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ABSTRACT
Aim: There is growing interest in the health effects following exposure to ambient particles with a
diameter <100 nm defined as ultrafine particles (UFPs), although studies so far have reported inconsistent
results. We have undertaken a systematic review and meta-analysis for respiratory hospital admissions and
emergency room visits following short-term exposure to UFPs.
Methods: We searched PubMed and the Web of Science for studies published up to March 2019 to update
previous reviews. We applied fixed- and random-effects models, assessed heterogeneity between cities and
explored possible effect modifiers.
Results: We identified nine publications, reporting effects from 15 cities, 11 of which were European. There
was great variability in exposure assessment, outcome measures and the exposure lags considered. Our
meta-analyses did not support UFP effects on respiratory morbidity across all ages. We found consistent
statistically significant associations following lag 2 exposure during the warm period and in cities with mean
daily UFP concentrations <6000 particles·cm‒3, which was approximately the median of the city-specific
mean levels. Among children aged 0–14 years, a 10000 particle·cm‒3 increase in UFPs 2 or 3 days before
was associated with a relative risk of 1.01 (95% CI 1.00–1.02) in respiratory hospital admissions.
Conclusions: Our study indicates UFP effects on respiratory health among children, and during the warm
season across all ages at longer lags. The limited evidence and the large heterogeneity of previous reports
call for future exposure assessment harmonisation and expanded research.

Copyright ©ERS 2020. This article is open access and distributed under the terms of the Creative Commons Attribution
Non-Commercial Licence 4.0.

Provenance: Submitted article, peer reviewed

This article has supplementary material available from err.ersjournals.com

Received: 23 April 2020 | Accepted: 22 May 2020

https://doi.org/10.1183/16000617.0116-2020 Eur Respir Rev 2020; 29: 200116

REVIEW
ULTRAFINE PARTICLES

https://orcid.org/0000-0002-5799-5542
mailto:esamoli@med.uoa.gr
https://bit.ly/2zynMza
https://bit.ly/2zynMza
https://doi.org/10.1183/16000617.0116-2020
https://doi.org/10.1183/16000617.0116-2020
err.ersjournals.com
https://crossmark.crossref.org/dialog/?doi=10.1183/16000617.0116-2020&domain=pdf&date_stamp=


Introduction
Ambient particulate matter (PM) exposure has been associated with a variety of health outcomes and the
evidence is continuously growing [1, 2]. Health impacts of particles partly vary by their size, because their
size determines where particles are deposited in the airways. The majority of published research has
focused on the mass concentration of particles with an aerodynamic diameter <2.5 μm (PM2.5), while in
the last decade there has been growing research interest in smaller particles defined as ultrafine particles
(UFPs) with a diameter <100 nm. Although there is no lower limit in this definition (if anything this
would be the size of individual molecules), this is restricted by the capabilities of the monitoring
techniques, with the existing instruments already measuring down to 2 nm.

Smaller particles travel deeper into the lungs and particles <200 nm can penetrate cells and reach multiple
organs [3]. Biological mechanisms have been proposed regarding UFP toxicity that seems to differ from
larger particles [4]. This is attributed to differences in the deposition upon inhalation, and in differential
physicochemical properties [5]. Oxidative stress is a common mechanism of response that leads to
inflammation and tissue damage. LI et al. [6] showed that differences in the size and composition of
coarse (2.5–10 μm), fine (<2.5 μm) and ultrafine (<0.1 μm) PMs are related to their uptake in macrophages
and epithelial cells and their ability to induce oxidative stress.

In 2013, the US Health Effects Institute [7] published a report on UFP health effects that concluded that
there was insufficient evidence of adverse effects. However, a study that reviewed the literature up to 2017
[8] indicated associations with inflammatory and cardiovascular changes following short-term exposure to
UFPs, which may be partly independent of other pollutants, and in particular of PM2.5. The authors
reported six studies investigating adult or paediatric asthma-related visits or admissions and concluded
that the association seemed most probable for children. Recently the US Environmental Protection Agency
Integrated Science Assessment for PM [9] concluded that there is suggestive evidence of respiratory effects
following short-term exposure to UFPs.

The European Federation of Clean Air and Environmental Protection Associations has recently released a
White Paper on “Ambient ultrafine particles: evidence for policy makers” [4] co-authored by an
international team of experts that presents updated information on the current knowledge on UFP sources
and exposure assessment, and a summary review of available results from toxicological and
epidemiological studies. The review highlights the diversity of exposure assessment methods that may
affect the consistency of the health associations, the diverse toxicity of UFP in comparison to other PM
metrics due to differential deposition patterns and physiochemical characteristics, the lack of a
comprehensive updated review on the epidemiological evidence following the growing literature, and the
need for regulation in the future. In addition, the White Paper summarised that 164 out of 174
publications included in the previous reviews [4, 8] and published between 1997 to 2017 focused on
short-term exposure and investigated a wide variety of associations ranging from mortality to respiratory
symptoms.

