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Abstract

Oxidative potential (OP) has been suggested aalthhelevant measure of air pollution. Little
information is available about OP spatial variataonl the possibility to model its spatial varidlili
Our aim was to measure the spatial variation ofM@Rin and between 10 European study areas. The
second aim was to develop land use regression (lchidlels to explain the measured spatial
variation.

OP was determined with the dithiothreitol (DTT)ag# ten European study areas. DTT of PM2.5
was measured at 16-40 sites per study area, diededstreet, urban and regional background sites.
Three two-week samples were taken per site in ayeaeperiod in three different seasons. We
developed study-area specific LUR models and a btdidel for all study areas combined to explain
the spatial variation of OP.

Significant contrasts between study areas in O Wemd. OP DTT levels were highest in southern
Europe. DTT levels at street sites were on avetatf@times higher than at urban background
locations.

In 5 of the 10 study areas LUR models could be idgeel with a median $of 33%. A combined

study area model explained 30% of the measuredbspatiability. Overall, LUR models did not
explain spatial variation well, possibly due to lavels of OP DTT and a lack of specific predictor
variables.

Keywords: Oxidative potential, DTT, LUR, PM2.5, Sipavariation

" Abbreviations: ESCAPE, European Study of Cohort forPollution Effects; TRANSPHORMTransport related Air Pollution and
Health impacts - Integrated Methodologies for AssegParticulate Matter; DTdithiothreitol ROS reactive oxygen species, EC/OC,
elemental/organic carbon; PAHplgcyclic aromatic hydrocar bons; B[a]P, benzo[a]pyrene, GIS, Geographic Information Systems;
LUR, Land Use Regression; NOx, nitrogen oxides; N@2ogen dioxide; PM2.5, mass concentration ofipked less than 2.5 mm in
size; PM2.5 absorbance, measurement of the blagkiddV2.5 filters, this is a proxy for elementattwon, which is the dominant
light absorbing substance; PM10, mass concentrafiparticles less than 10 mm in size; RB, regiomakiground; S, Street; EPA,
United States Environmental Protection Agency; LU&)d Use Regression; RMSE, Root Mean Squared Error.
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1. Introduction

Exposure to air pollution has been associated mihbidity and mortality (Brunekreef, Holgate
2002, Pope, Dockery 2006) Epidemiological studesehused mostly the mass of particle matter
(PM) with diameters smaller than 10 or 2.5 um (PIVARI2.5, respectively) for assessment of
exposure to air pollution. The composition and sistribution of PM differs substantially in space
and time. There is increasing evidence that thenmade of adverse health effects depends on PM
chemical composition and size distribution (Staee&l. 2011, Kelly, Fussell 2012). Oxidative
potential (OP) has been suggested as a healttarglparameter for epidemiological studies (Borm
et al. 2007).

Oxidative potential is defined as a measure otHpacity of PM to oxidize target molecules.
Because OP integrates various PM characteristigsgize, chemical composition, biological
properties, surface) it might be a more healthveeie PM metric than PM mass or single PM
compounds (Boogaard et al. 2012, Borm et al. 208@)vever, few epidemiological studies have
evaluated whether OP of PM predicts health effeetger than PM mass. Little kmown about the
spatial variation of oxidative potential, whichniseded to assess whether OP of PM predicts health
effects related to long-term exposure better tHd2.B or constituents of PM2.5. Previous studies
have documented variability of OP measured withowsr assays within metropolitan areas (US
studies) (Vedal et al. 2013, Hu et al. 2008, Lantdre et al. 2008) or single countries (Yang et al.
2014, Yang et al. 2015, Boogaard et al. 2012). @nky study has evaluated spatial contrast between
European cities, based upon 20 urban backgrouesl @unzli et al. 2006). The authors found
significant spatial contrast in the OP levels meadas the ability of PM to generate - OH in the
presence of hydrogen peroxide.

Several chemical assays exist to assess the aadgadtential of PM. They differ from each other in
sensitivity to the reactive oxygen species (ROSegating compounds and analytical method (Ayres
et al. 2008). One commonly used assay is basedeotonsumption of dithiothreitol (DTT) related to
the ability of redox active compounds to transfeceons from DTT to oxygen (Cho et al. 2005,
Kumagai et al. 2002). The DTT assay is especiahs#ive to organic components such as quinones.

