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ABSTRACT Epidemiological evidence on the associations between exposure to ultrafine particles (UFP),
with aerodynamic electrical mobility diameters <100 nm, and health is limited. We gathered data on UFP
from five European cities within 2001–2011 to investigate associations between short-term changes in
concentrations and respiratory hospitalisations.

We applied city-specific Poisson regression models and combined city-specific estimates to obtain
pooled estimates. We evaluated the sensitivity of our findings to co-pollutant adjustment and investigated
effect modification patterns by period of the year, age at admission and specific diagnoses.

Our results for the whole time period do not support an association between UFP and respiratory
hospitalisations, although we found suggestive associations among those 0–14 years old. We nevertheless
report consistent adverse effect estimates during the warm period of the year, statistically significant after lag 2
when an increase by 10000 particles per cm3 was associated with a 4.27% (95% CI 1.68–6.92%) increase in
hospitalisations. These effect estimates were robust to particles’ mass or gaseous pollutants adjustment.

Considering that our findings during the warm period may reflect better exposure assessment and that
the main source of non-soluble UFP in urban areas is traffic, our results call for improved regulation of
traffic emissions.
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Introduction
Harmful effects of airborne ambient particles on human health are well established [1]. Research has
focused on identification of harmful characteristics of particulate air pollution such as particle size,
chemical composition and particulate mass, which can be useful for regulation and preventive efforts.
However, some toxicological findings suggest stronger effects of smaller particles, particulate matter with
aerodynamic diameter <2.5 μm (PM2.5), or even smaller particles with diameter <100 nm, called ultrafine
particles (UFPs) compared with larger, coarse particles with diameter 2.5–10 μm (PM2.5–10), or less than
10 μm (PM10). However, epidemiological evidence is limited and inconclusive, mainly due to lack of
measurements for UFP and coarse particles. More specifically, the measurement of UFP has been
developed rather recently and is relatively expensive due to extensive quality assurance guidelines.
Furthermore, no national or international regulations are in place to define an upper limit of UFP in
ambient air resulting in lack of routinely monitored UFP data. Therefore, only few dedicated measurement
campaigns and pilot projects have been conducted to measure UFP concentrations and assess their
relationship with health outcomes. As these measurement campaigns are often limited to one city, the few
existing epidemiological studies on effects of short-term exposure to UFPs from these sites may lack
adequate statistical power, either in Europe [2–4], USA [5] or China [6], and provide mixed results [7].

To close this gap, we undertook a collaborative effort to gather available data on UFP measurements from
cities spanned across Europe in order to investigate associations between short-term changes in UFP
concentrations and respiratory hospitalisations in children and adults. Five metropolitan areas contributed
data to both metrics: Barcelona, Spain; Copenhagen, Denmark; Helsinki, Finland; Rome, Italy; and
Stockholm, Sweden. The multi-city time-series design enlarges statistical power to detect weak associations,
as is the case in air pollution epidemiology even with non-routinely measured data, provided they are
collected over a relatively long time period.

Data and methods
Data
For each participating city, data were collected on daily counts of emergency respiratory hospital admissions
(International Classification of Disease, ICD-9: 460–519; ICD10: J00–J99) with regards to the population
resident of the city and hospitalised within the city. Outpatient visits, elective admissions and visits to the
emergency department were not included. Only the primary diagnosis was considered for the identification
of the outcome. We also collected data on specific respiratory diagnoses, namely lower respiratory tract
infections (LRTI; ICD9: 466, 480–487; ICD10: J09–J18, J20–J22), chronic obstructive pulmonary disease
(COPD; ICD9: 490–492, 494, 496; ICD10: J40–J44, J47) and asthma (ICD9: 493; ICD10: J45). All data were
extracted and collected according to a common protocol. Daily counts were collected for all ages and
separately by age groups 0–14 years, 15–64 years and >65 years old. The data covered at least five consecutive
years for each city between 2001 and 2011 and in maximum, a period of 11 years (in Copenhagen).