As part of this consortium, we have undertaken an updated systematic review and meta-analysis of the
effects on respiratory morbidity outcomes (defined as hospital admissions and emergency room visits for
any respiratory cause) after short-term exposure to UFPs. We thereby followed the indication in the White
Paper that there is adequate information to provide a quantitative estimate for these associations for
short-term exposure.

Methods
We followed the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) [10].

Search strategy
We included articles on respiratory hospital admissions and emergency room visits reported in two
previous reviews [7, 8], which covered the period from 11 May 2017. We additionally searched PubMed
for articles published between 12 May 2017 and 1 March 2019, as well as Web of Science for articles
published between 1 January 2000 and 1 March 2019, as the latter database was not searched in the more
recent review [8]. We used the same keywords as in the report by OHLWEIN et al. [8] in order to expand
their search but limited search terms to respiratory admissions and emergency room visits. Hence we
included the following terms: (“Particulate matter” OR “Environmental exposure” OR “Air pollutants” OR
“Air pollution” OR “Air pollutant” OR “Air pollutants/adverse effects” OR “Air pollution/adverse effects”
OR “Environmental exposure/adverse effects”) AND (“Surface area” OR “Ultrafine” OR “Ultrafine
particle” OR “Ultrafine particles” OR “Nano particles” OR “Nano particle” OR Nanoparticle OR
Nanoparticles OR PM0.1 OR PM0.25 OR PNC OR “Particle Number” OR “Accumulation mode” OR
“Aitken mode” OR Submicron*) AND (respirator* OR pulmonary* OR lung OR asthma OR copd) AND
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(infectio* OR disease OR hospitaliz* OR hospitalis* OR “hospital admission” OR emergency OR
morbidit*).

Inclusion–exclusion criteria
We included studies meeting the following criteria: 1) studies with a time-series or case-crossover study
design; 2) reporting results on at least one UFP measure/metric recorded as particle number concentration
(PNC) or size-fractioned PNC for particles with a lower cut-off point of the size range <20 nm; 3)
investigating the short-term effects of UFP with a maximum lag time of 15 days; 4) studies that reported
at least single pollutant model results adjusted for confounders; and 5) studies reported in English.

We excluded studies when: 1) no measure of effect or its precision (SE or confidence interval) was
reported; and 2) insufficient information was available to standardise estimates precision (e.g. pollutant
increment not clear or results only presented graphically).

When the same study population was used in several publications, we selected the one with the largest
sample size or number of events. We excluded previous reports that used the same setting that was also
included in following multi-setting studies, as the common protocol in multi-sites is expected to reduce
heterogeneity due at least to statistical analysis or outcome definitions. When a paper reported multi-city
results, we extracted the city-specific estimates per association. Single-city estimates from multi-city
consortia were considered to be of better harmonisation at least considering the definition of health
outcomes and city-specific statistical analyses. Following this decision, single-city studies [11–15] that were
later part of multi-city consortia were excluded from the meta-analysis that assumes independence
between effect estimates that are pooled.

Data extraction
Data extraction was completed by two independent reviewers (S. Rodopoulou/E. Samoli and M. Renzi/
M. Stafoggia). We extracted information regarding the design, the location and the population of the
study, the prevalence of the analysed outcomes, the pollutants considered including descriptive measures,
correlations and exposure assessment methods, the statistical analysis and the covariates in the models.
When multiple metrics for UFPs were reported we extracted all information and used the metric most
closely related to the range of 10–100 nm in the meta-analysis, to achieve optimal harmonisation among
the great variety reported and to address our research hypothesis on the effects of smaller particles. We
extracted the reported measures of associations and harmonised them in terms of relative risks, so that the
log-transformation of the relative risk per increment was pooled in the meta-analysis. In case odds ratios
(ORs) were estimated under a case-crossover design applied in the framework of time-series analysis they
were considered equivalent to relative risks obtained through classical time-series models.

Risk of bias assessment
We adapted criteria for the assessment of risk of bias of observational studies to reflect specific
characteristics of time-series and case-crossover designs in our review. More particularly, we rated “yes” as
1 versus “no” as 0, 10 relevant aspects of the studies and as a result, the total score of this assessment
ranged from 0–10. Hence we particularly assessed whether: 1) the study design was comprehensibly
described; 2) the study population was clearly defined; 3) the prevalence of the outcome was given; 4) the
outcome assessment was valid; 5) the exposure assessment was valid; 6) there was a comprehensive
description of exposure; 7) the statistical methods were adequate; 8) there was appropriate confounder
adjustment; 9) the authors reported multi-pollutant models; and 10) the concentration–response function
was given.

