
(PM with aerodynamic diamter ≤ 2.5 µm) 
have been less reported to date. Studies on 
long-term effects typically involve proximity 
of the residence to roads, but they do not pro-
vide information on short temporal scales.

Both PM10 and NO2 have been associ-
ated with increases in the frequency of asthma 
symptoms and with lung function decrements 

in children on a day-to-day scale (Gielen et al. 
1997; Ostro et al. 2001; Pope and Dockery 
1992; Roemer et al. 1993; Romieu et al. 1996; 
Schildcrout et al. 2006; van der Zee et al. 
1999; Vedal et al. 1998). However, the results 
of the existing studies have not been consistent, 
and a comprehensive quantitative evaluation of 
the respiratory effect in children is still lacking.

Two meta-analyses on the short-term 
effects of PM10 on children’s respiratory health 
have previously been performed (Anderson 
et al. 2004; Ward and Ayres 2004). Anderson 
et al. (2004) reviewed the effects on cough and 
medication use in European panel studies, a 
large number of which were conducted within 
the multicenter PEACE (Pollution Effects on 
Asthmatic Children in Europe) study that pro-
vided 28 of the 34 effect estimates. In their 
review, they found no effect of PM10 on cough 
in children [odds ratio (OR) = 0.999 for 10-µg/
m3 increase in PM10; 95% confidence interval 
(CI), 0.987–1.011]. Ward and Ayres (2004) 
performed a meta-analysis of worldwide panel 
studies published through 2002 that included 
asthmatic and healthy children. They found 
a significant effect of PM10 on cough (OR = 
1.004 per unit µg/m3 increase PM10; 95% CI, 
1.002–1.006), on lower respiratory symptoms 
(LRS) or wheeze (OR = 1.004 per 1 µg/m3 
PM10; 95% CI, 1.002–1.005), and on peak 
expiratory flow (PEF) (a decrease of –0.033 L/
min per 1 µg/m3 in PM10; 95% CI, –0.019 to 
–0.047). In both meta-analyses, the results of 
the large multicenter European PEACE study 
had a strong influence because of its primarily 
null results.

To our knowledge, no quantitative meta-
analysis on the effects of NO2 among chil-
dren with asthma has so far been performed. 
The available evidence is inconsistent, with 
some studies showing a detrimental effect 
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Short-Term Effects of PM10 and NO2 on Respiratory Health among  
Children with Asthma or Asthma-like Symptoms: A Systematic Review  
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oBjective: Our goal was to quantify the short-term effects of particulate matter with aerodynamic 
diameter ≤ 10 µm (PM10) and nitrogen dioxide (NO2) on respiratory health of asthmatic children 
from published panel studies, and to investigate the influence of study and population characteris-
tics as effect modifiers.

data extraction: After a systematic literature review, we extracted quantitative estimates of 
the association of PM10 and/or NO2 with respiratory symptoms and peak expiratory flow (PEF). 
Combined effect estimates for an increase of 10 µg/m3 were calculated by random effects meta-anal-
ysis for all studies and for different strata defined by study characteristics. The effect of publication 
bias was investigated with Egger’s and Begg’s tests and “trim-and-fill” analyses.

data synthesis: We identified 36 studies; 14 were part of the European Pollution Effects on 
Asthmatic Children in Europe (PEACE) study. Adverse associations of PM10 with asthma symp-
toms were statistically significant [odds ratio (OR) = 1.028; 95% confidence interval (CI), 1.006–
1.051]. There were also associations, although not statistically significant, of PM10 with cough (OR 
= 1.012; 95% CI, 0.997–1.026) and on PEF (decrease of –0.082 L/min; 95% CI, –0.214 to 0.050). 
NO2 had statistically significant associations with asthma symptoms in the overall analysis consider-
ing all possible lags (OR = 1.031; 95% CI, 1.001–1.062), but not when we evaluated only the 0–1 
lag. We found no publication bias, although it appeared when excluding the PEACE studies. When 
we applied the trim-and-fill method to the data set without the PEACE studies, the results were 
similar to the overall estimates from all studies. There was an indication for stronger PM10 associa-
tions for studies conducted in summer, outside of Europe, with longer lags, and in locations with 
higher NO2 concentrations.

conclusions: We found clear evidence of effects of PM10 on the occurrence of asthma symptom 
episodes, and to a lesser extent on cough and PEF. The results for NO2 are more difficult to inter-
pret because they depend on the lag times examined. There was an indication of effect modification 
by several study conditions.

key words: air pollution, asthma, children, NO2, PM , short-term effects. Environ Health Perspect 
118:449–457 (2010). doi:10.1289/ehp.0900844 [Online 12 November 2009]
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of NO2 on symptoms or lung function and 
other investigations indicating no effect 
(Ackermann-Liebrich and Rapp 1999).

To provide a quantitative estimate of the 
acute effects of short-term exposure to PM10 
and NO2 on respiratory symptoms and lung 
function in asthmatic children, we performed 
a meta-analysis on panel studies published 
through July 2008. We assessed the role of 
the PEACE study on the overall evaluation, 
and we paid specific attention to the influ-
ence of publication bias. Because study char-
acteristics and pollution mixtures vary with 
space and time, some heterogeneity among 
the study results conducted at different loca-
tions is to be expected. We therefore investi-
gated the influence of study and population 
characteristics on the outcomes.

Methods
We conducted a systematic search of the lit-
erature from 1990 through July 2008 that 
focused on the short-term effects of outdoor 
NO2 and PM10 on respiratory health out-
comes as determined in panel studies. To 
focus our study, we did not consider exposure 
to O3 or studies on indoor exposure; the lat-
ter has been typically investigated for long-
term effects. We investigated lung function as 
measured by PEF and symptoms of cough and 
asthma, the latter being reported as wheeze 
or LRS. A MEDLINE (National Library of 
Medicine 2008) search was carried out; the 
search strings consisted of “asthma OR wheeze 
OR cough OR bronchitis OR lung function,” 
“air AND pollut*,” and “PM10 OR PM(10)” 
and “NO2 OR “NO(2)” OR “nitrogen diox-
ide.” Limits were set to retrieve only children 
(“All Child 0–18 years”). The exact search 
history is available from the authors. These 
criteria were applied to maximize sensitiv-
ity and to not miss any relevant publication. 
The age range of children in the panel studies 
was 5–19 years. Wheezing among infants was 
not considered because the asthma phenotype 
differs in very young children and there are 
essentially no panel studies on infants.

The references were then selected by hand 
according to the following inclusion/exclusion 
criteria: exclusion of indoor and laboratory 
studies; inclusion of panel studies on asth-
matic or symptomatic (see definition below) 
children that reported a quantitative effect 
(regression coefficients); inclusion of only one 
publication of the same study/database for 
each outcome. With regard to the statistical 
analysis, we included only studies that con-
trolled for the effect of daily temperature and 
day of the week, because these are important 
confounders and should be adjusted for to 
detect short-term effects of air pollution.

For the definition of “asthmatics” or 
“symptomatic” children, we relied on the cri-
teria reported in the individual publications. 

Generally, children with asthma confirmed by 
a physician or who were referred from clin-
ics, school nurses, and so on, with an asthma 
diagnosis were classified as “asthmatics.” We 
considered “symptomatic” children who 
reported, mostly in a questionnaire, wheezing 
or cough apart from cold or an asthma diag-
nosis, or who took medication for asthma.

The evaluated outcomes were “asthma 
symptoms” and “cough,” and the definitions 
differed in various studies, as indicated in 
“Results.” For PEF, we included only stud-
ies that reported changes as liters per minute 
or that allowed us to calculate the changes 
in liters per minute from the given percent-
ages and were therefore directly comparable. 
Other lung function parameters and exhaled 
nitrogen oxide were not considered, because 
these studies are relatively scarce.

For the meta-analysis, we used the coef-
ficients derived from single-pollutant models. 
Where necessary, the coefficient estimates were 
recalculated to reflect a 10-µg/m3 increase in 
pollutant assuming a linear relationship over 
the considered range. When coefficients for 
different lag times were given, we used the one 
that resulted in a statistically significant effect 
or, when all estimates were either significant 
or not significant, the lag reflecting the highest 
effect size. The same criterion was applied if 
lung function measurements were performed 
in the morning and in the evening. These cri-
teria were modified in a sensitivity analysis as 
indicated below.

Combined estimates of the natural log-
arithm of the OR for respiratory symptoms 
and the linear regression coefficients for PEF, 
respectively, were calculated for all stud-
ies with a fixed effects and a random effects 
meta-analysis model (DerSimonian and Laird 
1986; Petitti 2001) using the meta command 
of STATA (releases 8 and 9.1; StataCorp., 
College Station, TX, USA). This command 
uses inverse-variance weighting to calculate 
combined estimates. Although a fixed-effects 
model assumes that the studies reflect the same 
underlying average effect, in a random-effects 
model the study effects are coming from a 
common underlying distribution of effects. 
The corresponding weights include an addi-
tional term that reflects the between-study 
heterogeneity due to unexplained sources. 
Heterogeneity was assessed by calculating the I2 
of Higgins and Thompson, which reflects the 
proportion of total variation in the combined 
estimate that is due to heterogeneity between 
studies (Higgins and Thompson 2002).

We evaluated publication bias with both 
the Begg test and the Egger test (Begg and 
Mazumdar 1994; Egger et al. 1997). The 
Egger et al. regression asymmetry test tends to 
suggest the presence of publication bias more 
frequently than the Begg adjusted rank cor-
relation test, which has a low power.

Where necessary, a trim-and-fill analysis 
was performed to take account of publication 
bias (Duval 2000). This procedure estimates the 
number and outcomes of theoretical missing 
studies and incorporates them into the meta-
analysis. All the calculations were done using the 
metabias and metatrim commands in STATA.

To explore heterogeneity in meta-analysis  
estimates, we considered the influence of 
the following study characteristics on meta-
analyti cal estimates: continent (Europe; other 
countries), season (summer only; any other 
cases), population [asthmatics (confirmed 
diagnosis); symptomatics], duration (≤ 2 or 
> 2 months), lag (≤ 2 or > 2 days), average 
PM10 levels (< 40 or ≥ 40 µg/m3), and aver-
age NO2 levels (< 40 or ≥ 40 µg/m3). The 
influence of study characteristics was investi-
gated by calculating the combined effect for 
each stratum and evaluating the difference 
between strata-specific estimates. The null 
hypothesis that the difference between the 
estimates from the two strata equals 0 was 
tested (with Z-score), and the corresponding 
p-value is reported here. Statistical significance 
was defined as p < 0.05 for all analyses.

Because the choice of the lag was a critical 
step, we performed additional analyses using, 
for all the studies, the effect estimate at lag 
0–1 (instead of the most significant lag). The 
following criteria were applied. The default 
was lag 1; if lag 1 was not available, lag 0 or 
lag 0–1 was considered instead. In addition, 
we calculated the combined effects for PEF 
using only the evening values.

Results
We retrieved a total of 77 references for PM10 
and 324 for NO2. Applying the inclusion/
exclusion criteria outlined in “Materials and 
Methods,” 36 studies on PM10 and 24 on NO2 
remained to be included in the meta-analysis 
(Table 1). Some of the excluded studies were 
on indoor NO2, notably related with cook-
ing and heating. Other studies were time- series 
analyses on hospital admissions, and a few 
studies were on pathologic mechanisms and 
exposure assessment. Of the total of 36 studies 
(on 51 populations), 14 were PEACE studies 
(28 populations). In this review, we refer to 
each population as a separate study and use the 
corresponding estimates. Peacock et al. (2003) 
studied a subgroup of wheezy children but did 
not give estimates for the coefficient for this 
group. Nevertheless, because the authors stated 
that there was no effect modification by wheeze, 
we took the estimate for all children instead.

Of the total of 51 populations studied, 
36 were from Europe and 15 from elsewhere, 
mainly the United States. Thirty populations 
were from urban areas, and 20 studies were 
conducted in rural environments (one unspeci-
fied). Four studies were carried out in the sum-
mer only; the other studies were conducted 
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mainly in winter or during most of the year. 
The mean 24-hr average for NO2 ranged from 
8 to 77 µg/m3, and the mean 24-hr average for 
PM10 ranged from 11 to 167 µg/m3 (but only 
Mexico City had a value of 167 µg/m3; all the 
others had a value < 100 µg/m3).

The definition of the outcome regarding 
asthma symptoms varied among the studies: 

We included the estimates for wheeze from 
five studies (Jalaludin et al. 2004; Roemer 
et al. 1993; Romieu et al. 1996, 1997; Vedal 
et al. 1998); 35 studies used a variable “lower 
respiratory symptoms” or “asthma symptoms,” 
which in most studies (including PEACE stud-
ies) consisted of wheezing, shortness of breath, 
and asthma attacks (Gielen et al. 1997; Ostro 

et al. 2001; Pope and Dockery 1992; Roemer 
et al. 1998b; van der Zee et al. 1999). Other 
studies also included chest tightness (Delfino 
et al. 1998, 2002, 2003; Mortimer et al. 2002; 
Yu et al. 2000), sputum production (Delfino 
et al. 2002, 2003), or cough (Delfino et al. 
1998, 2002, 2003; Mortimer et al. 2002; 
Ostro et al. 2001; Pope and Dockery 1992; 

Table 1. Study characteristics of the panel studies.