We collected data on available UFP measured in each city as number concentration per cm3 (see online
supplement for details on study areas and measurement campaigns, and supplementary tables S1 and S2). The
size range of the particles differed between cities. Barcelona measured 5–1000 nm, Copenhagen 6–700 nm,
Helsinki 10–100 nm, Rome 7–3000 nm and Stockholm 7–3000 nm during 2001–2005 and 4–3000 nm during
2008–2010. The differences in detected size range, especially the lower size end, will affect the total number
counts. Traffic emissions currently display a mode around 10 nm which can be quite pronounced. Hence a
direct comparison of values should be made with care. The location and height of the monitor is also crucial
in the determination of UFP levels, as UFP number is amongst the fastest decaying pollutants with distance
from traffic due mainly to dilution and agglomeration [8]. In all participating cities, one urban background
monitor was used, except in Rome where the monitor was influenced by traffic. Measurement sites were
located in the centre of the respective cities, except for in Helsinki where it was located about 5 km northeast.
While all were placed near traffic avenues the height of the site placement differed from 2 m in Rome to 24 m
in Stockholm. On average over all cities, 30% of days had missing data during the whole study period.

We also collected data on PM2.5 (24 h), PM10 (24 h) and gaseous pollutants (sulfur dioxide (SO2; 24 h),
nitrogen dioxide (NO2; 24 h), carbon monoxide (CO; 8 h) and ozone (O3; 8 h)) following a standardised
protocol [9]. Daily air pollution measurements were provided by the monitoring networks established in
each city participating in the project. Daily PM2.5–10 was calculated for each station as the difference between
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PM10 and PM2.5, provided that both PM fractions were measured at the same station using the same
sampling methodology. Urban or suburban background sites and fixed monitors located near traffic (only
when they represented the exposure of the population living nearby) with at least 75% complete information
for the study period provided the data for the epidemiological analysis. The monitor-specific concentrations
were averaged and missing values from the averaged series were imputed by the average of the values of the
remaining stations for that day multiplied by a factor equal to the ratio of the annual mean for the missing
station over the corresponding annual mean from the other stations [10]. For days with missing values in all
used monitoring stations, the resulting series would also have a missing value on that date.

Time series data on daily temperature (°C, daily mean) were used to control for the potential confounding
effects of weather. External information on influenza epidemics was also collected.

Methods
We used a hierarchical modelling approach. First, we fit regression models in each city separately to allow
specific control for seasonal effects, weather and other potential confounders. We used the results of the
individual city analysis in the second-stage analysis to provide overall estimates using meta-analysis techniques.

The associations between UFPs and other pollutants and respiratory admissions for each city were
investigated using Poisson regression models allowing for overdispersion. We used penalised regression
splines as a smoothing function for time, with natural cubic splines as base functions. We chose six
effective degrees of freedom per 365 days of available data to control for seasonality. To control for weather,
we included two smooth terms of temperature in order to better account for both high and low
temperatures at different reference lags. For high temperatures, we calculated the average temperature on
the current and previous day (lag 0–1) and fit a natural spline with three degrees of freedom on the lagged
variable only for days on which the lag 0–1 temperature was higher than the median annual temperature
for the city as a whole. Similarly, we adjusted for low temperatures by fitting a natural spline with two
degrees of freedom for the average temperature on previous 6 days (lag 1–6) only for days on which the lag
1–6 temperature was below the median annual value for the city [9]. We also included indicator variables
for the day of the week effect, for holidays and the population decrease during the summer vacation periods
typical for each city. We controlled for influenza epidemics using an indicator variable denoting days with
particularly high influenza episodes from hospitalisation records and surveillance systems.

The pollutant was entered in the model using single day lags. We investigated separately the effect of
several lags ranging from the same day with the admission (lag 0) to 10 days before (lag 10). We did not
include distributed lag structures in our models as the missing pattern of the data prohibits the
interpretation of combined lags.

To investigate potential confounding effects of the daily levels of pollutants, we applied two pollutant
models, i.e. we included in the model for UFP alternatively other fractions of particles (PM10, PM2.5,
PM2.5–10), or gases, NO2, SO2 or O3. Both pollutants were entered in the model using the same lag. We
also investigated the effect modification patterns of the associations between respiratory hospital admission
and UFP by age group using stratified analysis.