Meta-analysis statistical model and heterogeneity investigation
We meta-analysed city-specific effects for a single outcome only when a minimum of four estimates was
available. We applied fixed-effects and random-effects models using the restricted maximum likelihood
(REML) method for between-studies variance estimation and the Hartung–Knapp–Sidik–Jonkman
correction for the overall variance. It is informative to compare the fixed effect and random effect
estimates to evaluate the changes in weights assigned to individual studies especially where the
heterogeneity is modest. We further applied sensitivity analysis using the Der Simonian and Laird method
for between-studies variance estimation [16]. We assessed heterogeneity by terms of the Q-test and
I2 statistic. We reported the summary estimate with associated 95% CIs, Q-test associated p-value, τ2 and
I2 statistics and 95% prediction intervals. Although UFPs are defined as particles with a diameter
<100 nm, most studies used PNC as a corresponding metric and there were measurement campaigns in
three cities (London [17], Barcelona [18] and Rome [18]) when measured PNC was in a range >100 nm.
This is because [19], on the one hand, the existing instrumental methods do not provide information on
PNC with a cut-off point of 100 nm. On the other hand, while the choice of the lower window of
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measurement is usually critical, as the majority of UFPs are often within a smaller, lower size range, the
upper range is less critical. Effects are expressed as relative risk per 10000 particles·cm‒3 increase in PNC
for a linear exposure–response association. All analyses were conducted using the metagen package in R
statistical software (version 3.6.0).

We performed several subgroup analyses to investigate potential sources of heterogeneity. Potential effect
modifiers considered were: 1) geographical areas (analysis of Western European cities only); 2) diameter
range of the underlying exposure UFP metric (<100 nm versus >100 nm); 3) mean daily level of exposure
in a city, defined as <6000 particles·cm‒3 versus ⩾6000 particles·cm‒3 approximating the median of the
mean concentration levels encountered in the city-specific analysis, or as below and above
10000 particles·cm‒3; 4) type of measurement site (analysis of studies with exposure from only background
stations when recorded); and 5) the climate of the area as defined by mean annual temperature below or
above 10°C, where we characterised Barcelona, Beijing, Ljubljana and Rome as cities with hotter climates
and Augsburg, Chernivtsi, Copenhagen, Dresden, Helsinki, Prague and Stockholm as cities with cold
climates. Between-group comparisons were assessed by Q-test for heterogeneity.

Finally, we assessed associations by season, defined as cool from October to March and warm from April
to September.

Results
Our search in addition to the previous two reviews [7, 8] resulted in 73 studies, out of which none was
relevant to our association under investigation. More specifically after excluding seven duplicate studies:
19 papers were exposure assessment reports, four studies focused on longer term exposure, 16 studies
considered end-points other than respiratory morbidity, 20 studies assessed toxicological end-points, while
the remaining seven were air pollution reviews or editorials and letters (figure S1).

Therefore, we proceeded with papers previously identified to provide a quantitative measure for the
associations under investigation and explore heterogeneity in the estimates, as preceding reviews were
narrative and did not provide meta-analyses.

Nine publications contributed to our review. All studies except one [18] (that followed a case-crossover
design) followed a time-series design, covering urban populations over time periods mainly after 2001. The
majority of studies reflected results from European cities. There was one study from Beijing, China, [20]
three studies [21–23] from the USA and one study from Temuco, Chile [24] (table 1). The papers
contributed results from 16 cities on respiratory hospital admissions and emergency room visits. There
were two studies from London, UK that reported effects for lag 2 exposure only covering different time
periods: one between 2000 and 2005 reporting effects for 0–14 years and >65 years [25], and one between
2011 and 2012 reporting for 0–14 years,15–64 years and >65 years [17]. As meta-analysis assumes that
independent effect estimates are pooled together, we needed to account for multiple results from London.
Hence, for the analysis of all ages, we pooled the three age-specific estimates from SAMOLI et al. [17] using
a fixed-effects model and the combined estimate was included in the main meta-analyses (only for the
corresponding lag 2) to represent effects in the general population of London. For the age-specific analysis,
we pooled the effects of the two studies [17, 25] for 0–14 years and >65 years before using the pooled
effects in our meta-analysis. Results of SINCLAIR and TOLSMA [21] were not included in the meta-analysis as
the effects were reported for surface area. The rest of the studies were generally rated as low risk of bias.
We did not meta-analyse effects related to specific diagnoses, as only city-specific results already pooled in
SAMOLI et al. [18] reported on asthma, COPD and lower respiratory tract infections for all ages, while the
Atlanta study [22] reported on asthma but following cumulative exposure. As only three cities reported on
paediatric asthma [11, 15, 23] we did not pool their results, according to our protocol.