Study
Outcomes 
studieda

Pollutant 
studied

Year of 
study Continent

Urban/ 
rural

n (duration 
in days) Season Population

Pollutant 24-hr mean 
(µg/m3)b

PM10 NO2

Pope and Dockery 1992 LRS, cough, PEF PM10 1990 Other Rural 39 (70) Other Symptomatics 56 —
Roemer et al. 1993 LRS, cough, PEF PM10 1990 Europe Rural 73 (90) Other Symptomatics 76 71c

Romieu et al. 1996 LRS, cough, PEF PM10 1991 Other Urban 71 (60) Other Asthmatics 167 75
Gielen et al. 1997 LRS, cough PM10 1995 Europe Urban 61 (60) Summer only Asthmatics 31 —
Peters et al. 1997 Cough, PEF PM10 1991 Europe Urban 89 (210) Other Asthmatics 55 —
Romieu et al. 1997 LRS, cough, PEF PM10 1991 Other Urban 67 (60) Other Asthmatics 54 37–169d

Delfino et al. 1998 LRS PM10 1995 Other Rural 24 (90) Summer only Asthmatics 43 —
Segala et al. 1998 LRS, cough, PEF PM10, NO2 1992 Europe Urban 41 (175) Other Asthmatics 34 57
Vedal et al. 1998 Cough, PEF PM10 1990 Other Rural 75 (492) Other Asthmatics 27 —
Tiittanen et al. 1999 Cough, PEF PM10 1995 Europe Urban 49 (42) Other Symptomatics 50%ile, 28 50%ile, 15
van der Zee et al. 1999 LRS, cough PM10, NO2 1993 Europe Urban 142 (90) Other Symptomatics 38 49
van der Zee et al. 1999 LRS, cough PM10, NO2 1993 Europe Rural 178 (90) Other Symptomatics 31 27
Jalaludin et al. 2000 PEF PM10, NO2 1994 Other Urban 125 (300) Other Asthmatics 23 28
Yu et al. 2000 LRS PM10 1993 Other Urban 133 (58) Other Asthmatics 10 —
Ostro et al. 2001 LRS, cough PM10, NO2 1993 Other Urban 138 (90) Summer only Asthmatics 51 77c

Delfino et al. 2002 LRS PM10, NO2 1996 Other Rural 22 (61) Other Asthmatics 20 26c

Just et al. 2002 LRS, cough PM10, NO2 1996 Europe Urban 82 (90) Other Asthmatics 24 54
Mortimer et al. 2002 LRS PM10, NO2 1993 Other Urban 846 (14) Summer only Asthmatics — 61
Aekplakorn et al. 2003 PEF PM10 1997 Other Rural 88 (53–61) Other Asthmatics 50%ile, 

22–25e
No NO2 

measured
Delfino et al. 2003 LRS, PEF PM10, NO2 1999 Other Urban 22 (90) Other Asthmatics 60 8c

Peacock et al. 2003 PEF PM10, NO2 1996 Europe — 179 (63) Other Symptomatics 18–23e 31–36e

Jalaludin et al. 2004 LRS, cough PM10, NO2 1994 Other Urban 148 (> 30) Other Symptomatics 23 (0600–
2100 hr)

28 (0600–
2100 hr)

Schildcrout et al. 2006 LRS PM10, NO2 1993 Other Urban 990 (60) Other Asthmatics 50%ile, 
18–34e

50%ile, 
34–59e

PEACE studies
Baldini et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 68 (65) Other Symptomatics 62 68
Baldini et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 60 (65) Other Symptomatics 70 33
Beyer et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 75 (172) Other Symptomatics 40 27
Beyer et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 63 (172) Other Symptomatics 33 26
Clench-Aas et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 56 (70) Other Symptomatics 19 49
Clench-Aas et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 68 (70) Other Symptomatics 11 21
Englert et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 50 (58) Other Symptomatics 52 38
Englert et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 66 (58) Other Symptomatics 43 21
Forsberg et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 75 (84) Other Symptomatics 13 25
Forsberg et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 72 (84) Other Symptomatics 12 15
Haluszka et al. 1998 LRS, cough, PEF PM10 1993 Europe Urban 73 (82) Other Symptomatics 60 —
Haluszka et al. 1998 LRS, cough, PEF PM10 1993 Europe Rural 76 (76) Other Symptomatics 56 —
Kalandidi et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 87 (60) Other Symptomatics 99 75
Kalandidi et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 80 (60) Other Symptomatics 50 20
Kotesovec et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 91 (60) Other Symptomatics 74 49
Kotesovec et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 77 (60) Other Symptomatics 32 13
Nielsen et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 78 (60) Other Symptomatics 23 21
Nielsen et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 82 (60) Other Symptomatics 16 9
Niepsuj et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 72 (83) Other Symptomatics 69 69
Niepsuj et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 73 (83) Other Symptomatics 74 70
Rudnai et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 76 (61) Other Symptomatics 61 35
Rudnai et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 63 (67) Other Symptomatics 52 25
Timonen et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 85 (72) Other Symptomatics 18 28
Timonen et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 84 (72) Other Symptomatics 13 14
Vondra et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 66 (85) Other Symptomatics 53 45
Vondra et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 68 (85) Other Symptomatics 50 13
van der Zee et al. 1998 PEF PM10, NO2 1993 Europe Urban 55 (101) Other Symptomatics 45 46
van der Zee et al. 1998 PEF PM10, NO2 1993 Europe Rural 71 (93) Other Symptomatics 44 27

aLRS is equivalent to asthma symptoms. bMean of the 24-hr means unless otherwise indicated. cExtrapolated from 1-hr maximum. dRange of means over the study period. eMeans from 
more than one location.
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Yu et al. 2000). In the latter studies, no sepa-
rate effect estimate for cough was given except 
by Pope and Dockery (1992). Cough was not 
more precisely defined except for nocturnal 
cough (Just et al. 2002), cough during the day 
or the previous night (Peters et al. 1997), and 
wet and dry cough (Pope and Dockery 1992).

The effect estimates extracted from the indi-
vidual studies are given in the Supplemental 
Material, Table 1 (doi:10.1289/ehp.0900844) 
and are illustrated in Figures 1–3, which also 
give the combined effects calculated in the 
meta-analysis. When we considered all the 
studies in the fixed-effects models, we found a 
significant increase of 2.3% in asthma symp-
toms, 1.4% for cough, and –0.117 min/L for 
PEF for a 10-µg/m3 increase in PM10 (Table 2). 
However, we observed a considerable degree of 
heterogeneity among the studies, with I2 rang-
ing from 35% to 77%. Therefore, the estimates 
based on the random effects model are likely to 
represent the overall effect more accurately. For 
an increase of 10 µg/m3 of PM10, we found a 
significant increase of 2.8% in asthma symp-
toms, and an increase for cough (1.2%) and a 
decrease of PEF (–0.082 L/min) that were bor-
derline significant. For an increase of 10 µg/m3 
NO2, we found a significant increase in asthma 

symptoms of 3.1%. We found no clear asso-
ciation of NO2 with cough or PEF; only when 
we excluded the PEACE studies did we find 
evidence of effect for NO2 on cough.

When we considered all the studies, we 
found no evidence of publication bias. When 
we excluded the PEACE studies, publication 
bias was present for asthma symptoms for 
PM10 and NO2; after applying the trim-and-
fill procedure, the random-effects estimates 
decreased from 5.5% to 3.5% and from 3.9 
to 3.2, respectively, and were therefore similar 
to the estimates for all studies. We also saw 
a tendency for a similar publication bias for 
cough (PM10 and NO2), with significant val-
ues for the Egger test but not for the Begg test. 
However, the resulting trim-and-fill estimates 
for cough were more similar to those of the 
non-PEACE studies than to that for all studies 
(Table 2).

We found an effect modification of the 
effect of PM10 on asthma symptoms by con-
tinent (stronger association outside Europe), 
season (stronger association in studies car-
ried out in summer only), study population 
(stronger effect among asthmatic children), 
and PM10 level (stronger association at levels 
< 40 µg/m3) (Table 3). When we excluded the 

PEACE studies, only season remained near 
significance (p < 0.1). For the effect of PM10 
on cough (Table 4), there were higher associa-
tions in studies conducted outside of Europe, 
with lag > 2 days, or with higher NO2 lev-
els; these effect modifications remained when 
excluding the PEACE studies. For the effect of 
PM10 on PEF (Table 4), there was a tendency 
for a higher decrease in PEF in asthmatic than 
in symptomatic children. We found no con-
sistent effect modification, and there was no 
evidence for effect modifica tion of the associa-
tion between NO2 and any of the investigated 
outcomes s (Table 3 for asthma; for cough and 
PEF, data not shown). 

The results of the sensitivity analyses based 
on the predefined lag 0–1 (i.e., lag 1 or 0 or 
0–1) and on evening PEF showed mostly a 
similar pattern, especially for PM10, although 
the associations were generally weaker [see 
Supplemental Material, Table 3 (doi:10.1289/
ehp.0900844)]. However, the associations of 
NO2 with asthma symptoms and cough were 
not significant in this analysis. We found effect 
modification even when we omitted the PEACE 
studies (see Supplemental Material, Tables 4 
and 5), for the effect of NO2 on asthma symp-
toms, with higher associations for asthmatics 

Figure 1. ORs with 95% CIs for the association between a rise of 10 µg/m3 PM10 (A) or NO2 (B) and the occurrence of asthma symptoms. Abbreviations: FE, fixed 
effects; R, rural; RE, random effects; U, urban.
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and during the summer (the latter based on 
two studies in one stratum). Furthermore, the 
estimated effects of PM10 on asthma symptoms 
were higher at higher concentrations of NO2.

Discussion
Our meta-analysis shows effects of PM10 on 
both asthma symptoms and cough. We found 
no indication of publication bias when we con-
sidered all the evidence. For NO2, we found 
statistically significant associations with asthma 
symptoms in the overall analysis but not in the 
sensitivity analysis restricted to the 0–1 lags. 
The effects of air pollutants on PEF were lim-
ited to PM10, and we saw a stronger association 
when we excluded the PEACE studies from 
the analysis. We found an indication of effect 
modification of PM10, with higher associations 
with asthma symptoms during summer and 
with cough for studies conducted outside of 
Europe, for a lag > 2 days, and at higher ambi-
ent NO2 concentrations. When considering 
lags 0–1 only, the pattern of effect modification 
was different.

A previous meta-analysis considered panel 
studies in children and summarized the evi-
dence for PM10 up through June 2002 (Ward 
and Ayres 2004). Our meta-analysis extends 

this work further up through July 2008, add-
ing 11 studies. On the other hand, we did 
not include nine studies (two from Europe) 
included in the Ward and Ayres (2004) analy-
sis because the panels evaluated asymptomatic 
children and we focused specifically on children 
with asthma. Our estimates of the PM10 effect 
on asthma symptoms and cough are similar to 
those of the previous meta-analysis [1.04 and 
1.028 for asthma symptoms, 1.04 and 1.031 
for cough in Ward and Ayres (2004) and in 
our analysis, respectively]. Our random effects 
estimate for PEF is weaker than that from 
Ward and Ayres (–0.082 vs. –0.33 L/min for 
a 10-µg/m3 increase), whereas the fixed effects 
estimates are similar (–0.117 vs. –0.12 L/min).

We found no publication bias when con-
sidering all studies. However, excluding the 
PEACE studies, which highly influenced the 
estimates from the meta-analyses, resulted in 
clear publication bias for asthma symptoms, 
but less so for cough. The PEACE studies 
reported, on average, no effects of air pollution, 
with very few individual centers showing an 
association with PM10 (Roemer et al. 1998a). 
It is, on the one hand, the only multicenter 
series of studies that has been conducted with 
a unified protocol and whose results are not 

biased by publication procedures. On the other 
hand, limitations of the PEACE study have 
to be considered (Roemer et al. 1998a, 2000). 
There is concern that the entire study series 
might have been influenced by an influenza 
epidemic during the study period. If the study 
period is relatively short (e.g., 2 months as in 
the PEACE study), such unexpected events 
might confound the results, and it is gener-
ally more difficult to adjust adequately for time 
trend. In our analyses, we found no significant 
difference between studies with durations lon-
ger or shorter than 2 months. Nevertheless, for 
asthma symptoms, the estimate from the stud-
ies with durations longer than 2 months was 
slightly higher and statistically significant. In the 
Netherlands, where the data was collected dur-
ing three winters instead of just one, there were 
clear effects of air pollution in symptomatic 
children (Roemer et al. 2000; van der Zee et al. 
1999). In addition, all PEACE studies were 
carried out in the winter, when the effect of 
respiratory infections will putatively be greater 
compared with summer. Furthermore, in our 
analysis, we have found statistically greater asso-
ciations in summer for asthma symptoms. 