We explored seasonal effects of UFP on respiratory morbidity by defining the cool period from October to
March and the warm period from April to September. We performed a separate analysis by period, fitting
a Poisson regression model with three degrees of freedom per 183 days with available data.

In the second stage of the analysis, we assumed the city-specific effect estimates to be normally distributed
around an overall estimate. We estimated a fixed effects pooled estimate by giving each city a weight
inversely proportional to the variance of its effect estimate. In the presence of heterogeneity, we applied
random-effects pooled estimates, where we assumed that city-specific estimates were a sample of
independent observations from a normal distribution with the same mean and with variances equal to the
sum of the between-city variance and the squared standard error of the city-specific estimate. The random
variance component was estimated using the approach by DERSIMONIAN and LAIRD [11]. We applied the
Cochran’s Q test and the I2 statistic, as proposed by HIGGINS and THOMPSON [12], to examine heterogeneity.
We comment on the random effects estimates, that take into account heterogeneity if present or coincide
with fixed effects estimates in case of its absence.

All models were fit using R v.3.0.3 (R development Core Team (2011), ISBN 3-900051-07-0; www.R-project.org).
Results in tables and plots are presented as percentage change associated with an increase equal to 10000
particles per cm3 for UFP and 10 μg·m−3 for the rest of the pollutants, which roughly correspond to the
between-city mean of the pollutants’ interquartile ranges.
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Results
Table 1 shows descriptive characteristics of the data from each participating city during the study period.
Particles’ mass concentrations and, in particular, UFP number concentrations varied between cities,
presenting a rather distinct geographical distribution with a north-to-south gradient. The highest UFP
measurements recorded in Rome reflect the influence of traffic near the monitoring site. All cities
contributed data for long periods of time that included a lot of missing values for UFP measurements
ranging from 4% in Helsinki to 47% in Copenhagen. However, the missing values did not follow any
distinct seasonal pattern (supplementary figure S1). Stockholm contributed data for two different time
periods, 2001–2005 and 2008–2010, that were accounted for using an indicator variable in the respective
models. The highest correlations were observed between UFP and NO2 ranging from 0.38 in Barcelona to
0.69 in Helsinki (supplementary table S3), while correlations between UFP and CO ranged from 0.07 in
Stockholm and Barcelona to 0.67 in Rome, and between UFP and PM2.5 from 0.09 in Stockholm to 0.57
in Rome. The mean daily number of respiratory admissions ranged from 20 in Helsinki to 54 in Barcelona
(supplementary figure S2). The highest numbers of hospitalisations occurred among those aged >65 years.
Rates displayed heterogeneity partly due to admissions practices associated with differences in primary
care as well as different practices in diagnoses. Rates displayed opposite geographical pattern to air
pollution concentrations, as southern cities presented lower rates compared with northern cities.

Figure 1 (and supplementary table S4) presents the pooled percentage change (and 95% confidence
intervals) in respiratory hospitalisations in the five European cities per 10000 increase in UFP number
concentration per cm3 and 10 μg·m−3 in PM10, PM2.5 and PM2.5–10 for individual lags 0–10. Effects of other
pollutants were calculated for the same period that UFP measurements were available to ensure
comparability. We verified previously reported associations with PM10, PM2.5 and PM2.5–10 mainly at shorter
lags up to 5 days prior to the health event, as for example, an increase in previous day (lag 1) PM10 levels by
10 μg·m−3 was associated with 0.67% (95% CI 0.13–1.22%) increase in respiratory hospitalisations, while for
PM2.5, the increase was 0.68% (95% CI 0.01–1.36%) and for PM2.5–10 0.45% (95% CI −0.46–1.37%). These
estimates were rather consistent with those derived when the whole study period (irrespective of UFP
availability) was analysed; e.g. the same increase in lag 1 concentrations was associated with 0.57% (95% CI
0.12–1.03%), 0.53% (95% CI 0.08–0.98%) and 0.38% (95% CI −0.37–1.14%) respectively. Our results do not
support a clear pattern for an association between UFP number concentration and respiratory hospital
admissions, as positive effects were estimated only at longer lags, namely 3, 5 and 6, and did not reach the