Figure 1 and figure S2 present the results of the meta-analysis for respiratory morbidity end-points (all
ages) over lags 0–5 days, while figure S3 presents the results for lag day 2, also including results of the
study from London, as described above. There were no indications for an association in any lag days. The
heterogeneity in the estimates between different lags ranged from 0% in lag day 2 to 71% in lag day 1,
largely driven by the varying estimates and their large confidence intervals in the cities analysed in the
study by LANZINGER et al. [26]. Including London [17] in the lag day 2 analysis did not change the results
(figure S3). The results of the random-effects model fitted using the Der Simonian and Laird method were
almost identical to those fitted using REML, with only slightly smaller confidence intervals as expected
due to the possible underestimation of the between-city variance. For example, the effect estimates on lag
day 3 varied from 1.004 (95% CI 0.991–1.017) under REML to 1.004 (95% CI 0.991–1.016) under the Der
Simonian and Laird method.

Figure 1 (figure S4 for ages 0–14 years) also shows the pooled results for the associations by age group.
While the results for age ⩾15 years are comparable with the results from all ages there is an indication of
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TABLE 1 Description of main characteristics of selected studies

First
author
[ref.] Location

Years of
analysis

Range of
UFP and units

Exposure
method

Exposure mean
and variability

Outcomes
(ICD 9/ICD10)

Lags
considered

Risk
of
bias
score

SINCLAIR [21] Atlanta, USA 1998–2000 10–100 nm
(μm2·cm−3)

nano-SMPS,
SMPS, LASAIR

249.33
±244.09 μm2·cm−3

Asthma (ICD9:
439) visits adults,
children; LRTI
(ICD9: 460–66
477, 466.1,

480–486) adults

Cumulative
lags 0–2, 3–

5

8

PEEL [22] Atlanta
metropolitan

area,
Georgia, USA

August
1998–
August
2000

10–100 nm
(particles·cm−3)

No
information

38000±40700
particles·cm−3

Respiratory
emergency room
visits all ages

(ICD9:
460–465; 466.0;
480–486; 491–

493; 496; 786.09)

Cumulative
lags 0–2

9

ATKINSON

[25]
London, UK 2000–2005 Missing TSI 18769 (10456)

particles·cm−3
All respiratory
admissions

(ICD10: J00–J99)
0–14 years;
>65 years

Individual
lags 0–6

7

LEITTE [20] Beijing, China March
2004–

December
2006

3–100 nm
(particles·cm−3)

TSI models
3010, 3025,

3321

22000±9800
particles·cm−3

Selected
respiratory

emergency room
visits all ages

(ICD10: J00–J06;
J18; J20; J30–
J39;J40–J47)

Individual
lags 0–5,
Cumulative
lags 0–1, 0–
2, 0–3, 0–4,

0–5

8

DÍAZ-ROBLES

[24]
Temuco,
Chile

2009–2011 Missing MOUDI
100-NR model

8 (4.73) μg·m−3 All respiratory
admissions

(ICD10: J00–J99)
<5 years;

5–64 years;
>65 years; other

respiratory
admissions

(ICD10: missing)
<5 years;
>65 years

Individual
lags 0–5

4

Evans [23] New York,
USA

2006–2009 10–100 nm
(particles·cm−3)

TSI 5151±2359
particles·cm−3

Asthma visits
(ICD: missing)

children
3–10 years

Individual
lags 1–7

7

SAMOLI [18] Barcelona,
Spain

2005–2010 5–1000 nm
(particles·cm−3)

TSI WCPC3785 19554±8044
particles·cm−3

All respiratory
admissions

(ICD10: J00–J99)
all ages;

0–14 years,
15–64 years,
65 years;

Asthma (ICD10: J
45) all ages; LRTI
(ICD 10: J09–J18,
J20–J22) all ages;
COPD (ICD10:

J40–J44, J47) all
ages

Individual
lags 0–10

10

Continued
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TABLE 1 Continued

First
author
[ref.]