To the best of our knowledge, this is 
the first meta-analysis for effects related to 

Figure 2. ORs with 95% CIs for the association between a rise of 10 µg/m3 PM10 (A) or NO2 (B) and the occurrence of cough episodes. Abbreviations: FE, fixed 
effects; R, rural; RE, random effects; U, urban.
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monitored outdoor NO2 on respiratory health 
in asthmatic children, although the main 
investigations on NO2 have been extensively 
reviewed (U.S. EPA 2008b; WHO Regional 
Office for Europe 2006). In vitro studies at 
comparatively low concentrations of NO2, 
but still notably higher than ambient levels 
(400 ppb or 760 µg/m3), have shown cell 
damage accompanied by release of cytokines, 
such as tumor necrosis factor-α and inter-
leukin-8 (Devalia et al. 1993). In controlled 

human studies, the same concentration for 
1 hr led to an increased early and late asth-
matic response (measured by forced expiratory 
volume in 1 sec) after challenge with house 
dust mite allergen compared with ordinary air 
(Tunnicliffe et al. 1994). Similarly, a 30-min 
exposure to 500 µg/m3 NO2 increased the 
early-phase response to an otherwise nons-
ymptomatic allergen dose (Strand et al. 
1998). Although such concentrations can 
be reached during some episodes, the usual 

ambient concentrations of NO2 are lower. 
On the other hand, several studies on hos-
pital admissions and emergency department 
visits for asthma conducted in Europe and 
elsewhere [reviewed by U.S. EPA (2008b); 
WHO Regional Office for Europe (2006)] did 
find an independent effect of NO2. Therefore, 
the extent to which the observed associations 
are related to a direct effect of NO2 and/or 
reflect the fact that NO2 is a marker for the 
urban pollution mix, particularly for ultrafine 

Figure 3. Mean increase in PEF (L/min) with 95% CIs for a rise of 10 µg/m3 PM10 (A) or NO2 (B). Abbreviations: FE, fixed effects; R, rural; RE, random effects; U, urban.
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33.9 (–10.7 to 78.6)
27.1 (7.7 to 46.5)

39.5 (1.6 to 77.3)

56.0 (5.0 to 106.9)

Table 2. Association of PM10 and NO2 exposure with episodes of asthma symptoms, episodes of cough, and PEF in children symptomatic for or diagnosed with asthma.
PM10 NO2

Symptom n ORF/βF (95% CI) ORR/βR (95% CI) p -Value(I 2) p-Valuea n ORF/βF (95% CI) ORR/βR (95% CI) p -Value(I 2) p-Valuea

Asthma symptoms
All studies 43 1.023 (1.013 to 1.034) 1.028 (1.006 to 1.051) < 0.001 (59%) 0.779 (0.675) 34 1.026 (1.016 to 1.037) 1.031 (1.001 to 1.062) < 0.001 (50%) 0.746 (0.594)
Without PEACE 
studies

17 1.035 (1.023 to 1.047) 1.055 (1.032 to 1.078) 0.002 (56%) 0.000 (0.053) 10 1.028 (1.017 to 1.039) 1.039 (1.018 to 1.061) 0.125 (35%) 0.001 (0.152)

Trim-and-fill estimate 24 1.028 (1.016 to 1.039) 1.035 (1.012 to 1.058) < 0.0001 (61%) 15 1.026 (1.015 to 1.037) 1.032 (1.008 to 1.057) 0.052 (41%)
Cough

All studies 40 1.014 (1.008 to 1.019) 1.012 (0.997 to 1.026) < 0.001 (69%) 0.442 (0.316) 30 1.006 (0.995 to 1.016) 0.987 (0.960 to 1.014) < 0.001 (65%) 0.394 (0.158)
Without PEACE studies 14 1.020 (1.014 to 1.026) 1.035 (1.020 to 1.050) < 0.001 (72%) 0.002 (0.07) 6 1.018 (1.006 to 1.030) 1.031 (1.005 to 1.057) 0.006 (69%) 0.007 (0.085)
Trim-and-fill estimate 19 1.018 (1.012 to 1.024) 1.027 (1.011 to 1.043) < 0.001 (72%) 8 1.015 (1.003 to 1.026) 1.018 (0.988 to 1.050) < 0.001 (76%)

PEFb

All studies 40 –0.117 (–0.160 to –0.073) –0.082 (–0.214 to 0.050) < 0.001 (72%) 0.456 (0.428) 29 0.130 (–0.008 to 0.268) 0.180 (–0.184 to 0.544) < 0.001 (77%) 0.433 (0.925)
Without PEACE studies 12 –0.145 (–0.195 to –0.096) –0.272 (–0.449 to –0.095) < 0.001 (69%) 0.061 (0.451) 3 0.232 (–0.091 to 0.556) 0.170 (–0.590 to 0.929) 0.088 (59%) 0.594 (1.000)

Abbreviations: ORF/βF and ORR/βR, combined estimate of the OR (or regression coefficient β for PEF in L/min) from the fixed-effects and random-effects models, respectively, for a 
10-µg/m3 increase of pollutant; p(I2), p-value for test of heterogeneity based on Cochrane’s Q, with I2 of Higgins and Thompson reflecting the proportion of total variation in the estimate 
that is due to heterogeneity between studies.
ap-Value for Egger (Begg) bias test. bThe metatrim command in STATA did not perform any trimming for this outcome ( “no trimming performed, data unchanged”).
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particles PM (Seaton and Dennekamp 2003), 
remains to be investigated. The correlation 
between PM10 and NO2 varies across settings 
(Katsouyanni et al. 2001), with the pollution 
mix related to NO2 generally being more vari-
able in space and time. Notwithstanding these 
differences, the estimated effect size for NO2 

observed in this meta-analysis is similar to that 
of the PM10 component, except for PEF.

There may be a concern that bias might 
be introduced when selecting effects that were 
not for the same lag. Our additional analysis 
for lags 0–1 provided nonsignificant estimates 
for NO2 but significant associations with 

PM10. It remains to be shown whether such 
a short lag is the most adequate for measuring 
the effect, given that higher associations may 
be observed at longer lags, as we found in our 
analysis of effect modification. Unfortunately, 
longer lags are less consistently reported in the 
literature.

Table 3. Stratum-specific combined estimates of the association of PM10 and NO2 exposure with episodes of wheezing in children symptomatic for or diagnosed 
with asthma.

PM10 NO2

All studies PEACE studies excluded All studies PEACE studies excluded
Stratum n ORR (95% CI) pStrata phet (I 2) n ORR (95% CI) pStrata phet (I 2) n ORR (95% CI) pStrata phet (I2) n ORR (95% CI) pStrata phet (I 2)
Continent 0.066 0.457 0.366 0.084

Europe 32 1.008 (0.975–1.043) < 0.001 (60%) 6 1.069 (1.025–1.116) 0.121 (43%) 28 0.998 (0.942–1.058) < 0.001 (56%) 4 1.085 (1.019–1.155) 0.126 (47%)
Other 11 1.050 (1.022–1.077) 0.006 (60%) 11 1.050 (1.022–1.077) 0.006 (59%) 6 1.025 (1.014–1.036) 0.471 (0%) 6 1.025 (1.014–1.036) 0.471 (0%)

Season 0.006 0.095 0.332 0.920
Summer only 5 1.090 (1.045–1.136) 0.682 (0%) 5 1.090 (1.045–1.136) 0.682 (0%) 3 1.057 (0.987–1.133) 0.166 (44%) 3 1.057 (0.987–1.133) 0.166 (44%)
Other 38 1.020 (0.997–1.043) < 0.001 (60%) 12 1.046 (1.022–1.071) 0.003 (61%) 31 1.016 (0.974–1.059) < 0.001 (52%) 7 1.053 (1.015–1.092) 0.112 (42%)

Population 0.029 0.963 0.132 0.434
Asthmatics 12 1.056 (1.025–1.088) 0.009 (56%) 12 1.056 (1.025–1.088) 0.009 (56%) 7 1.034 (1.011–1.059) 0.132 (39%) 7 1.034 (1.011–1.059) 0.132 (39%)
Symptomatics 31 1.007 (0.976–1.039) < 0.001 (62%) 5 1.055 (1.023–1.088) 0.107 (47%) 27 0.986 (0.931–1.045) < 0.001 (54%) 3 1.056 (1.010–1.104) 0.299 (17%)

Duration 0.758 0.645 0.285 0.192
≤ 2 months 14 1.022 (0.978–1.068) 0.001 (63%) 6 1.049 (1.013–1.087) 0.069 (51%) 10 0.954 (0.819–1.110) 0.003 (64%) 2 1.098 (1.009–1.194) 0.698 (0%)
> 2 months 29 1.031 (1.005–1.058) < 0.001 (59%) 11 1.061 (1.029–1.094) 0.003 (62%) 24 1.037 (1.009–1.066) 0.011 (44%) 8 1.036 (1.014–1.057) 0.121 (39%)

Lag 0.325 0.438 0.601 0.597
≤ 2 days 22 1.020 (0.994–1.046) < 0.001 (64%) 11 1.047 (1.020–1.076) 0.021 (53%) 16 1.016 (0.966–1.069) 0.002 (58%) 6 1.043 (1.004–1.084) 0.190 (33%)
> 2 days 21 1.044 (1.005–1.084) 0.012 (46%) 6 1.066 (1.028–1.106) 0.072 (51%) 18 1.037 (0.981–1.096) 0.020 (45%) 4 1.061 (1.009–1.115) 0.098 (52%)

PM10 level 0.102 0.795 0.079 0.612
< 40 µg/m3 19 1.057 (1.020–1.095) 0.053 (37%) 9 1.057 (1.034–1.079) 0.565 (0%) 16 1.062 (1.005–1.121) 0.064 (38%) 6 1.074 (1.029–1.121) 0.319 (15%)
≥ 40 µg/m3 23 1.016 (0.985–1.048) < 0.001 (65%) 7 1.063 (1.021–1.106) 0.007 (66%) 17 0.982 (0.918–1.050) 0.001 (58%) 3 1.051 (0.976–1.131) 0.179 (42%)

NO2 level 0.201 0.763 0.116 0.280
< 40 µg/m3 22 1.007 (0.966–1.051) < 0.001 (59%) 5 1.059 (1.031–1.087) 0.586 (0%) 21 0.972 (0.894–1.056) 0.002 (54%) 4 1.095 (1.034–1.159) 0.798 (0%)
≥ 40 µg/m3 15 1.042 (1.010–1.076) 0.018 (49%) 8 1.051 (1.013–1.091) 0.038 (53%) 12 1.048 (1.002–1.097) 0.023 (50%) 5 1.053 (1.009–1.098) 0.100 (49%)

Rural/urban 0.261 0.289 0.559 0.052
Rural 18 1.008 (0.965–1.053) < 0.001 (61%) 5 1.082 (1.022–1.145) 0.058 (56%) 14 0.997 (0.887–1.122) 0.008 (54%) 2 1.098 (1.033–1.167) 0.981 (0%)
Urban 25 1.038 (1.012–1.064) < 0.001 (59%) 12 1.047 (1.023–1.071) 0.021 (51%) 20 1.033 (1.004–1.063) 0.007 (49%) 8 1.030 (1.012–1.049) 0.226 (25%)

Abbreviations: ORR, combined estimate of the OR from the random effects model for 10-µg/m3 increase in pollutant; pStrataphet (I2), p-value for differences between strata and p-value for 
test of heterogeneity based on Cochrane’s Q, with I2 of Higgins and Thompson reflecting the proportion of total variation in the estimate that is due to heterogeneity between studies.

Table 4. Stratum-specific combined estimates of the association of PM10 exposure with change in PEF (L/min) and with cough episodes in children symptomatic 
for or diagnosed with asthma.