TABLE 1 Characteristics of participating cities and descriptive statistics of pollutants, temperature and daily respiratory
hospital admissions

Barcelona Copenhagen Helsinki Rome Stockholm

Study period 2005–2010 2001–2011 2001–2010 2001–2010 2001–2005 and 2008–2010
Population ×1000 1602 1263 1000 2548 789
Pollutants
UFP particles per cm3 19554±8044 5105±2563 7951±4912 34043±20164 9128±4320
PM10 μg·m

−3 34.9±17.3 19.5±9.3 15.7±9.6 36.0±15.1 14.8±8.6
PM2.5 μg·m

−3 22.7±11.4 13.0±6.9 9.0±6.3 19.6±10.0 7.8±5.0
PM2.5–10 μg·m

−3 12.2±10.6 5.7±4.3 6.7±6.5 13.2±6.9 7.0±5.8
NO2 μg·m

−3 40.8±17.0 11.0±4.9 22.8±10.4 60.8±16.4 15.4±7.4
O3 μg·m

−3 62.7±27.9 32.8±11.0 62.4±20.9 72.6±37.1 64.9±20.3
CO mg·m−3 0.7±0.4 0.3±0.1 0.6±0.4 1.5±0.9 0.8±0.7

Temperature °C 14.5±6.1 9.6±6.9 5.8±9.5 15.9±7.1 7.2±8.0
Respiratory admissions rate per 1000 people year 67.7 156.3 71.4 47.8 123.5
Respiratory admissions
All ages 54±18 49±15 20±7 33±11 35±11
0–14 years 6±5 13±7 4±3 8±4 7±5
15–64 years 11±5 13±5 7±4 7±3 9±4
>65 years 37±13 23±7 9±4 19±7 20±7

Specific diagnosis
LRTI 22±10 22±9 11±5 12±6 18±8
COPD 12±5 9±4 2±2 7±4 7±3
Asthma 3±2 4±2 2±1 1±1 2±2

Data are presented as mean±SD, unless otherwise stated. PMx: particulate matter with aerodynamic diameter <x μm; PM2.5–10: particulate matter
with aerodynamic diameter 2.5–10 μm; UFP: ultrafine particles; LRTI: lower respiratory tract infections; COPD: chronic obstructive pulmonary disease.
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nominal level of significance. An increase by 10000 in the number of UFP per cm3 was associated with
0.43% (95% CI −0.94–1.83%) increase in hospitalisations after 3 days. Supplementary figure S3a presents the
city specific and pooled estimates for selective lags 2–4, showing adverse effects in most cities. There was
statistically significant heterogeneity in the pooled effects that suggested an association (see supplementary
table S5), which could not be explained by geographical region as results remained highly heterogeneous
when we pooled estimates separately for the three northern versus the two southern cities.

Table 2 presents the effect estimates for an increase by 10000 particles per cm3 in UFP number concentration
on respiratory hospitalisations for single lags 0–7 days, after adjusting for other pollutants at the same lag.
UFP estimates, especially in lags 3, 5 and 6 that suggested possible associations from single pollutant models,
were partly confounded by PM10, PM2.5 and CO. In these two pollutant models, the magnitude of the
estimated effects decreased but nevertheless remained positive in most cases, especially at lags 5 and 6. NO2

completely removed the suggested associations and led to a change in direction, while NO2 effects were robust
to UFP adjustment (see supplementary table S6). There did not seem to be confounding by O3.

Table 3 presents the results from the effect modification analysis by age group and selected specific
diagnoses for single lags 0–7 days. UFP effect estimates were higher for respiratory admissions among

2

3

1

0

–1

–2

–3
In

cr
ea

se
 %

Lag
0 1 2 3 4 5 6 7 8 9 10

UFP
PM10
PM2.5

PM2.5–10

FIGURE 1 Pooled percentage change (95% CI) in respiratory hospitalisations in five European cities per 10000
increase in ultrafine particle number concentrations per cm3 and 10 μg·m−3 in particulate matter with aerodynamic
diameter <10 μm (PM10), <2.5 μm (PM2.5), or 2.5–10 μm (PM2.5–10) for individual lags 0–10.