Land use regression models (LUR) have been useelsiagly to model the spatial variation of the
long term average concentration of the PM2.5, Piiid the traffic-related pollutants N@nd

Black carbon (Beelen et al. 2013, Eeftens et d226loek et al. 2008). To our knowledge only two
studies reported LUR models for oxidative poter(ti@nosky et al. 2012, Yang et al. 2015).

Yanosky et al. (2012) modeled OP of PM10 in Londeinere OP was measured as the depletion rate
of antioxidant reduced glutathione (/) (Yanosky et al. 2012). Yang et al (2015) recently
presented LUR models for 40 Dutch sites for twdedé#nt OP metrics: DTT and ESR (electron spin
resonance).

The first aim of this study was to determine thatsp contrast of oxidative potential within and
between 10 European study areas. The second airthevdevelopment and evaluation of LUR
models of oxidative potential.

In ten European study areas we measured oxidatiemfial with the DTT assay. The study areas
were part of two European projects: ESCAPE (Euroady of Cohort for Air Pollution Effects)
and TRANSPHORM (Transport related Air Pollution amealth impacts - Integrated Methodologies
for Assessing Particulate Matter) (Cyrys et al.200sai et al. 2015, Eeftens et al. 2012).. In the

3



109
110
111
112
113
114
115
116
117

118

119
120

121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139

140

141

142

framework of these projects concentrations of tikuants NOx, NGQ, PM2.5, PM10, PM2.5
absorbance and elemental composition were measufdstudy areas. Measured concentrations
and LUR models for these pollutants have been gliddti (Beelen et al. 2013, Eeftens et al. 2012,
Cyrys et al. 2012, de Hoogh et al. 2013, Tsai.€2@l5). In 10 study areas additional
characterization of PM was performed, includingredatal and organic carbon (EC, OC) and
polycyclic aromatic hydrocarbons (PAH) (JedynskaleR014b), levoglucosan (Jedynska et al.
2015) and oxidative potential.

2. Methods

2.1 Sampling campaign

The ESCAPE sampling campaign has been describdetan previously (Cyrys et al. 2012,
Eeftens et al. 2012). In 10 of the ESCAPE studgsa(@able 1, Figure 1), oxidative potential was
determined with the DTT assay. All study areasudel regional and urban background and major
street sites. A street site was considered arsgemajor road carrying at least 10,000 vehicles pe
day. An urban background site was defined as ansttefewer than 3000 vehicles per day passing
within a 50 m radius. Regional sites were locatesinall villages typically near a major city, thbug
the distinction between regional and urban backgglomas not strictly defined

Three 14-day integrated samples were collecteddoh site in a one year period. In four study
areas sampling was conducted in 2009, in the aiken 2010. Samples were collected during three
seasons: winter, summer and intermediate seasongsw autumn). Due to lack of sampling
equipment in Munich/Augsburg, no samples were tdkan December to February. Sampling of
PM2.5 was performed with the Harvard impactor (&wdtet al. 2012).. For the OP analysis a quartz
filter (QMA,Whatman) was used. We used quartzit®r oxidative potential measurements as
these were the only filters available for us to iseDP determination. In a recent comparison study
OP DTT levels on quartz filters were about 20% Iotiian on Teflon filters. Temporal correlation
between DTT on both filter types was high (R=0.8dang et al. 2014). The partners in all study
areas used identical sampling protocols and ciiferi the selection of sampling sites (Eeftend.et a
2012).
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Figure 1. Ten European study areas where oxidpttential by DTT assay was measured
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Table 1. Description of study areas. RB —regiomakiground, UB — urban background, S — street
location