PEF Cough

All studies PEACE studies excluded All studies PEACE studies excluded

Stratum n βR (95% CI) pStrata phet (I 2) n βR (95% CI) pStrata phet (I 2) n ORR (95% CI) pStrata phet (I 2) n ORR (95% CI) pStrata phet (I 2)

Continent 0.041 0.750 0.001 0.047
Europe 33 0.002 (–0.182 to 0.186) < 0.001 (72%) 5 –0.235 (–0.600 to 0.131) 0.006 (73%) 34 0.998 (0.983 to 1.014) < 0.001 (62%) 8 1.020 (1.006 to 1.034) 0.026 (56%)
Other 7 –0.305 (–0.534 to –0.076) 0.003 (69%) 7 –0.305 (–0.534 to –0.076) 0.003 (69%) 6 1.053 (1.024 to 1.082) 0.004 (71%) 6 1.053 (1.024 to 1.082) 0.004 (71%)

Season 0.260 0.905
Summer only 2 1.039 (0.992 to 1.088) 0.602 (0%) 2 1.039 (0.992 to 1.088) 0.602 (0%)
Other 40 –0.082 (–0.214 to 0.050) < 0.001 (72%) 12 –0.272 (–0.449 to –0.095) < 0.001 (69%) 38 1.010 (0.996 to 1.025) < 0.001 (70%) 12 1.035 (1.019 to 1.051) < 0.001 (76%)

Population 0.007 0.086 0.001 0.217
Asthmatics 7 –0.549 (–0.920 to –0.177) 0.006 (67%) 7 –0.549 (–0.920 to –0.177) 0.006 (67%) 8 1.046 (1.022 to 1.071) 0.001 (70%) 8 1.046 (1.022 to 1.071) 0.001 (70%)
Symptomatics 33 0.010 (–0.159 to 0.180) < 0.001 (73%) 5 –0.148 (–0.415 to 0.119) 0.002 (76%) 32 0.995 (0.978 to 1.013) < 0.001 (63%) 6 1.026 (1.006 to 1.046) 0.005 (70%)

Duration 0.402 0.416 0.422 0.762
≤ 2 months 12 –0.161 (–0.394 to 0.071) < 0.001 (67%) 4 –0.440 (–0.843 to –0.037) 0.010 (73%) 13 1.019 (0.995 to 1.043) 0.003 (59%) 5 1.034 (1.017 to 1.051) 0.188 (35%)
> 2 months 28 –0.032 (–0.225 to 0.160) < 0.001 (74%) 8 –0.241 (–0.500 to 0.018) 0.079 (69%) 27 1.007 (0.990 to 1.026) < 0.001 (70%) 9 1.038 (1.017 to 1.059) < 0.001 (77%)

Lag 0.325 0.189 0.018 0.030
≤ 2 days 14 –0.167 (–0.354 to 0.021) < 0.001 (70%) 8 –0.203 (–0.426 to 0.020) 0.001 (71%) 19 0.997 (0.979 to 1.014) < 0.001 (74%) 6 1.022 (1.006 to 1.038) 0.004 (71%)
> 2 days 26 –0.025 (–0.237 to 0.187) < 0.001 (73%) 4 –0.396 (–0.578 to –0.214) 0.392 (0%) 21 1.036 (1.009 to 1.065) 0.001 (56%) 8 1.067 (1.030 to 1.106) 0.001 (71%)

PM10 level 0.774 0.344 0.706 0.173
< 40 µg/m3 14 –0.021 (–0.441 to 0.398) < 0.001 (68%) 4 –0.116 (–0.613 to 0.381) 0.006 (76%) 17 1.006 (0.983 to 1.029) 0.002 (57%) 7 1.022 (1.004 to 1.041) 0.047 (53%)
≥ 40 µg/m3 25 –0.086 (–0.233 to 0.061) < 0.001 (74%) 7 –0.380 (–0.607 to –0.152) 0.005 (68%) 22 1.012 (0.991 to 1.033) < 0.001 (74%) 6 1.045 (1.018 to 1.073) < 0.001 (79%)

NO2 level 0.722 0.028 0.012 0.031
< 40 µg/m3 21 –0.018 (–0.278 to 0.242) 68%* 3 0.144 (–0.224 to 0.512) 0.155 (46%) 20 0.980 (0.954 to 1.007) < 0.001 (60%) 3 1.013 (1.001 to 1.025) 0.342 (7%)
≥ 40 µg/m3 11 –0.091 (–0.399 to 0.216) 80%* 3 –1.085 (–2.120 to –0.051) 0.028 (72%) 13 1.032 (1.001 to 1.064) < 0.001 (72%) 6 1.065 (1.019 to 1.113) < 0.001 (82%)

Rural/urban 0.911 0.433 0.116 0.604
Rural 18 –0.125 (–0.286 to 0.036) < 0.001 (65%) 4 –0.301 (–0.507 to –0.096) 0.020 (70%) 17 0.994 (0.968 to 1.021) < 0.001 (65%) 4 1.050 (0.995 to 1.109) 0.003 (79%)
Urban 21 –0.108 (–0.360 to 0.144) < 0.001 (75%) 7 –0.473 (–0.851 to –0.095) 0.008 (66%) 23 1.020 (1.002 to 1.039) < 0.001 (69%) 10 1.035 (1.017 to 1.052) < 0.001 (70%)

Abbreviations: ORR/βR, combined estimate of the OR (or regression coefficient β for PEF in L/min) from the random effects model for a 10-µg/m3 increase in pollutant; pStrataphet (I2), 
p-value for differences between strata and p-value for test of heterogeneity based on Cochrane’s Q, with I2 of Higgins and Thompson reflecting the proportion of total variation in the 
estimate that is due to heterogeneity between studies.
*p < 0.001.
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There are limitations of the panel studies 
we have considered. When evaluating symp-
toms, the possibility of a confounding role of 
medications should be considered. Medication 
use on polluted days may influence symptoms 
and lung function. Although the PEACE stud-
ies found no correlation between the num-
ber of children using asthma medication and 
air pollution levels (Roemer et al. 2000), this 
does not account for the possibility that asth-
matic children increase the dose on such days. 
Information regarding this possibility is gener-
ally missing in the individual study reports. 
The evaluation of the effect on PEF is diffi-
cult because of the large between-individual 
variability of this indicator that is likely to be 
strongly influenced by medication use among 
diseased subjects. Finally, another difficulty is 
that the measured pollutants are only part of 
a more complex air pollution mixture, and the 
effects of “PM10” and “NO2” may vary among 
studies and may be a less or more adequate 
measure of the effects of air pollution. In a 
meta-analysis, it is not possible to adequately 
assess the problems related to these mixes. 
Multipollutant (mostly two-pollutant) models 
were calculated for only 10 of the study popu-
lations, and the combinations of the pollutants 
varied among studies. Only if the raw data 
were available for all studies could one attempt 
to tease out individual pollutant effects and also 
avoid overestimation of the individual effect. It 
will nonetheless be a daunting task, because in 
most cases criteria air pollutants are measured, 
which may be indicators of different unmea-
sured compounds in different areas. Delfino 
et al. (2003) reported, for example, that the 
effect of “PM10” was lower when, for example, 
organic carbon, benzene, or m,p-xylene was 
included in two-pollutant models. This may 
be a general finding, or it may be typical for 
the region investigated. The results presented 
here therefore are not to be strictly understood 
as the effect of PM10 only or NO2 only; the 
greater context must be borne in mind.

We observed a high degree of hetero geneity 
among the investigated studies. Stratifying 
by the identified effect modifiers reduced the 
hetero geneity only to some extent. We obtained 
the greatest reduction in hetero geneity when 
using the same lag for all studies. Sources of 
heterogeneity may be linked to various design 
aspects of the study, such as the inclusion crite-
ria for the panel, duration of the study, and the 
analytical strategies. For the PEACE study with 
its standardized study protocol and common 
analytical strategy, we calculated an I2 ranging 
from 40% to 79% depending on the outcome/
pollutant only for the analysis using different 
lags, whereas the analyses with the uniform 
shorter lag reduced the heterogeneity among 
PEACE studies for symptoms and PEF (data 
not shown). Although this may highlight the 
importance of a standardized study protocol, 

caution is needed until it is better known 
which lag is the most appropriate. Therefore, 
other potential sources of the observed hetero-
geneity, such as differences in the air pollution 
mix related to spatial or temporal variabil-
ity, may still be of importance even in well- 
standardized studies. Different baseline charac-
teristics of the populations studied may also 
have their influence.

The estimated effect of PM10 on asthma 
was higher in studies that were conducted in 
the summer. The composition of the air pol-
lution mix may also be the reason for higher 
observed effects of PM10 in studies that have 
been conducted in summer only. Summer pol-
lution is qualitatively different from winter pol-
lution: O3 levels are higher, and in general the 
air pollution mixture is more strongly influ-
enced by photochemical reaction. Ward and 
Ayres (2004) observed in their analysis a higher 
estimated effect in studies conducted in peri-
ods of high O3 levels. A time-series analysis of 
Atkinson et al. (2001) observed effect modifica-
tion by O3 for hospital admission for respira-
tory conditions in persons older than 65 years, 
although not for asthma admissions in children 
or adults. Alternative reasons could be that the 
PM10 effect is confounded by the effect of O3. 
However, independent effects have been found 
for PM2.5, and for PM2.5–10 concerning cough 
[for a more detailed discussion, see Ward and 
Ayres (2004)]. The higher estimated effect of 
PM10 in the summer could also be linked to 
more (active) time spent outside, which could 
act in several ways. First, it would reduce mis-
classification due to less exposure to indoor 
conditions. Second, it could increase the effect 
of PM10 through increased inhalation during 
the activities outside (e.g., exercise), which also 
could increase the effect of O3.

Consideration of longer lags did result in 
elevated associations of PM10 with cough. This 
seems plausible because air pollution may act not 
only as a short-term trigger but also as a priming 
event by inducing processes of enhanced airways 
inflammation (Kimber 1998) that will build 
up over a period of hours to days and result in 
subsequent bronchial hyperreactivity (Mortimer 
et al. 2002). Indeed, lengthy lag periods have 
been found in panel studies as well as time-series 
studies of emergency department visits (Halonen 
et al. 2008; Mortimer et al. 2002).

Continent modified the association of 
PM10 with cough; we found a significant com-
bined effect only for the studies outside of 
Europe, whereas for the European studies the 
combined effect was null (OR = 0.998; 95% 
CI, 0.983–1.014). This estimate is similar to 
that reported by Anderson et al. (2004) for 
Europe (OR = 0.999; 95% CI, 0.987–1.011). 
At first glance, a similar effect modification was 
present for asthma symptoms, but this disap-
peared after exclusion of the PEACE studies. 
It therefore remains speculative whether this 

is really an effect for Europe or is attributable 
to some other characteristic that is specifically 
related to the PEACE study.

Nevertheless, a stronger association of 
PM10 with respiratory symptoms reported 
in the United States compared with Europe 
was also observed in an earlier meta-analysis, 
conducted before the PEACE study, that also 
included healthy children (Dockery and Pope 
1994). One plausible explanation could be 
different pollutant mixes on the two conti-
nents. The extent to which these differences are 
systematic and will provide relevant informa-
tion remains to be investigated, given that also 
within the United States and within Europe 
there are marked differences concerning the air 
pollution mix, which may result in differing 
health effects via effect modification or due to 
a different composition of PM10 (Katsouyanni 
et al. 2001; Levy et al. 2000).

In our analysis, we found the association 
of PM10 with cough to be stronger for higher 
ambient NO2 concentration. However, we 
did not see this effect in the analysis restricted 
to lags 0–1, but in this latter analysis we found 
higher associations at higher NO2 levels with 
asthma symptoms. Effect modification by 
NO2 has been found in time series studies 
on mortality in Europe (Katsouyanni et al. 
2001), and to a lesser extent in the United 
States (Levy et al. 2000). It has been discussed 
that NO2 is a marker for a certain air pollution 
mixture, notably arising from traffic, which is 
more noxious for health.

Conclusion
Our meta-analysis provides strong evidence for 
an effect of PM10 as an aggravating factor of 
asthma in children. Although there is no firm 
toxicologic evidence of adverse health effects of 
NO2 at ambient levels to date, the epidemio-
logic results suggest an adverse effect of NO2 
on respiratory health in children with asthma. 
However, caution is needed in the final con-
clusion for NO2 because the association with 
asthma attacks was not robust to lag specifica-
tion. The finding may reflect the fact that NO2 
is associated at extended lags, or it may be only 
an artifact due to our method of choosing the 
specific lag to be included in the meta-analy-
sis. More consistent reporting of longer lags 
is needed in panel studies to better judge the 
effect of monitored outdoor NO2. The results 
of the study support the need to protect asth-
matic children with strict air quality standards 
for PM10 and, considering the precautionary 
principle, also for NO2.
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Review

Particulate matter (PM) with an aerodynamic 
diameter ≤ 10 µm (PM10) and nitrogen diox-
ide (NO2) are important ambient air pol-
lutants regulated by European and national 
legislations. Measurements of PM10 include 
PM of different aerodynamic diameter (coarse, 
fine, and ultrafine PM), and the size distribu-
tion is related to the emission source, with the 
coarse fraction mainly originating from soil 
and natural sources and fine and ultrafine PM 
mainly originating from combustion or being 
secondary aerosols from sources that can be far 
away (Williams 1999). Notwithstanding pos-
sible long-range transport, most of NO2 in the 
ambient air arises from oxidization of emitted 
NOx from combustion mainly from motor 
engines in urban areas (Williams 1999), and 
it is considered to be a good marker of traffic-
related air pollution.