TABLE 2 Pooled percentage change (95% CI) in respiratory hospitalisations in five European cities per 10000 increase in
ultrafine particle (UFP) concentration per cm3 adjusting for other pollutants for individual lags 0–7

Lag UFP only +PM10 +PM2.5 +PM2.5–10 +NO2 +CO +O3

0 −0.44 (−1.73–0.87)# −0.73 (−2.21–0.77) −0.51 (−2.12–1.14) −0.52 (−2.28–1.26) −0.42 (−2.08–1.28) −0.36 (−1.75–1.05) −0.05 (−1.41–1.34)
1 −0.58 (−1.93–0.79)# −1.09 (−2.50–0.34) −0.70 (−2.39–1.02) −0.81 (−2.46–0.87) −0.55 (−2.16–1.09) −0.69 (−2.12–0.76) 0.08 (−1.61–1.80)
2 −0.22 (−0.82–0.38) −0.58 (−1.24–0.08) −0.65 (−1.77–0.49) −0.58 (−1.47–0.32) 0.04 (−0.67–0.75) −0.16 (−0.83–0.51) −0.14 (−0.76–0.49)
3 0.43 (−0.94–1.83)# 0.13 (−1.46–1.76) 0.14 (−1.64–1.95) 0.32 (−1.35–2.03) −0.03 (−1.43–1.38) −0.07 (−1.52–1.39) 0.69 (−0.88–2.29)
4 0.07 (−0.59–0.73) −0.22 (−0.99–0.56) 0.16 (−1.14–1.48)# 0.13 (−0.89–1.17) −0.55 (−1.25–0.17) 0.00 (−0.75–0.76) 0.63 (−0.60–1.87)#

5 0.43 (−0.58–1.45)# 0.26 (−0.82–1.36) 0.33 (−1.17–1.84) 0.43 (−0.76–1.64) −0.82 (−1.57–−0.07) 0.27 (−1.04–1.60) 0.35 (−0.57–1.29)
6 0.38 (−0.78–1.56)# 0.32 (−1.02–1.68) 0.14 (−1.53–1.84) 0.46 (−1.02–1.97) −0.39 (−1.90–1.15) 0.22 (−1.31–1.78) 0.52 (−0.70–1.75)
7 −0.37 (−1.39–0.66)# −0.24 (−1.36–0.89) −0.68 (−1.96–0.62) −0.37 (−1.68–0.96) −0.83 (−2.09–0.45) −0.38 (−1.33–0.58) −0.30 (−1.27–0.69)

PMx: particulate matter with aerodynamic diameter <x μm; PM2.5–10: particulate matter with aerodynamic diameter 2.5–10 μm. #: heterogeneity
as defined by I2>40% and p<0.20. Bold indicates statistical significance.
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children aged 0–14 years irrespectively of the lag under investigation. Regarding specific diagnoses, effect
estimates were more consistently positive for asthma in comparison with COPD and LRTI.

Table 4 presents the results from the analysis by cool/warm period of the year for all ages and by age group
as it was of interest to see whether the effect modification identified for younger ages presented seasonal
patterns. Results indicated consistent effects of UFP on respiratory hospitalisations during the warm period
of the year irrespective of age group for all single lags analysed, except lag 0 on 15–64 year olds, while most
were also statistically significant. Effect estimates were consistently higher for paediatric hospitalisations
0–14 years old compared with those aged >15 years for both periods. During the cool period of the year,
effects were estimated only for paediatric respiratory hospitalisations for almost all lags considered, except
lags 1 and 5, which were much lower to the effects detected during the warm period for the corresponding
lag. We further investigated the strong effect of UFP during the warm period by allowing for CO or NO2 in
the model. Effect estimates remained positive and significant (in corresponding lags with single pollutant
models) after controlling for CO or NO2, although they decreased in magnitude adjusting for NO2 (see
supplementary figure S4). We also tested the sensitivity of the warm period findings to the exclusion of
Rome (as the site location differed from the rest) and, although this resulted in some loss of statistical
power, the effect estimates were robust especially up to lag 4. Supplementary figure S3b presents the city
specific estimates during the warm period of the year, for selective lags 2–4, showing adverse effects in all