Location Years of
analysis

Range of
UFP and units

Exposure
method

Exposure mean
and variability

Outcomes
(ICD 9/ICD10)

Lags
considered

Risk
of
bias
score

Copenhagen,
Denmark

2001–2011 10–110 nm
(particles·cm−3)

Custom-built
DMPS using a
Vienna type
medium DMA
and a TSI CPC

3010

5105±2563
particles·cm−3

All respiratory
admissions

(ICD10: J00–J99)
all ages;

0–14 years,
15–64 years, 65

years;
asthma (ICD10: J
45) all ages; LRTI
(ICD 10: J09–J18,
J20–J22) all ages;
COPD (ICD10:

J40–J44, J47) all
ages

Individual
lags 0–10

Helsinki,
Finland

2001–2010 10–100 nm
(particles·cm−3)

DMA TSI307
+CPC TSI3022/
Hauke-type
DMA+CPC
TSI3025

Hauke-type
DMA+CPC
TSI3010

7951±4912
particles·cm−3

All respiratory
admissions

(ICD10: J00–J99)
all ages;

0–14 years,
15–64 years,
65 years;

Asthma (ICD10: J
45) all ages; LRTI
(ICD 10: J09–J18,
J20–J22) all ages;
COPD (ICD10:

J40–J44, J47) all
ages

Individual
lags 0–10

Rome, Italy 2001–2010 7 nm–3 μm
(particles·cm−3)

TSI 3022A 34043±20164
particles·cm−3

All respiratory
admissions

(ICD10: J00–J99)
all ages;

0–14 years,
15–64 years,
65 years;

asthma (ICD10: J
45) all ages; LRTI
(ICD 10: J09–J18,
J20–J22) all ages;
COPD (ICD10:

J40–J44, J47) all
ages

Individual
lags 0–10

Stockholm,
Sweden

2001–2005
and 2008–

2010

2001–2005:
7 nm–3 μm
2008–2010:
4 nm–3 μm

(particles·cm−3)

TSI 3022
(2001–2005),
TSI 3775

(2008–2010)

9128±4320
particles·cm−3

All respiratory
admissions

(ICD10: J00–J99)
all ages;

0–14 years,
15–64 years,
65 years;

Asthma (ICD10: J
45) all ages; LRTI
(ICD 10: J09–J18,
J20–J22) all ages;
COPD (ICD10:

J40–J44, J47) all
ages

Individual
lags 0–10

Continued
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an association in the age group 0–14 years for individual lags up to lag 5, that reached statistical
significance for lags 2 and 3 (relative risk 1.01, 95% CI 1.00–1.02). Not all cities contributed results in the
age-specific analyses, therefore, this analysis only included Western European cities [18, 25]. Further, we
assessed the association for the age 15–64year group for lag 2 with and without London [17] to include
the same number of cities across lags (as London contributed effect estimates only for lag 2). The results
were robust to the inclusion of London as the pooled relative risk remained 1.00 (95% CI 0.99–1.02) in
both cases. We tested the robustness of our finding in the age 0–14 year group by further including results
from EVANS et al. [23] who reported association for asthma among children aged 3–10 years in New York,
USA. and the estimates were identical, due to the small weight of the study (figure S4).

Due to the large heterogeneity in the exposure metrics, we performed several subgroup meta-analyses to
test the robustness of our findings. Table 2 presents the pooled relative risk (and corresponding 95% CIs)
and heterogeneity measures for several subgroups meta-analyses for a 10000 particles·cm−3 increase in lag
3 exposure, as the main analysis indicated small nonsignificant associations following lag 2. Results were
robust when limited to Western European cities or cities that characterised the fixed monitoring station as
urban background, as well as to climate, the size of the particles measured by each exposure monitoring
campaign or to the mean daily levels in each city. Despite robust results, heterogeneity was greatly reduced
for effect estimates corresponding to a more homogenous exposure metric defined by diameter size
(<100 nm) or to overall low concentration levels. Interestingly, for mean city-specific levels
<6000 particles·cm−3 (as in Augsburg, Copenhagen, Chernivtsi, Dresden, Ljubljana and Prague; whereas
⩾6000 particles·cm−3 were observed in Beijing, Barcelona, Helsinki, Rome and Stockholm) a statistically

TABLE 1 Continued

First
author
[ref.]