The health effects of PM10 and NO2 have 
been extensively reviewed, and air quality 
standards and guidelines have been proposed 
to protect public health [U.S. Environmental 
Protection Agency (EPA) 2005, 2008a; World 
Health Organization (WHO) Regional Office 
for Europe 2000, 2006]. Nevertheless, impor-
tant clinical effects are currently detectable in 

real-life exposure to traffic-related pollutants 
among susceptible subgroups of the popula-
tion, such as individuals with asthma. A recent 
study from London has clearly shown that 
asthmatic adults have a significant decrease 
in lung function after 2 hr of walking along a 
street in the center of London as opposed to 
walking in a nearby park (McCreanor et al. 
2007). The effects were stronger in individuals 
with moderate asthma compared with indi-
viduals with mild asthma. Several studies have 
been conducted among children with asthma 
focusing on the short-term effects of air pollu-
tion, that is, its effects on daily symptoms and 
lung function. Most studies used air pollution 
measurements from central monitoring sites 
that provide daily data. Mostly PM10, NO2, 
and ozone (O3) have been evaluated; results 
for carbon monoxide, black smoke, and PM2.5 
(PM with aerodynamic diamter ≤ 2.5 µm) 
have been less reported to date. Studies on 
long-term effects typically involve proximity 
of the residence to roads, but they do not pro-
vide information on short temporal scales.

Both PM10 and NO2 have been associ-
ated with increases in the frequency of asthma 
symptoms and with lung function decrements 

in children on a day-to-day scale (Gielen et al. 
1997; Ostro et al. 2001; Pope and Dockery 
1992; Roemer et al. 1993; Romieu et al. 1996; 
Schildcrout et al. 2006; van der Zee et al. 
1999; Vedal et al. 1998). However, the results 
of the existing studies have not been consistent, 
and a comprehensive quantitative evaluation of 
the respiratory effect in children is still lacking.

Two meta-analyses on the short-term 
effects of PM10 on children’s respiratory health 
have previously been performed (Anderson 
et al. 2004; Ward and Ayres 2004). Anderson 
et al. (2004) reviewed the effects on cough and 
medication use in European panel studies, a 
large number of which were conducted within 
the multicenter PEACE (Pollution Effects on 
Asthmatic Children in Europe) study that pro-
vided 28 of the 34 effect estimates. In their 
review, they found no effect of PM10 on cough 
in children [odds ratio (OR) = 0.999 for 10-µg/
m3 increase in PM10; 95% confidence interval 
(CI), 0.987–1.011]. Ward and Ayres (2004) 
performed a meta-analysis of worldwide panel 
studies published through 2002 that included 
asthmatic and healthy children. They found 
a significant effect of PM10 on cough (OR = 
1.004 per unit µg/m3 increase PM10; 95% CI, 
1.002–1.006), on lower respiratory symptoms 
(LRS) or wheeze (OR = 1.004 per 1 µg/m3 
PM10; 95% CI, 1.002–1.005), and on peak 
expiratory flow (PEF) (a decrease of –0.033 L/
min per 1 µg/m3 in PM10; 95% CI, –0.019 to 
–0.047). In both meta-analyses, the results of 
the large multicenter European PEACE study 
had a strong influence because of its primarily 
null results.

To our knowledge, no quantitative meta-
analysis on the effects of NO2 among chil-
dren with asthma has so far been performed. 
The available evidence is inconsistent, with 
some studies showing a detrimental effect 
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oBjective: Our goal was to quantify the short-term effects of particulate matter with aerodynamic 
diameter ≤ 10 µm (PM10) and nitrogen dioxide (NO2) on respiratory health of asthmatic children 
from published panel studies, and to investigate the influence of study and population characteris-
tics as effect modifiers.

data extraction: After a systematic literature review, we extracted quantitative estimates of 
the association of PM10 and/or NO2 with respiratory symptoms and peak expiratory flow (PEF). 
Combined effect estimates for an increase of 10 µg/m3 were calculated by random effects meta-anal-
ysis for all studies and for different strata defined by study characteristics. The effect of publication 
bias was investigated with Egger’s and Begg’s tests and “trim-and-fill” analyses.

data synthesis: We identified 36 studies; 14 were part of the European Pollution Effects on 
Asthmatic Children in Europe (PEACE) study. Adverse associations of PM10 with asthma symp-
toms were statistically significant [odds ratio (OR) = 1.028; 95% confidence interval (CI), 1.006–
1.051]. There were also associations, although not statistically significant, of PM10 with cough (OR 
= 1.012; 95% CI, 0.997–1.026) and on PEF (decrease of –0.082 L/min; 95% CI, –0.214 to 0.050). 
NO2 had statistically significant associations with asthma symptoms in the overall analysis consider-
ing all possible lags (OR = 1.031; 95% CI, 1.001–1.062), but not when we evaluated only the 0–1 
lag. We found no publication bias, although it appeared when excluding the PEACE studies. When 
we applied the trim-and-fill method to the data set without the PEACE studies, the results were 
similar to the overall estimates from all studies. There was an indication for stronger PM10 associa-
tions for studies conducted in summer, outside of Europe, with longer lags, and in locations with 
higher NO2 concentrations.

conclusions: We found clear evidence of effects of PM10 on the occurrence of asthma symptom 
episodes, and to a lesser extent on cough and PEF. The results for NO2 are more difficult to inter-
pret because they depend on the lag times examined. There was an indication of effect modification 
by several study conditions.

key words: air pollution, asthma, children, NO2, PM , short-term effects. Environ Health Perspect 
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of NO2 on symptoms or lung function and 
other investigations indicating no effect 
(Ackermann-Liebrich and Rapp 1999).

To provide a quantitative estimate of the 
acute effects of short-term exposure to PM10 
and NO2 on respiratory symptoms and lung 
function in asthmatic children, we performed 
a meta-analysis on panel studies published 
through July 2008. We assessed the role of 
the PEACE study on the overall evaluation, 
and we paid specific attention to the influ-
ence of publication bias. Because study char-
acteristics and pollution mixtures vary with 
space and time, some heterogeneity among 
the study results conducted at different loca-
tions is to be expected. We therefore investi-
gated the influence of study and population 
characteristics on the outcomes.

Methods
We conducted a systematic search of the lit-
erature from 1990 through July 2008 that 
focused on the short-term effects of outdoor 
NO2 and PM10 on respiratory health out-
comes as determined in panel studies. To 
focus our study, we did not consider exposure 
to O3 or studies on indoor exposure; the lat-
ter has been typically investigated for long-
term effects. We investigated lung function as 
measured by PEF and symptoms of cough and 
asthma, the latter being reported as wheeze 
or LRS. A MEDLINE (National Library of 
Medicine 2008) search was carried out; the 
search strings consisted of “asthma OR wheeze 
OR cough OR bronchitis OR lung function,” 
“air AND pollut*,” and “PM10 OR PM(10)” 
and “NO2 OR “NO(2)” OR “nitrogen diox-
ide.” Limits were set to retrieve only children 
(“All Child 0–18 years”). The exact search 
history is available from the authors. These 
criteria were applied to maximize sensitiv-
ity and to not miss any relevant publication. 
The age range of children in the panel studies 
was 5–19 years. Wheezing among infants was 
not considered because the asthma phenotype 
differs in very young children and there are 
essentially no panel studies on infants.

The references were then selected by hand 
according to the following inclusion/exclusion 
criteria: exclusion of indoor and laboratory 
studies; inclusion of panel studies on asth-
matic or symptomatic (see definition below) 
children that reported a quantitative effect 
(regression coefficients); inclusion of only one 
publication of the same study/database for 
each outcome. With regard to the statistical 
analysis, we included only studies that con-
trolled for the effect of daily temperature and 
day of the week, because these are important 
confounders and should be adjusted for to 
detect short-term effects of air pollution.

For the definition of “asthmatics” or 
“symptomatic” children, we relied on the cri-
teria reported in the individual publications. 

Generally, children with asthma confirmed by 
a physician or who were referred from clin-
ics, school nurses, and so on, with an asthma 
diagnosis were classified as “asthmatics.” We 
considered “symptomatic” children who 
reported, mostly in a questionnaire, wheezing 
or cough apart from cold or an asthma diag-
nosis, or who took medication for asthma.

The evaluated outcomes were “asthma 
symptoms” and “cough,” and the definitions 
differed in various studies, as indicated in 
“Results.” For PEF, we included only stud-
ies that reported changes as liters per minute 
or that allowed us to calculate the changes 
in liters per minute from the given percent-
ages and were therefore directly comparable. 
Other lung function parameters and exhaled 
nitrogen oxide were not considered, because 
these studies are relatively scarce.

For the meta-analysis, we used the coef-
ficients derived from single-pollutant models. 
Where necessary, the coefficient estimates were 
recalculated to reflect a 10-µg/m3 increase in 
pollutant assuming a linear relationship over 
the considered range. When coefficients for 
different lag times were given, we used the one 
that resulted in a statistically significant effect 
or, when all estimates were either significant 
or not significant, the lag reflecting the highest 
effect size. The same criterion was applied if 
lung function measurements were performed 
in the morning and in the evening. These cri-
teria were modified in a sensitivity analysis as 
indicated below.

Combined estimates of the natural log-
arithm of the OR for respiratory symptoms 
and the linear regression coefficients for PEF, 
respectively, were calculated for all stud-
ies with a fixed effects and a random effects 
meta-analysis model (DerSimonian and Laird 
1986; Petitti 2001) using the meta command 
of STATA (releases 8 and 9.1; StataCorp., 
College Station, TX, USA). This command 
uses inverse-variance weighting to calculate 
combined estimates. Although a fixed-effects 
model assumes that the studies reflect the same 
underlying average effect, in a random-effects 
model the study effects are coming from a 
common underlying distribution of effects. 
The corresponding weights include an addi-
tional term that reflects the between-study 
heterogeneity due to unexplained sources. 
Heterogeneity was assessed by calculating the I2 
of Higgins and Thompson, which reflects the 
proportion of total variation in the combined 
estimate that is due to heterogeneity between 
studies (Higgins and Thompson 2002).

We evaluated publication bias with both 
the Begg test and the Egger test (Begg and 
Mazumdar 1994; Egger et al. 1997). The 
Egger et al. regression asymmetry test tends to 
suggest the presence of publication bias more 
frequently than the Begg adjusted rank cor-
relation test, which has a low power.

Where necessary, a trim-and-fill analysis 
was performed to take account of publication 
bias (Duval 2000). This procedure estimates the 
number and outcomes of theoretical missing 
studies and incorporates them into the meta-
analysis. All the calculations were done using the 
metabias and metatrim commands in STATA.

To explore heterogeneity in meta-analysis  
estimates, we considered the influence of 
the following study characteristics on meta-
analyti cal estimates: continent (Europe; other 
countries), season (summer only; any other 
cases), population [asthmatics (confirmed 
diagnosis); symptomatics], duration (≤ 2 or 
> 2 months), lag (≤ 2 or > 2 days), average 
PM10 levels (< 40 or ≥ 40 µg/m3), and aver-
age NO2 levels (< 40 or ≥ 40 µg/m3). The 
influence of study characteristics was investi-
gated by calculating the combined effect for 
each stratum and evaluating the difference 
between strata-specific estimates. The null 
hypothesis that the difference between the 
estimates from the two strata equals 0 was 
tested (with Z-score), and the corresponding 
p-value is reported here. Statistical significance 
was defined as p < 0.05 for all analyses.

Because the choice of the lag was a critical 
step, we performed additional analyses using, 
for all the studies, the effect estimate at lag 
0–1 (instead of the most significant lag). The 
following criteria were applied. The default 
was lag 1; if lag 1 was not available, lag 0 or 
lag 0–1 was considered instead. In addition, 
we calculated the combined effects for PEF 
using only the evening values.

Results
We retrieved a total of 77 references for PM10 
and 324 for NO2. Applying the inclusion/
exclusion criteria outlined in “Materials and 
Methods,” 36 studies on PM10 and 24 on NO2 
remained to be included in the meta-analysis 
(Table 1). Some of the excluded studies were 
on indoor NO2, notably related with cook-
ing and heating. Other studies were time- series 
analyses on hospital admissions, and a few 
studies were on pathologic mechanisms and 
exposure assessment. Of the total of 36 studies 
(on 51 populations), 14 were PEACE studies 
(28 populations). In this review, we refer to 
each population as a separate study and use the 
corresponding estimates. Peacock et al. (2003) 
studied a subgroup of wheezy children but did 
not give estimates for the coefficient for this 
group. Nevertheless, because the authors stated 
that there was no effect modification by wheeze, 
we took the estimate for all children instead.

Of the total of 51 populations studied, 
36 were from Europe and 15 from elsewhere, 
mainly the United States. Thirty populations 
were from urban areas, and 20 studies were 
conducted in rural environments (one unspeci-
fied). Four studies were carried out in the sum-
mer only; the other studies were conducted 
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mainly in winter or during most of the year. 
The mean 24-hr average for NO2 ranged from 
8 to 77 µg/m3, and the mean 24-hr average for 
PM10 ranged from 11 to 167 µg/m3 (but only 
Mexico City had a value of 167 µg/m3; all the 
others had a value < 100 µg/m3).