TABLE 3 Pooled percentage change (95% CI) in respiratory hospitalisations by age group and for specific diagnoses in five
European cities per 10000 increase in ultrafine particle concentration per cm3

Lag 0–14 years 15–64 years ⩾65 years LRTI COPD Asthma

0 1.74 (−0.69–4.22)# −1.96 (−4.68–0.83)# −0.42 (−2.23–1.42)# −0.36 (−2.18–1.50)# −1.06 (−3.58–1.53) 0.24 (−2.12–2.65)#

1 1.76 (−1.03–4.62)# −1.09 (−3.87–1.77)# −0.70 (−1.81–0.43) −0.93 (−2.81–0.99)# −0.45 (−2.26–1.40) 2.12 (−0.28–4.57)
2 0.53 (−0.60–1.67) 0.09 (−1.03–1.22) −0.56 (−2.05–0.95)# −0.36 (−1.23–0.51) −1.31 (−3.14–0.56) 0.74 (−1.62–3.16)
3 0.82 (−0.29–1.95) −0.09 (−1.19–1.03) 0.44 (−1.71–2.62)# 0.46 (−1.20–2.14)# −0.31 (−2.19–1.62) 0.46 (−1.86–2.84)
4 1.77 (−0.38–3.97) 0.17 (−0.93–1.28) −0.02 (−1.60–1.59)# 0.16 (−0.69–1.01) −0.78 (−1.93–0.39) 0.83 (−1.49–3.21)
5 0.10 (−3.76–4.11)# 1.31 (−0.26–2.90) 0.18 (−1.85–2.24)# 0.76 (−0.70–2.24)# 0.15 (−1.88–2.23) 0.48 (−2.40–3.43)
6 1.20 (−0.40–2.83) 0.42 (−0.68–1.53) 0.23 (−2.37–2.91)# 0.86 (−0.07–1.79) −0.19 (−3.40–3.12) 0.10 (−2.31–2.56)#

7 1.60 (0.49–2.72) −0.91 (−2.22–0.42) −0.45 (−2.05–1.18)# 0.07 (−1.44–1.60)# −0.64 (−1.77–0.51)# −1.27 (−5.36–3.01)

LRTI: lower respiratory tract infections; COPD: chronic obstructive pulmonary disease. #: heterogeneity as defined by I2>40% and p<0.20. Bold
indicates statistical significance.

TABLE 4 Pooled percentage change (95% CI) in respiratory hospitalisations for all ages and by age group in five European
cities per 10000 increase in ultrafine particle concentration per cm3, stratified by the warm and cool period of the year

Lags All ages 0–14 years 15–64 years ⩾65 years

Warm period (April–September)
0 1.80 (−0.85–5.42)# 6.38 (1.53–11.46) −0.19 (−4.24–4.04)# 1.24 (−1.40–3.96)#

1 2.68 (−0.26–5.71)# 6.17 (0.34–12.33) 0.52 (−3.81–5.05)# 2.39 (0.11–4.71)
2 4.27 (1.68–6.92)# 6.95 (2.21–11.91) 3.11 (0.63–5.65) 4.02 (0.21–7.98)#

3 3.82 (2.54–5.12) 5.92 (2.74–9.20) 2.82 (0.38–5.32) 4.56 (1.52–7.68)#

4 3.57 (1.83–5.34) 6.69 (3.51–9.96) 3.15 (0.72–5.64) 3.28 (0.09–6.57)#

5 3.77 (1.30–6.30)# 5.27 (−1.68–12.71) 3.83 (0.24–7.55)# 2.85 (0.36–5.41)#

6 2.73 (1.14–4.35) 4.92 (1.86–8.08) 2.87 (0.46–5.34) 2.34 (0.13–4.61)
7 2.36 (1.12–3.62) 5.87 (−0.60–12.77) 2.07 (−1.09–5.34) 1.40 (−0.16–2.98)