Location Years of
analysis

Range of
UFP and units

Exposure
method

Exposure mean
and variability

Outcomes
(ICD 9/ICD10)

Lags
considered

Risk
of
bias
score

SAMOLI [17] London, UK 2011–2012 7 nm–3 μm
(particles·cm−3)

TSI 3022 Missing
(IQR 5180

particles·cm−3)

All respiratory
admissions

(ICD10: J00–J99)
0–14 years;
15–64 years;
65+ years;

Lag 2 8

LANZINGER

[26]
Augsburg,
Germany

2011–2012 20–100 nm
(particles·cm−3)

DMPS/SMPS 5880±3016
particles·cm−3

All respiratory
admissions all
ages, > and

<75 years (ICD10:
J00–J99)

Individual
lags 0–5,
Cumulative
lags 01, 25,

05

10

Chernivtsi,
Ukraine

2013–
March
2014

20–100 nm
(particles·cm−3)

DMPS/SMPS 5511±2615
particles·cm−3

All respiratory
admissions all
ages, > and

<75 years (ICD10:
J00–J99)

Individual
lags 0–5,
Cumulative
lags 01, 25,

05
Dresden,
Germany

2011–2012 20–100 nm
(particles·cm−3)

DMPS/SMPS 4286±2339
particles·cm−3

All respiratory
admissions all
ages, > and

<75 years (ICD10:
J00–J99)

Individual
lags 0–5,
Cumulative
lags 01, 25,

05
Ljubljana,
Slovenia

2012–2013 20–100 nm
(particles·cm−3)

DMPS/SMPS 4693±1897
particles·cm−3

All respiratory
admissions all
ages, > and

<75 years (ICD10:
J00–J99)

Individual
lags 0–5,
Cumulative
lags 01, 25,

05
Prague,
Czech

Republic

2012–2013 20–100 nm
(particles·cm−3)

DMPS/SMPS 4197±2010
particles·cm−3

All respiratory
admissions all
ages (ICD10:
J00–J99)

Individual
lags 0–5,
Cumulative
lags 01, 25,

05

Data are presented as mean±SD or median (interquartlie range), unless otherwise stated. UFP: ultrafine particles; TSI: Thermo-Systems
Engineering Co.; LRTI: lower respiratory tract infections; DMPS: differential mobility particle sizer; DMA: differential mobility analyzer; CPC:
condensation particle counter; SMPS: scanning mobility particle sizer; ICD: International Classification of Diseases.

https://doi.org/10.1183/16000617.0116-2020 7

ULTRAFINE PARTICLES | E. SAMOLI ET AL.

http://err.ersjournals.com/lookup/doi/10.1183/16000617.0116-2020.figures-only#fig-data-supplementary-materials


0.99

1.05

1.02

0.96

P
o

o
le

d
 r

e
la

ti
ve

 r
is

k
 p

e
r 

1
0

 0
0

0
 p

a
rt

ic
le

s
·c

m
–

3

Lag structure

0 1 2 53 4

All ages, n=11

0–14 years, n=6

15–64 years, n=5

>65 years, n=11

FIGURE 1 Pooled relative risks (and associated 95% confidence intervals) from random-effects meta-analysis
for respiratory morbidity associated with a 10000 particles·cm−3 increase in particle number concentrations
overall and by age group. N indicates the number of cities included in the meta-analysis.

TABLE 2 Pooled relative risks (and associated 95% CI) and heterogeneity measures (I2 and Q p-value) from random-effects
models for the association between respiratory admissions following a 10000 particles·cm−3 increase in lag 3 particle number
concentration (PCN) by city characteristics

Characteristic Cities n
Relative risk
(95% CI)

I2 %
(Q p-value)

p-value for between
groups difference

Western European cities only 8 1.00 (0.99–1.00) 58 (0.028) Not applicable
Exposure from background sites 10 1.01 (0.99–1.02) 21 (0.249) Not applicable
Upper limit of particle size
<100 nm 8 1.00 (0.97–1.03) 2 (0.417) 0.519
>100 nm 3 1.01 (0.98–1.04) 75 (0.017)

By mean daily levels of PNC#

<6000 particles·cm−3 6 (Augsburg, Copenhagen, Chernivtsi,
Dresden, Ljubljana, Prague)

1.03 (1.00–1.05) 0 (0.916) 0.035

>6000 particles·cm−3 5 (Beijing, Barcelona, Helsinki, Rome,
Stockholm)

1.00 (0.98–1.02) 66 (0.020)

By mean daily levels of PNC¶

<10000 particles·cm−3 8 1.01 (0.99–1.03) 7 (0.375) 0.604
>10000 particles·cm−3 3 1.00 (0.96–1.05) 74 (0.020)

Climate
Cold 7 1.01 (0.99–1.03) 19 (0.281) 0.608
Hot 4 1.00 (0.97–1.03) 62 (0.048)

#: below or above the median of the contributing cities’ levels; ¶: for comparability with previous results.
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significant increase in respiratory morbidity was detected (relative risk 1.03 per 10000 particles·cm−3

increase, 95% CI 1.00–1.05).