The definition of the outcome regarding 
asthma symptoms varied among the studies: 

We included the estimates for wheeze from 
five studies (Jalaludin et al. 2004; Roemer 
et al. 1993; Romieu et al. 1996, 1997; Vedal 
et al. 1998); 35 studies used a variable “lower 
respiratory symptoms” or “asthma symptoms,” 
which in most studies (including PEACE stud-
ies) consisted of wheezing, shortness of breath, 
and asthma attacks (Gielen et al. 1997; Ostro 

et al. 2001; Pope and Dockery 1992; Roemer 
et al. 1998b; van der Zee et al. 1999). Other 
studies also included chest tightness (Delfino 
et al. 1998, 2002, 2003; Mortimer et al. 2002; 
Yu et al. 2000), sputum production (Delfino 
et al. 2002, 2003), or cough (Delfino et al. 
1998, 2002, 2003; Mortimer et al. 2002; 
Ostro et al. 2001; Pope and Dockery 1992; 

Table 1. Study characteristics of the panel studies.

Study
Outcomes 
studieda

Pollutant 
studied

Year of 
study Continent

Urban/ 
rural

n (duration 
in days) Season Population

Pollutant 24-hr mean 
(µg/m3)b

PM10 NO2

Pope and Dockery 1992 LRS, cough, PEF PM10 1990 Other Rural 39 (70) Other Symptomatics 56 —
Roemer et al. 1993 LRS, cough, PEF PM10 1990 Europe Rural 73 (90) Other Symptomatics 76 71c

Romieu et al. 1996 LRS, cough, PEF PM10 1991 Other Urban 71 (60) Other Asthmatics 167 75
Gielen et al. 1997 LRS, cough PM10 1995 Europe Urban 61 (60) Summer only Asthmatics 31 —
Peters et al. 1997 Cough, PEF PM10 1991 Europe Urban 89 (210) Other Asthmatics 55 —
Romieu et al. 1997 LRS, cough, PEF PM10 1991 Other Urban 67 (60) Other Asthmatics 54 37–169d

Delfino et al. 1998 LRS PM10 1995 Other Rural 24 (90) Summer only Asthmatics 43 —
Segala et al. 1998 LRS, cough, PEF PM10, NO2 1992 Europe Urban 41 (175) Other Asthmatics 34 57
Vedal et al. 1998 Cough, PEF PM10 1990 Other Rural 75 (492) Other Asthmatics 27 —
Tiittanen et al. 1999 Cough, PEF PM10 1995 Europe Urban 49 (42) Other Symptomatics 50%ile, 28 50%ile, 15
van der Zee et al. 1999 LRS, cough PM10, NO2 1993 Europe Urban 142 (90) Other Symptomatics 38 49
van der Zee et al. 1999 LRS, cough PM10, NO2 1993 Europe Rural 178 (90) Other Symptomatics 31 27
Jalaludin et al. 2000 PEF PM10, NO2 1994 Other Urban 125 (300) Other Asthmatics 23 28
Yu et al. 2000 LRS PM10 1993 Other Urban 133 (58) Other Asthmatics 10 —
Ostro et al. 2001 LRS, cough PM10, NO2 1993 Other Urban 138 (90) Summer only Asthmatics 51 77c

Delfino et al. 2002 LRS PM10, NO2 1996 Other Rural 22 (61) Other Asthmatics 20 26c

Just et al. 2002 LRS, cough PM10, NO2 1996 Europe Urban 82 (90) Other Asthmatics 24 54
Mortimer et al. 2002 LRS PM10, NO2 1993 Other Urban 846 (14) Summer only Asthmatics — 61
Aekplakorn et al. 2003 PEF PM10 1997 Other Rural 88 (53–61) Other Asthmatics 50%ile, 

22–25e
No NO2 

measured
Delfino et al. 2003 LRS, PEF PM10, NO2 1999 Other Urban 22 (90) Other Asthmatics 60 8c

Peacock et al. 2003 PEF PM10, NO2 1996 Europe — 179 (63) Other Symptomatics 18–23e 31–36e

Jalaludin et al. 2004 LRS, cough PM10, NO2 1994 Other Urban 148 (> 30) Other Symptomatics 23 (0600–
2100 hr)

28 (0600–
2100 hr)

Schildcrout et al. 2006 LRS PM10, NO2 1993 Other Urban 990 (60) Other Asthmatics 50%ile, 
18–34e

50%ile, 
34–59e

PEACE studies
Baldini et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 68 (65) Other Symptomatics 62 68
Baldini et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 60 (65) Other Symptomatics 70 33
Beyer et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 75 (172) Other Symptomatics 40 27
Beyer et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 63 (172) Other Symptomatics 33 26
Clench-Aas et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 56 (70) Other Symptomatics 19 49
Clench-Aas et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 68 (70) Other Symptomatics 11 21
Englert et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 50 (58) Other Symptomatics 52 38
Englert et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 66 (58) Other Symptomatics 43 21
Forsberg et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 75 (84) Other Symptomatics 13 25
Forsberg et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 72 (84) Other Symptomatics 12 15
Haluszka et al. 1998 LRS, cough, PEF PM10 1993 Europe Urban 73 (82) Other Symptomatics 60 —
Haluszka et al. 1998 LRS, cough, PEF PM10 1993 Europe Rural 76 (76) Other Symptomatics 56 —
Kalandidi et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 87 (60) Other Symptomatics 99 75
Kalandidi et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 80 (60) Other Symptomatics 50 20
Kotesovec et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 91 (60) Other Symptomatics 74 49
Kotesovec et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 77 (60) Other Symptomatics 32 13
Nielsen et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 78 (60) Other Symptomatics 23 21
Nielsen et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 82 (60) Other Symptomatics 16 9
Niepsuj et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 72 (83) Other Symptomatics 69 69
Niepsuj et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 73 (83) Other Symptomatics 74 70
Rudnai et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 76 (61) Other Symptomatics 61 35
Rudnai et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 63 (67) Other Symptomatics 52 25
Timonen et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 85 (72) Other Symptomatics 18 28
Timonen et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 84 (72) Other Symptomatics 13 14
Vondra et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Urban 66 (85) Other Symptomatics 53 45
Vondra et al. 1998 LRS, cough, PEF PM10, NO2 1993 Europe Rural 68 (85) Other Symptomatics 50 13
van der Zee et al. 1998 PEF PM10, NO2 1993 Europe Urban 55 (101) Other Symptomatics 45 46
van der Zee et al. 1998 PEF PM10, NO2 1993 Europe Rural 71 (93) Other Symptomatics 44 27

aLRS is equivalent to asthma symptoms. bMean of the 24-hr means unless otherwise indicated. cExtrapolated from 1-hr maximum. dRange of means over the study period. eMeans from 
more than one location.
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Yu et al. 2000). In the latter studies, no sepa-
rate effect estimate for cough was given except 
by Pope and Dockery (1992). Cough was not 
more precisely defined except for nocturnal 
cough (Just et al. 2002), cough during the day 
or the previous night (Peters et al. 1997), and 
wet and dry cough (Pope and Dockery 1992).

The effect estimates extracted from the indi-
vidual studies are given in the Supplemental 
Material, Table 1 (doi:10.1289/ehp.0900844) 
and are illustrated in Figures 1–3, which also 
give the combined effects calculated in the 
meta-analysis. When we considered all the 
studies in the fixed-effects models, we found a 
significant increase of 2.3% in asthma symp-
toms, 1.4% for cough, and –0.117 min/L for 
PEF for a 10-µg/m3 increase in PM10 (Table 2). 
However, we observed a considerable degree of 
heterogeneity among the studies, with I2 rang-
ing from 35% to 77%. Therefore, the estimates 
based on the random effects model are likely to 
represent the overall effect more accurately. For 
an increase of 10 µg/m3 of PM10, we found a 
significant increase of 2.8% in asthma symp-
toms, and an increase for cough (1.2%) and a 
decrease of PEF (–0.082 L/min) that were bor-
derline significant. For an increase of 10 µg/m3 
NO2, we found a significant increase in asthma 

symptoms of 3.1%. We found no clear asso-
ciation of NO2 with cough or PEF; only when 
we excluded the PEACE studies did we find 
evidence of effect for NO2 on cough.

When we considered all the studies, we 
found no evidence of publication bias. When 
we excluded the PEACE studies, publication 
bias was present for asthma symptoms for 
PM10 and NO2; after applying the trim-and-
fill procedure, the random-effects estimates 
decreased from 5.5% to 3.5% and from 3.9 
to 3.2, respectively, and were therefore similar 
to the estimates for all studies. We also saw 
a tendency for a similar publication bias for 
cough (PM10 and NO2), with significant val-
ues for the Egger test but not for the Begg test. 
However, the resulting trim-and-fill estimates 
for cough were more similar to those of the 
non-PEACE studies than to that for all studies 
(Table 2).

We found an effect modification of the 
effect of PM10 on asthma symptoms by con-
tinent (stronger association outside Europe), 
season (stronger association in studies car-
ried out in summer only), study population 
(stronger effect among asthmatic children), 
and PM10 level (stronger association at levels 
< 40 µg/m3) (Table 3). When we excluded the 

PEACE studies, only season remained near 
significance (p < 0.1). For the effect of PM10 
on cough (Table 4), there were higher associa-
tions in studies conducted outside of Europe, 
with lag > 2 days, or with higher NO2 lev-
els; these effect modifications remained when 
excluding the PEACE studies. For the effect of 
PM10 on PEF (Table 4), there was a tendency 
for a higher decrease in PEF in asthmatic than 
in symptomatic children. We found no con-
sistent effect modification, and there was no 
evidence for effect modifica tion of the associa-
tion between NO2 and any of the investigated 
outcomes s (Table 3 for asthma; for cough and 
PEF, data not shown). 

The results of the sensitivity analyses based 
on the predefined lag 0–1 (i.e., lag 1 or 0 or 
0–1) and on evening PEF showed mostly a 
similar pattern, especially for PM10, although 
the associations were generally weaker [see 
Supplemental Material, Table 3 (doi:10.1289/
ehp.0900844)]. However, the associations of 
NO2 with asthma symptoms and cough were 
not significant in this analysis. We found effect 
modification even when we omitted the PEACE 
studies (see Supplemental Material, Tables 4 
and 5), for the effect of NO2 on asthma symp-
toms, with higher associations for asthmatics 

Figure 1. ORs with 95% CIs for the association between a rise of 10 µg/m3 PM10 (A) or NO2 (B) and the occurrence of asthma symptoms. Abbreviations: FE, fixed 
effects; R, rural; RE, random effects; U, urban.
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and during the summer (the latter based on 
two studies in one stratum). Furthermore, the 
estimated effects of PM10 on asthma symptoms 
were higher at higher concentrations of NO2.

Discussion
Our meta-analysis shows effects of PM10 on 
both asthma symptoms and cough. We found 
no indication of publication bias when we con-
sidered all the evidence. For NO2, we found 
statistically significant associations with asthma 
symptoms in the overall analysis but not in the 
sensitivity analysis restricted to the 0–1 lags. 
The effects of air pollutants on PEF were lim-
ited to PM10, and we saw a stronger association 
when we excluded the PEACE studies from 
the analysis. We found an indication of effect 
modification of PM10, with higher associations 
with asthma symptoms during summer and 
with cough for studies conducted outside of 
Europe, for a lag > 2 days, and at higher ambi-
ent NO2 concentrations. When considering 
lags 0–1 only, the pattern of effect modification 
was different.

A previous meta-analysis considered panel 
studies in children and summarized the evi-
dence for PM10 up through June 2002 (Ward 
and Ayres 2004). Our meta-analysis extends 

this work further up through July 2008, add-
ing 11 studies. On the other hand, we did 
not include nine studies (two from Europe) 
included in the Ward and Ayres (2004) analy-
sis because the panels evaluated asymptomatic 
children and we focused specifically on children 
with asthma. Our estimates of the PM10 effect 
on asthma symptoms and cough are similar to 
those of the previous meta-analysis [1.04 and 
1.028 for asthma symptoms, 1.04 and 1.031 
for cough in Ward and Ayres (2004) and in 
our analysis, respectively]. Our random effects 
estimate for PEF is weaker than that from 
Ward and Ayres (–0.082 vs. –0.33 L/min for 
a 10-µg/m3 increase), whereas the fixed effects 
estimates are similar (–0.117 vs. –0.12 L/min).