Cool period (October–March)
0 −0.76 (−1.87–0.36) 0.59 (−1.53–2.76) −1.82 (−4.29–0.71)# −1.05 (−2.97–0.91)#

1 −1.14 (−2.37–0.11) −0.06 (−1.33–1.23) −0.92 (−3.32–1.54)# −2.13 (−4.13–−0.09)#

2 −0.90 (−1.62–−0.17) 0.17 (−1.07–1.43) −0.60 (−2.28–1.11) −1.54 (−2.47–−0.60)
3 −0.63 (−1.80–0.54) 0.64 (−0.59–1.87) −0.75 (−2.00–0.52) −1.04 (−2.67–0.62)
4 −0.55 (−1.27–0.17) 0.92 (−0.30–2.16) −0.63 (−1.87–0.63) −1.32 (−2.25–−0.38)
5 −0.43 (−1.15–0.30) −0.83 (−5.14–3.67)# 0.70 (−1.22–2.66) −0.79 (−2.32–0.77)
6 0.00 (−1.13–1.15) 1.22 (0.01–2.45) −0.27 (−1.52–0.99) −0.31 (−3.09–2.55)#

7 −0.73 (−1.97–0.52) 1.52 (0.30–2.75) −1.43 (−2.65–−0.20) −0.81 (−2.75–1.17)#

#: heterogeneity as defined by I2>40% and p<0.20. Bold indicates statistical significance.
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cities. We additionally tested the robustness of our effect estimates for the whole period, the warm season
and the youngest age group, to the exclusion of Helsinki and Copenhagen as accumulation mode particles
were not measured in the areas. Our estimates became larger under almost all lags considered with wider
associated confidence intervalss (e.g. for lag 5 the estimated increase in all admissions was 0.67% (95% CI
−0.86–2.23%) for the analysis of the whole period, 4.05% (95% CI 0.90–7.30%) for the warm period and
1.35% (95% CI −4.40–7.45%) for those 0–14 years old), while in all cases both the direction and the
significance of the estimates from the analysis including all cities were not affected.

Discussion
Using data from five European cities spanning the continent we report indicative associations between
UFP and respiratory hospitalisations among the youngest age group of 0–14 years old and consistent effect
estimates during the warm period of the year. Regarding specific diagnoses, we found suggestive
associations with asthma admissions that may nevertheless reflect the effects at younger ages, as asthma is
a common respiratory disease among this age group.

Most previous studies on the short-term associations between UFP number concentrations and respiratory
morbidity have reported weak associations in various lag structures, although each study investigated
different respiratory outcomes and age groups, making direct comparison difficult. BRANIŠ et al. [13] and
ATKINSON et al. [2] observed non-statistically significant weak positive associations with respiratory
admissions in Prague (Czech Republic) and London (UK) correspondingly, but following different patterns
of exposure; the former at lags 0–2 days and the latter at lags 3–6 days. HALONEN et al. [14] also reported
associations between Aitken and accumulation mode particles and respiratory admissions following the
average of 5 days exposure in the elderly. PEEL et al. [5] using emergency room visits data in Atlanta (GA,
USA) for 1998–2000 for respiratory diseases, did not find an association with UFP number concentrations
for all admissions, asthma or COPD for an average exposure over lags 0–2. On the contrary, LEITTE et al. [6]
reported increases of emergency visits in Beijing (China), around 2% for an increase in numbers of 12000
UFP per cm3 in lags 0–2, while BELLEUDI et al. [15] reported an increase in COPD admissions of 1.59%
(95% CI 0.03–3.18%) per an increase of ∼9400 in lag 0 particle number concentrations per cm3 and weaker
associations for lags 2 and 3 with LRTI. Finally, HALONEN et al. [4] ISKANDAR et al. [16] and ANDERSEN et al.
[17] reported positive associations with paediatric asthma, while the later also reported associations with
admissions among the elderly for average exposure over 5 or 6 days. These results support our findings
related to asthma admissions but are not in accordance with our results indicating effects mainly for those
aged 0–14 and 15–64 years but not for >65 years old.