Figure 2 and figure S5 show the pooled results for the respiratory hospital admissions for all ages overall
and by city-specific levels indicating the consistency of the association <6000 particles·cm−3 across lags.
Figure 3 shows the pooled results for the respiratory hospital admission for all ages overall and by season
for 10 cities that contributed data. Specifically, SAMOLI et al. [18] and LANZINGER et al. [26] reported effect
estimates separately for the warm and cool periods of the year for lags 0 to 5. We found consistently
statistically significant associations following lag 2 exposure during the warm period. Indicatively a
10000 particles·cm−3 increase in lag 3 exposure was associated with a relative risk of 1.04 (95% CI 1.03–1.05)
in respiratory admission for all ages versus a relative risk of 1.00 (95% CI 0.98–1.01) for the cold period.

Figure 4 includes forest plots for the associations with increases in lag 3 PNC for all ages, ages 0–14 years,
the warm period and by city mean PNC level to highlight the consistency of the associations between
areas for those aged 0–14 years, in the warm period and in cities with mean levels <6000 particles·cm−3.
Heterogeneity measures should be read with caution due to the large confidence intervals of Eastern
European cities.

Discussion
We undertook a systematic review and meta-analyses on the respiratory effects following short-term
exposure to UFPs to update previous reports [7, 8] and contribute to the discussion in view of the World
Health Organization review of air quality guidelines. We were unable to detect a significant association for
respiratory morbidity across all ages, but our analysis indicates associations during the warm period of the
year at longer lags, and a small effect estimate for children aged 0–14 years and in cities with a mean daily
level of UFPs <6000 particles·cm−3. The latter may imply a supra-linear shape with a plateau following a
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FIGURE 2 Pooled relative risks (and associated 95% confidence intervals) from random-effects meta-analysis
for respiratory hospital admissions associated with a 10000 particles·cm−3 increase in particle number
concentrations overall and by mean levels of ultrafine particles.
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threshold that would downscale the linear effect estimate if the whole concentration range is analysed
without considering this deviation from linearity.

Previous meta-analyses have reported associations of UFPs on paediatric respiratory morbidity. For
example, SAMOLI et al. [18] reported consistent adverse effect estimates on respiratory admissions for
children aged 0–14 years, with the strongest association at lag 7 (1.60% increase, 95% CI 0.49–2.72% for
10000 particles·cm−3 increase in PNC). A recent meta-analysis by LI et al. [27] reported that an increase
of 10000 particles·cm−3 was associated with an increase in paediatric asthma exacerbation (OR 1.070, 95%
CI 1.037–1.104), asthma emergency department visits (OR 1.111, 95% CI: 1.055–1.170), and in asthma-
associated hospital admissions (OR 1.045, 95% CI: 1.004–1.088), while again estimates were larger at
longer lags. Respiratory hospital admissions in children are often asthma-related. These effects may be
partly driven by pollen or outdoor mould concentrations that present strong seasonal patterns. As the
studies contributing on these associations did not provide information or model adjustment (due to lack
of relevant data) it is unclear which part of the effect estimates may be independent of these. Nonetheless,
studies focusing on air pollution effects on lung function growth have consistently identified detrimental
effects supporting mechanisms affecting children’s respiratory health [28].

Although our results are comparable with previous reports [18, 27], we must stress the large heterogeneity
in the reported exposure metrics due to the exposure assessment methods used and the reported metrics.
Almost each exposure campaign applied a different measurement method (differential mobility particle
sizer, several Thermo-Systems Engineering Co. models, scanning mobility particle sizer). Different
measuring campaigns may have partly contributed to the observed heterogeneity. Nonetheless this will
most probably lead to differences in magnitude but not direction, while a more likely limitation is that
measurements at a single site (as was the case in most cities) reflect the overall pattern in the city less well
than for pollutants routinely measured such as larger particles and nitrogen dioxide (NO2). Our review
clearly highlights the need for expanded measurement campaigns with longer time-series and multiple
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FIGURE 3 Pooled relative risks (and associated 95% confidence intervals) from random-effects meta-analysis
for respiratory hospital admissions associated with a 10000 particles·cm−3 increase in particle number
concentrations overall and by season in 10 European cities.
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FIGURE 4 Individual study and pooled relative risks (and associated 95% CI) from random-effects meta-analysis associated with a 10
000 particles·cm−3 increase in lag 3 particle number concentrations on respiratory morbidity for a) all ages, b) 0–14 years old, c) April to
September (warm) season and d) by mean daily levels of particle number concentration (PNC) (below or above 6000 particles·cm−3).
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measurement sites to allow more powerful studies. Previous reviews have also reported the difficulty in
combining information from multiple studies due to the wide differences in exposure assessment methods
[29]. The comparison of results from different studies is even harder considering their use of various
exposure periods, age groups and respiratory morbidity indexes.