We found no publication bias when con-
sidering all studies. However, excluding the 
PEACE studies, which highly influenced the 
estimates from the meta-analyses, resulted in 
clear publication bias for asthma symptoms, 
but less so for cough. The PEACE studies 
reported, on average, no effects of air pollution, 
with very few individual centers showing an 
association with PM10 (Roemer et al. 1998a). 
It is, on the one hand, the only multicenter 
series of studies that has been conducted with 
a unified protocol and whose results are not 

biased by publication procedures. On the other 
hand, limitations of the PEACE study have 
to be considered (Roemer et al. 1998a, 2000). 
There is concern that the entire study series 
might have been influenced by an influenza 
epidemic during the study period. If the study 
period is relatively short (e.g., 2 months as in 
the PEACE study), such unexpected events 
might confound the results, and it is gener-
ally more difficult to adjust adequately for time 
trend. In our analyses, we found no significant 
difference between studies with durations lon-
ger or shorter than 2 months. Nevertheless, for 
asthma symptoms, the estimate from the stud-
ies with durations longer than 2 months was 
slightly higher and statistically significant. In the 
Netherlands, where the data was collected dur-
ing three winters instead of just one, there were 
clear effects of air pollution in symptomatic 
children (Roemer et al. 2000; van der Zee et al. 
1999). In addition, all PEACE studies were 
carried out in the winter, when the effect of 
respiratory infections will putatively be greater 
compared with summer. Furthermore, in our 
analysis, we have found statistically greater asso-
ciations in summer for asthma symptoms. 

To the best of our knowledge, this is 
the first meta-analysis for effects related to 

Figure 2. ORs with 95% CIs for the association between a rise of 10 µg/m3 PM10 (A) or NO2 (B) and the occurrence of cough episodes. Abbreviations: FE, fixed 
effects; R, rural; RE, random effects; U, urban.
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monitored outdoor NO2 on respiratory health 
in asthmatic children, although the main 
investigations on NO2 have been extensively 
reviewed (U.S. EPA 2008b; WHO Regional 
Office for Europe 2006). In vitro studies at 
comparatively low concentrations of NO2, 
but still notably higher than ambient levels 
(400 ppb or 760 µg/m3), have shown cell 
damage accompanied by release of cytokines, 
such as tumor necrosis factor-α and inter-
leukin-8 (Devalia et al. 1993). In controlled 

human studies, the same concentration for 
1 hr led to an increased early and late asth-
matic response (measured by forced expiratory 
volume in 1 sec) after challenge with house 
dust mite allergen compared with ordinary air 
(Tunnicliffe et al. 1994). Similarly, a 30-min 
exposure to 500 µg/m3 NO2 increased the 
early-phase response to an otherwise nons-
ymptomatic allergen dose (Strand et al. 
1998). Although such concentrations can 
be reached during some episodes, the usual 

ambient concentrations of NO2 are lower. 
On the other hand, several studies on hos-
pital admissions and emergency department 
visits for asthma conducted in Europe and 
elsewhere [reviewed by U.S. EPA (2008b); 
WHO Regional Office for Europe (2006)] did 
find an independent effect of NO2. Therefore, 
the extent to which the observed associations 
are related to a direct effect of NO2 and/or 
reflect the fact that NO2 is a marker for the 
urban pollution mix, particularly for ultrafine 

Figure 3. Mean increase in PEF (L/min) with 95% CIs for a rise of 10 µg/m3 PM10 (A) or NO2 (B). Abbreviations: FE, fixed effects; R, rural; RE, random effects; U, urban.
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33.9 (–10.7 to 78.6)
27.1 (7.7 to 46.5)

39.5 (1.6 to 77.3)

56.0 (5.0 to 106.9)

Table 2. Association of PM10 and NO2 exposure with episodes of asthma symptoms, episodes of cough, and PEF in children symptomatic for or diagnosed with asthma.
PM10 NO2

Symptom n ORF/βF (95% CI) ORR/βR (95% CI) p -Value(I 2) p-Valuea n ORF/βF (95% CI) ORR/βR (95% CI) p -Value(I 2) p-Valuea

Asthma symptoms
All studies 43 1.023 (1.013 to 1.034) 1.028 (1.006 to 1.051) < 0.001 (59%) 0.779 (0.675) 34 1.026 (1.016 to 1.037) 1.031 (1.001 to 1.062) < 0.001 (50%) 0.746 (0.594)
Without PEACE 
studies

17 1.035 (1.023 to 1.047) 1.055 (1.032 to 1.078) 0.002 (56%) 0.000 (0.053) 10 1.028 (1.017 to 1.039) 1.039 (1.018 to 1.061) 0.125 (35%) 0.001 (0.152)

Trim-and-fill estimate 24 1.028 (1.016 to 1.039) 1.035 (1.012 to 1.058) < 0.0001 (61%) 15 1.026 (1.015 to 1.037) 1.032 (1.008 to 1.057) 0.052 (41%)
Cough

All studies 40 1.014 (1.008 to 1.019) 1.012 (0.997 to 1.026) < 0.001 (69%) 0.442 (0.316) 30 1.006 (0.995 to 1.016) 0.987 (0.960 to 1.014) < 0.001 (65%) 0.394 (0.158)
Without PEACE studies 14 1.020 (1.014 to 1.026) 1.035 (1.020 to 1.050) < 0.001 (72%) 0.002 (0.07) 6 1.018 (1.006 to 1.030) 1.031 (1.005 to 1.057) 0.006 (69%) 0.007 (0.085)
Trim-and-fill estimate 19 1.018 (1.012 to 1.024) 1.027 (1.011 to 1.043) < 0.001 (72%) 8 1.015 (1.003 to 1.026) 1.018 (0.988 to 1.050) < 0.001 (76%)

PEFb

All studies 40 –0.117 (–0.160 to –0.073) –0.082 (–0.214 to 0.050) < 0.001 (72%) 0.456 (0.428) 29 0.130 (–0.008 to 0.268) 0.180 (–0.184 to 0.544) < 0.001 (77%) 0.433 (0.925)
Without PEACE studies 12 –0.145 (–0.195 to –0.096) –0.272 (–0.449 to –0.095) < 0.001 (69%) 0.061 (0.451) 3 0.232 (–0.091 to 0.556) 0.170 (–0.590 to 0.929) 0.088 (59%) 0.594 (1.000)

Abbreviations: ORF/βF and ORR/βR, combined estimate of the OR (or regression coefficient β for PEF in L/min) from the fixed-effects and random-effects models, respectively, for a 
10-µg/m3 increase of pollutant; p(I2), p-value for test of heterogeneity based on Cochrane’s Q, with I2 of Higgins and Thompson reflecting the proportion of total variation in the estimate 
that is due to heterogeneity between studies.
ap-Value for Egger (Begg) bias test. bThe metatrim command in STATA did not perform any trimming for this outcome ( “no trimming performed, data unchanged”).
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particles PM (Seaton and Dennekamp 2003), 
remains to be investigated. The correlation 
between PM10 and NO2 varies across settings 
(Katsouyanni et al. 2001), with the pollution 
mix related to NO2 generally being more vari-
able in space and time. Notwithstanding these 
differences, the estimated effect size for NO2 

observed in this meta-analysis is similar to that 
of the PM10 component, except for PEF.

There may be a concern that bias might 
be introduced when selecting effects that were 
not for the same lag. Our additional analysis 
for lags 0–1 provided nonsignificant estimates 
for NO2 but significant associations with 

PM10. It remains to be shown whether such 
a short lag is the most adequate for measuring 
the effect, given that higher associations may 
be observed at longer lags, as we found in our 
analysis of effect modification. Unfortunately, 
longer lags are less consistently reported in the 
literature.

Table 3. Stratum-specific combined estimates of the association of PM10 and NO2 exposure with episodes of wheezing in children symptomatic for or diagnosed 
with asthma.

PM10 NO2

All studies PEACE studies excluded All studies PEACE studies excluded
Stratum n ORR (95% CI) pStrata phet (I 2) n ORR (95% CI) pStrata phet (I 2) n ORR (95% CI) pStrata phet (I2) n ORR (95% CI) pStrata phet (I 2)
Continent 0.066 0.457 0.366 0.084

Europe 32 1.008 (0.975–1.043) < 0.001 (60%) 6 1.069 (1.025–1.116) 0.121 (43%) 28 0.998 (0.942–1.058) < 0.001 (56%) 4 1.085 (1.019–1.155) 0.126 (47%)
Other 11 1.050 (1.022–1.077) 0.006 (60%) 11 1.050 (1.022–1.077) 0.006 (59%) 6 1.025 (1.014–1.036) 0.471 (0%) 6 1.025 (1.014–1.036) 0.471 (0%)

Season 0.006 0.095 0.332 0.920
Summer only 5 1.090 (1.045–1.136) 0.682 (0%) 5 1.090 (1.045–1.136) 0.682 (0%) 3 1.057 (0.987–1.133) 0.166 (44%) 3 1.057 (0.987–1.133) 0.166 (44%)
Other 38 1.020 (0.997–1.043) < 0.001 (60%) 12 1.046 (1.022–1.071) 0.003 (61%) 31 1.016 (0.974–1.059) < 0.001 (52%) 7 1.053 (1.015–1.092) 0.112 (42%)

Population 0.029 0.963 0.132 0.434
Asthmatics 12 1.056 (1.025–1.088) 0.009 (56%) 12 1.056 (1.025–1.088) 0.009 (56%) 7 1.034 (1.011–1.059) 0.132 (39%) 7 1.034 (1.011–1.059) 0.132 (39%)
Symptomatics 31 1.007 (0.976–1.039) < 0.001 (62%) 5 1.055 (1.023–1.088) 0.107 (47%) 27 0.986 (0.931–1.045) < 0.001 (54%) 3 1.056 (1.010–1.104) 0.299 (17%)

Duration 0.758 0.645 0.285 0.192
≤ 2 months 14 1.022 (0.978–1.068) 0.001 (63%) 6 1.049 (1.013–1.087) 0.069 (51%) 10 0.954 (0.819–1.110) 0.003 (64%) 2 1.098 (1.009–1.194) 0.698 (0%)
> 2 months 29 1.031 (1.005–1.058) < 0.001 (59%) 11 1.061 (1.029–1.094) 0.003 (62%) 24 1.037 (1.009–1.066) 0.011 (44%) 8 1.036 (1.014–1.057) 0.121 (39%)

Lag 0.325 0.438 0.601 0.597
≤ 2 days 22 1.020 (0.994–1.046) < 0.001 (64%) 11 1.047 (1.020–1.076) 0.021 (53%) 16 1.016 (0.966–1.069) 0.002 (58%) 6 1.043 (1.004–1.084) 0.190 (33%)
> 2 days 21 1.044 (1.005–1.084) 0.012 (46%) 6 1.066 (1.028–1.106) 0.072 (51%) 18 1.037 (0.981–1.096) 0.020 (45%) 4 1.061 (1.009–1.115) 0.098 (52%)

PM10 level 0.102 0.795 0.079 0.612
< 40 µg/m3 19 1.057 (1.020–1.095) 0.053 (37%) 9 1.057 (1.034–1.079) 0.565 (0%) 16 1.062 (1.005–1.121) 0.064 (38%) 6 1.074 (1.029–1.121) 0.319 (15%)
≥ 40 µg/m3 23 1.016 (0.985–1.048) < 0.001 (65%) 7 1.063 (1.021–1.106) 0.007 (66%) 17 0.982 (0.918–1.050) 0.001 (58%) 3 1.051 (0.976–1.131) 0.179 (42%)

NO2 level 0.201 0.763 0.116 0.280
< 40 µg/m3 22 1.007 (0.966–1.051) < 0.001 (59%) 5 1.059 (1.031–1.087) 0.586 (0%) 21 0.972 (0.894–1.056) 0.002 (54%) 4 1.095 (1.034–1.159) 0.798 (0%)
≥ 40 µg/m3 15 1.042 (1.010–1.076) 0.018 (49%) 8 1.051 (1.013–1.091) 0.038 (53%) 12 1.048 (1.002–1.097) 0.023 (50%) 5 1.053 (1.009–1.098) 0.100 (49%)

Rural/urban 0.261 0.289 0.559 0.052
Rural 18 1.008 (0.965–1.053) < 0.001 (61%) 5 1.082 (1.022–1.145) 0.058 (56%) 14 0.997 (0.887–1.122) 0.008 (54%) 2 1.098 (1.033–1.167) 0.981 (0%)
Urban 25 1.038 (1.012–1.064) < 0.001 (59%) 12 1.047 (1.023–1.071) 0.021 (51%) 20 1.033 (1.004–1.063) 0.007 (49%) 8 1.030 (1.012–1.049) 0.226 (25%)

Abbreviations: ORR, combined estimate of the OR from the random effects model for 10-µg/m3 increase in pollutant; pStrataphet (I2), p-value for differences between strata and p-value for 
test of heterogeneity based on Cochrane’s Q, with I2 of Higgins and Thompson reflecting the proportion of total variation in the estimate that is due to heterogeneity between studies.

Table 4. Stratum-specific combined estimates of the association of PM10 exposure with change in PEF (L/min) and with cough episodes in children symptomatic 
for or diagnosed with asthma.