We report considerably higher and statistically significant associations during the warm period of the year for
respiratory hospitalisations for all ages and by age group. HALONEN et al. [14] reported stronger associations
during May to September among the elderly, while BELLUDI et al. [15] also reported higher effects with LRTI
during the spring and fall period. Nevertheless, most of the previous studies did not investigate UFP effects
for separate periods of the year. Higher effects of air pollution during the warm period of the year have been
previously reported [9, 18]. The higher associations between UFP number concentrations and respiratory
effects in the warm period may be attributed to either changes in exposure conditions, and consequently
better exposure characterisation of the population, or changes in the particles’ composition. The prior link
can be made when considering the time people spend outdoors and enhanced infiltration of outdoor air due
to “open windows”. The latter is more complicated since the UFP composition changes due to different
source contributions as well as different atmospheric chemistry. Sources change by e.g. less house heating
contribution and also by photochemistry leading to higher particle number concentrations due to particle
formation [19]. Often these particles, formed via gas-phase processes and called secondary particles, are water
soluble and less likely to have particles-related toxicity. On the other hand, JIMINEZ et al. [20] showed the
changes in the particle phase in the summer for organic carbon. This carbon is oxidised by photochemistry
producing oxidised organic carbon believed to be of higher toxic relevance than the direct emitted organic
carbon from natural and anthropogenic sources. Overall, the shift of soot and organic carbon towards traffic,
as well as other processes may explain the higher associations observed in the warm period. It is noteworthy
that annual effect estimates were mostly driven by the cold period findings that may be partly explained by
the greater counts and variability of the outcome during this time of the year.

Our results for the whole period were generally confounded by co-adjustment on other pollutants, mainly
those originating from traffic sources, such as CO and NO2 while the positive effect estimates during the
warm period were robust to co-pollutant adjustment. We note that NO2 effects were robust to adjustment
of UFP, both for the whole period with available UFP measurements and for the warm period only,
supporting the hypotheses of independent effects. Previous results from two pollutant models have
reported confounding of UFP effects from CO and NO2, while the gasses' effects were more robust.
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Nevertheless, these results should be interpreted with caution due to the high correlation of the included
pollutants.

We observed significant heterogeneity (supplementary table S5) in many associations under investigation,
possibly partly attributable to differences between cities in the lower cut-off size of UPF, as well as the
location of the monitoring sites representing an urban background site. Although we could not formally
test these hypotheses due to the limited number of cities, when we investigated the sensitivity of our
results to the exclusion of Rome, as its site was more influenced by traffic and, in that sense, differed from
the rest, heterogeneity was decreased especially in the annual analysis in the lags suggesting associations,
while estimates were rather robust (data not shown).

The main strengths of our study include the large time series analysed for each participating city and the
multi-city design that provided adequate statistical power over the non-regulated monitoring of UFP, even
for the analysis of admissions among those aged 0–14 years for whom counts were smaller compared with
the other outcomes. The main limitation of our study is the difference in measurement methods between
participating cities, measuring different fraction of particles sizes, as well as the differences in the placement
(especially height above ground level) of the background measurement sites at different locations, that
probably contributed to the heterogeneity observed in several estimates. Although the number of missing
data in some cities was rather high, our findings regarding associations with particles’ mass during the
period with available UFP measurements were similar to those previously reported [1, 9], possibly indicating
that the missing patterns have not greatly influenced our pooled estimates. Finally, UFP mainly originate
from vehicular exhaust emissions, thus presenting great spatial variability that could not be incorporated
under this study design as measurements were drawn from only one background station. Alternatively, CYRYS

et al. [21] have noted that the high temporal correlations of particle number concentrations across the city
area of Augsburg (Germany) implicated that, in epidemiological time-series studies, the use of one single
ambient monitoring site is an adequate approach for characterising exposure to ultrafine particles.

In conclusion, our findings indicate that exposure to UFP particles may increase total hospitalisations due to
respiratory diseases during the warm period of the year, especially among those aged 0–14 years. These results
add to previous evidence that stricter traffic regulation would result in better protection of public health.
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