Our extensive sensitivity analyses, possibly due to the small number of city-specific results, indicated
robust estimates but also effect estimates for cities with mean UFP concentrations <6000 particles·cm−3.
There were not enough studies in the reported paediatric associations to explore heterogeneity and
potential publication bias. The limited number of studies also prohibited further investigation of possible
effect modifiers. Indicatively although we initially planned to test for a change in effects due to the
introduction of low sulphur fuel around 2006 in North America and Europe, the great majority of the
measurement campaigns were either after 2006 or covered a prolonged time-series that did not allow
differentiation.

We further report statistically significant effect estimates during the warm period of the year following lag
2 exposure in 10 European cities. These are attributed to the higher effect estimates reported in Western
European cities by SAMOLI et al. [18], as in these five cities for the warm season a 10000 particles·cm−3

increase in PNC was associated with an increase in respiratory admissions for all ages >2.5%, for exposures
longer than lag 2, which were all statistically significant. In their analysis, the estimates among children
aged 0–14 years were also larger in the warm period and almost above 5% in all lags (and statistically
significant for most lags). However, in the five smaller Central Eastern European cities analysed by
LANZINGER et al. [26] there were no seasonal differences in UFP respiratory effect estimates. The higher
associations between UFP concentrations and respiratory health in the warm period may be attributed to
better exposure characterisation of the population or differences in particle composition. The latter is more
complicated, as the UFP composition changes due to varying source contributions as well as atmospheric
chemistry and may also partly explain the heterogeneous results between Western [18] and Central Eastern
[26] European cities. The higher estimates in the warm season may be further attributed to higher indoor
penetration of UFPs due to open windows, as generally their penetration is poorer compared to larger
particles.

As UFPs in cities are mainly attributed to tailpipe emissions (which include primary particles emitted
directly by vehicles and secondary particles formed in the air from the gaseous precursors emitted by
vehicles) and considered traffic-related, we initially wanted to investigate the association controlling for
other pollutants such as PM2.5 or NO2. Among the selected studies, SAMOLI et al. [18] and LANZINGER et al.
[26] reported effect estimates of two-pollutant models for different exposure periods (single lags versus
cumulative lags, correspondingly) that did not allow for their meta-analysis, but in both cases, there were
indications of confounding on analysis for all ages of admissions. In the analyses of SAMOLI et al. [18], the
associations for the two-pollutant models decreased but nevertheless remained in the same direction for all
ages. The authors did not show paediatric admission estimates adjusting for other pollutants but
decreased, but still significant, effect estimates in the warm season controlling for NO2 and carbon
monoxide. LANZINGER et al. [26] only reported on 6 days average estimates from two-pollutant models for
all ages for respiratory admissions, so again the results are not directly transferable to our discussion on
children or the warm period.

Particle inhalation has been associated with releases in pro-inflammatory mediators or vasculo-active
molecules from lung cells causing systemic oxidative stress and inflammation [26]. Biological mechanisms
associated with particle inhalation may differ between UFPs and larger particles. This may be partly due to
their deeper penetration into the lungs due to their small size as they more easily escape natural defence
mechanisms, but also due to greater biological reactivity and surface area [3–6, 26].

Our report reveals that the evidence is still weak for epidemiological findings on UFP respiratory effects
almost two decades after the first relevant publication. The related exposure data are still sparse and
diverse, as the exposure campaigns in the cities included in our analyses only used one fixed station (most
commonly a background one). This may bias the associations by inducing larger measurement error as
compared to other pollutants such as PM2.5 that are routinely monitored at a larger number of stations
throughout the cities and hence better represent population exposure. Moreover, it has been discussed that
UFPs have a larger spatial and temporal variability than fine particles due to their different physical
properties [30]. Additionally, we focused our meta-analysis on health effects of short-term exposure due to
the White Paper indication [5] on an adequate number of previous studies for a quantitative review and
not based on prior causality mechanisms between short-term exposures and respiratory morbidity.
Although studies on long-term exposures to UFPs are more complex and require more resources, it is
possible that long-term exposures may be more relevant to associated effects, especially nonrespiratory
ones. Indicatively, CLIFFORD et al. [31] in a cross-sectional study among children aged 8–11 years reported
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a positive association between UFPs and a biomarker for systemic inflammation but not with respiratory
markers. We call upon future researchers to harmonise exposure assessment methods and expand
campaigns in order to optimise epidemiological study settings, allow for multicentre studies and better
inform future policies.
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