PEF Cough

All studies PEACE studies excluded All studies PEACE studies excluded

Stratum n βR (95% CI) pStrata phet (I 2) n βR (95% CI) pStrata phet (I 2) n ORR (95% CI) pStrata phet (I 2) n ORR (95% CI) pStrata phet (I 2)

Continent 0.041 0.750 0.001 0.047
Europe 33 0.002 (–0.182 to 0.186) < 0.001 (72%) 5 –0.235 (–0.600 to 0.131) 0.006 (73%) 34 0.998 (0.983 to 1.014) < 0.001 (62%) 8 1.020 (1.006 to 1.034) 0.026 (56%)
Other 7 –0.305 (–0.534 to –0.076) 0.003 (69%) 7 –0.305 (–0.534 to –0.076) 0.003 (69%) 6 1.053 (1.024 to 1.082) 0.004 (71%) 6 1.053 (1.024 to 1.082) 0.004 (71%)

Season 0.260 0.905
Summer only 2 1.039 (0.992 to 1.088) 0.602 (0%) 2 1.039 (0.992 to 1.088) 0.602 (0%)
Other 40 –0.082 (–0.214 to 0.050) < 0.001 (72%) 12 –0.272 (–0.449 to –0.095) < 0.001 (69%) 38 1.010 (0.996 to 1.025) < 0.001 (70%) 12 1.035 (1.019 to 1.051) < 0.001 (76%)

Population 0.007 0.086 0.001 0.217
Asthmatics 7 –0.549 (–0.920 to –0.177) 0.006 (67%) 7 –0.549 (–0.920 to –0.177) 0.006 (67%) 8 1.046 (1.022 to 1.071) 0.001 (70%) 8 1.046 (1.022 to 1.071) 0.001 (70%)
Symptomatics 33 0.010 (–0.159 to 0.180) < 0.001 (73%) 5 –0.148 (–0.415 to 0.119) 0.002 (76%) 32 0.995 (0.978 to 1.013) < 0.001 (63%) 6 1.026 (1.006 to 1.046) 0.005 (70%)

Duration 0.402 0.416 0.422 0.762
≤ 2 months 12 –0.161 (–0.394 to 0.071) < 0.001 (67%) 4 –0.440 (–0.843 to –0.037) 0.010 (73%) 13 1.019 (0.995 to 1.043) 0.003 (59%) 5 1.034 (1.017 to 1.051) 0.188 (35%)
> 2 months 28 –0.032 (–0.225 to 0.160) < 0.001 (74%) 8 –0.241 (–0.500 to 0.018) 0.079 (69%) 27 1.007 (0.990 to 1.026) < 0.001 (70%) 9 1.038 (1.017 to 1.059) < 0.001 (77%)

Lag 0.325 0.189 0.018 0.030
≤ 2 days 14 –0.167 (–0.354 to 0.021) < 0.001 (70%) 8 –0.203 (–0.426 to 0.020) 0.001 (71%) 19 0.997 (0.979 to 1.014) < 0.001 (74%) 6 1.022 (1.006 to 1.038) 0.004 (71%)
> 2 days 26 –0.025 (–0.237 to 0.187) < 0.001 (73%) 4 –0.396 (–0.578 to –0.214) 0.392 (0%) 21 1.036 (1.009 to 1.065) 0.001 (56%) 8 1.067 (1.030 to 1.106) 0.001 (71%)

PM10 level 0.774 0.344 0.706 0.173
< 40 µg/m3 14 –0.021 (–0.441 to 0.398) < 0.001 (68%) 4 –0.116 (–0.613 to 0.381) 0.006 (76%) 17 1.006 (0.983 to 1.029) 0.002 (57%) 7 1.022 (1.004 to 1.041) 0.047 (53%)
≥ 40 µg/m3 25 –0.086 (–0.233 to 0.061) < 0.001 (74%) 7 –0.380 (–0.607 to –0.152) 0.005 (68%) 22 1.012 (0.991 to 1.033) < 0.001 (74%) 6 1.045 (1.018 to 1.073) < 0.001 (79%)

NO2 level 0.722 0.028 0.012 0.031
< 40 µg/m3 21 –0.018 (–0.278 to 0.242) 68%* 3 0.144 (–0.224 to 0.512) 0.155 (46%) 20 0.980 (0.954 to 1.007) < 0.001 (60%) 3 1.013 (1.001 to 1.025) 0.342 (7%)
≥ 40 µg/m3 11 –0.091 (–0.399 to 0.216) 80%* 3 –1.085 (–2.120 to –0.051) 0.028 (72%) 13 1.032 (1.001 to 1.064) < 0.001 (72%) 6 1.065 (1.019 to 1.113) < 0.001 (82%)

Rural/urban 0.911 0.433 0.116 0.604
Rural 18 –0.125 (–0.286 to 0.036) < 0.001 (65%) 4 –0.301 (–0.507 to –0.096) 0.020 (70%) 17 0.994 (0.968 to 1.021) < 0.001 (65%) 4 1.050 (0.995 to 1.109) 0.003 (79%)
Urban 21 –0.108 (–0.360 to 0.144) < 0.001 (75%) 7 –0.473 (–0.851 to –0.095) 0.008 (66%) 23 1.020 (1.002 to 1.039) < 0.001 (69%) 10 1.035 (1.017 to 1.052) < 0.001 (70%)

Abbreviations: ORR/βR, combined estimate of the OR (or regression coefficient β for PEF in L/min) from the random effects model for a 10-µg/m3 increase in pollutant; pStrataphet (I2), 
p-value for differences between strata and p-value for test of heterogeneity based on Cochrane’s Q, with I2 of Higgins and Thompson reflecting the proportion of total variation in the 
estimate that is due to heterogeneity between studies.
*p < 0.001.
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There are limitations of the panel studies 
we have considered. When evaluating symp-
toms, the possibility of a confounding role of 
medications should be considered. Medication 
use on polluted days may influence symptoms 
and lung function. Although the PEACE stud-
ies found no correlation between the num-
ber of children using asthma medication and 
air pollution levels (Roemer et al. 2000), this 
does not account for the possibility that asth-
matic children increase the dose on such days. 
Information regarding this possibility is gener-
ally missing in the individual study reports. 
The evaluation of the effect on PEF is diffi-
cult because of the large between-individual 
variability of this indicator that is likely to be 
strongly influenced by medication use among 
diseased subjects. Finally, another difficulty is 
that the measured pollutants are only part of 
a more complex air pollution mixture, and the 
effects of “PM10” and “NO2” may vary among 
studies and may be a less or more adequate 
measure of the effects of air pollution. In a 
meta-analysis, it is not possible to adequately 
assess the problems related to these mixes. 
Multipollutant (mostly two-pollutant) models 
were calculated for only 10 of the study popu-
lations, and the combinations of the pollutants 
varied among studies. Only if the raw data 
were available for all studies could one attempt 
to tease out individual pollutant effects and also 
avoid overestimation of the individual effect. It 
will nonetheless be a daunting task, because in 
most cases criteria air pollutants are measured, 
which may be indicators of different unmea-
sured compounds in different areas. Delfino 
et al. (2003) reported, for example, that the 
effect of “PM10” was lower when, for example, 
organic carbon, benzene, or m,p-xylene was 
included in two-pollutant models. This may 
be a general finding, or it may be typical for 
the region investigated. The results presented 
here therefore are not to be strictly understood 
as the effect of PM10 only or NO2 only; the 
greater context must be borne in mind.

We observed a high degree of hetero geneity 
among the investigated studies. Stratifying 
by the identified effect modifiers reduced the 
hetero geneity only to some extent. We obtained 
the greatest reduction in hetero geneity when 
using the same lag for all studies. Sources of 
heterogeneity may be linked to various design 
aspects of the study, such as the inclusion crite-
ria for the panel, duration of the study, and the 
analytical strategies. For the PEACE study with 
its standardized study protocol and common 
analytical strategy, we calculated an I2 ranging 
from 40% to 79% depending on the outcome/
pollutant only for the analysis using different 
lags, whereas the analyses with the uniform 
shorter lag reduced the heterogeneity among 
PEACE studies for symptoms and PEF (data 
not shown). Although this may highlight the 
importance of a standardized study protocol, 

caution is needed until it is better known 
which lag is the most appropriate. Therefore, 
other potential sources of the observed hetero-
geneity, such as differences in the air pollution 
mix related to spatial or temporal variabil-
ity, may still be of importance even in well- 
standardized studies. Different baseline charac-
teristics of the populations studied may also 
have their influence.

The estimated effect of PM10 on asthma 
was higher in studies that were conducted in 
the summer. The composition of the air pol-
lution mix may also be the reason for higher 
observed effects of PM10 in studies that have 
been conducted in summer only. Summer pol-
lution is qualitatively different from winter pol-
lution: O3 levels are higher, and in general the 
air pollution mixture is more strongly influ-
enced by photochemical reaction. Ward and 
Ayres (2004) observed in their analysis a higher 
estimated effect in studies conducted in peri-
ods of high O3 levels. A time-series analysis of 
Atkinson et al. (2001) observed effect modifica-
tion by O3 for hospital admission for respira-
tory conditions in persons older than 65 years, 
although not for asthma admissions in children 
or adults. Alternative reasons could be that the 
PM10 effect is confounded by the effect of O3. 
However, independent effects have been found 
for PM2.5, and for PM2.5–10 concerning cough 
[for a more detailed discussion, see Ward and 
Ayres (2004)]. The higher estimated effect of 
PM10 in the summer could also be linked to 
more (active) time spent outside, which could 
act in several ways. First, it would reduce mis-
classification due to less exposure to indoor 
conditions. Second, it could increase the effect 
of PM10 through increased inhalation during 
the activities outside (e.g., exercise), which also 
could increase the effect of O3.

Consideration of longer lags did result in 
elevated associations of PM10 with cough. This 
seems plausible because air pollution may act not 
only as a short-term trigger but also as a priming 
event by inducing processes of enhanced airways 
inflammation (Kimber 1998) that will build 
up over a period of hours to days and result in 
subsequent bronchial hyperreactivity (Mortimer 
et al. 2002). Indeed, lengthy lag periods have 
been found in panel studies as well as time-series 
studies of emergency department visits (Halonen 
et al. 2008; Mortimer et al. 2002).

Continent modified the association of 
PM10 with cough; we found a significant com-
bined effect only for the studies outside of 
Europe, whereas for the European studies the 
combined effect was null (OR = 0.998; 95% 
CI, 0.983–1.014). This estimate is similar to 
that reported by Anderson et al. (2004) for 
Europe (OR = 0.999; 95% CI, 0.987–1.011). 
At first glance, a similar effect modification was 
present for asthma symptoms, but this disap-
peared after exclusion of the PEACE studies. 
It therefore remains speculative whether this 

is really an effect for Europe or is attributable 
to some other characteristic that is specifically 
related to the PEACE study.

Nevertheless, a stronger association of 
PM10 with respiratory symptoms reported 
in the United States compared with Europe 
was also observed in an earlier meta-analysis, 
conducted before the PEACE study, that also 
included healthy children (Dockery and Pope 
1994). One plausible explanation could be 
different pollutant mixes on the two conti-
nents. The extent to which these differences are 
systematic and will provide relevant informa-
tion remains to be investigated, given that also 
within the United States and within Europe 
there are marked differences concerning the air 
pollution mix, which may result in differing 
health effects via effect modification or due to 
a different composition of PM10 (Katsouyanni 
et al. 2001; Levy et al. 2000).

In our analysis, we found the association 
of PM10 with cough to be stronger for higher 
ambient NO2 concentration. However, we 
did not see this effect in the analysis restricted 
to lags 0–1, but in this latter analysis we found 
higher associations at higher NO2 levels with 
asthma symptoms. Effect modification by 
NO2 has been found in time series studies 
on mortality in Europe (Katsouyanni et al. 
2001), and to a lesser extent in the United 
States (Levy et al. 2000). It has been discussed 
that NO2 is a marker for a certain air pollution 
mixture, notably arising from traffic, which is 
more noxious for health.

Conclusion
Our meta-analysis provides strong evidence for 
an effect of PM10 as an aggravating factor of 
asthma in children. Although there is no firm 
toxicologic evidence of adverse health effects of 
NO2 at ambient levels to date, the epidemio-
logic results suggest an adverse effect of NO2 
on respiratory health in children with asthma. 
However, caution is needed in the final con-
clusion for NO2 because the association with 
asthma attacks was not robust to lag specifica-
tion. The finding may reflect the fact that NO2 
is associated at extended lags, or it may be only 
an artifact due to our method of choosing the 
specific lag to be included in the meta-analy-
sis. More consistent reporting of longer lags 
is needed in panel studies to better judge the 
effect of monitored outdoor NO2. The results 
of the study support the need to protect asth-
matic children with strict air quality standards 
for PM10 and, considering the precautionary 
principle, also for NO2.
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