Country Study area Sampling period Sites Sitetypes
RB UB S
Norway Oslo 05.02.2009 - 29.01.20119 2 9 8
Finland Helsinki/Turku 27.01.2010-26.01.20120 2 10 8
Denmark Copenhagen 19.11.2009 -17.11.20120 3 6 11
United Kingdom London/Oxford 26.01.2010-18.01.20120 1 12 7
The Netherlands Rotterdam, Amsterdam, Groningen, Amersfo 17.02.2009 — 19.02.20116 4 4 8
Germany Munich/Augsburg 01.03.2009 - 05.11.20020 5 6 9
France Paris 04.01.2010-04.01.20120 4 9 7
ltaly Rome 27.01.2010-26.01.20120 2 8 10
Spain Catalonia (Barcelona, Girona, Sabadell) 14.01.2009 - 14.01.20140 4 13 23
Greece Athens 21.04.2010-27.04.20120 1 12 7

2.2. Analytical methods

2.2.1 Filter extraction for oxidative potential measurements

All OP measurements took place in one laboratoNdJ. 2.4 cniof each quartz filter (30% of the
filter) was extracted in 20 ml ethanol for 1 homrain ultrasonic bath. Further, the extracts were
filtered with 0.45 pum PTFE syringe filters to reneayuartz particles and the insoluble PM fraction
and dried under constant flow of nitrogen. At tinel extracts were reconstituted in 100 ul ethanol
and 900 ul MiliQ water. The extraction method agglin this study included only the ethanol
soluble PM fraction contributing to OP level mea&sbwith DTT assay.

2.2.2DTT assay

The DTT assay measures the presence of reactigenygpecies via formation of DTT-disulfide due
to transfer of electrons from DTT to ROS by reayglchemicals such as quinones (Cho et al. 2005).
The DTT assay measures the presence of reactigenygpecies via formation of DTT-disulfide due
to transfer of electrons from DTT to ROS by reayglchemicals such as quinones (Cho et al., 2005)
and elements (Charrier et al., 2012; Charrier].éd@P 2015). Several of the most recent literature
studies report about evidence for the importancsbifble transition metals being reactive in the
DTT assay. Although the net effect of elementhaDTT assay is not yet completely clear
(Sauvain, 2013, Perrone, et al., 2016).

Aliquots of samples extracts were incubated atG3with DTT(100 mM) (Sigma, Zwijndrecht) in
potassium phosphate buffer at pH 7.4 The reactias stopped at designated time points (0, 10, 20,
30, 40 and 50 min), adding 10% trichloroacetic acid

Finally, 0.5 mL of 0.4M Tris—HCI, pH 8.9 containi@®mM EDTA and 30 mL of 20mM DTNBS5,
50-Dithiobis(2-nitrobenzoic acid) (DTNB) (Sigma) meadded.The concentration of the formed 5-
mercapto-2-nitrobenzoic acid was measured by gsmion at 412 nmand the rates are calculated
using linear regression of absorbance against fline results are expressed as nmol DTT/mfh*m

A soot sample obtained from exhaust pipe of cityses was used as a positive control and ultrapure
water as a negative control. The blanks and costimiple were treated the same way as all other
samples
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2.2.3 Quality control

To maximize comparability of the sampling in diet countries, sampling and measurement
procedures were conducted according to standatdqmis. All OP analyses were performed
centrally in the TNO lab in the Netherlands. We dad have enough equipment available to include
field blanks and duplicates for OP analyses. OFhatt used at TNO have been validated according
to the Dutch national norm (NEN-7777, 2003 httpaiiv.nen.nl/NEN-Shop/Norm/NEN-
7777C12012-en.htm). The following checks were peréd in the laboratory: Mili-Q blanks, quality
control samples — soot sample as a positive coftrddP DTT assay.

2.24 EC/OC, PAH, hopanes, steranes, levoglucosan, PM 2.5, NOx and elemental
composition

The analytical methods of EC/OC, PAH, hopanes/sesdevoglucosan, PM2.5, NO2 and elemental
composition were published previously (Jedynskal.€2014b) and are summarized in the Online
supplement.

2.3Adjustment for temporal variability

The three 14-day average - samples were useddolat the annual average level of oxidative
potential. Due to lack of equipment we could ndtexd samples simultaneously at all sites, and as a
result the simple average from the concentratinribe three sampling periods could reflect both
spatial and temporal variation. In order to corfectemporal variation, a (background) reference
site was continuously measured in each study amreagithe sampling period. Our correction
procedure followed the modified ESCAPE proceduetusr EC/ OC, PAH, hopanes/steranes and
levoglucosan (Eeftens et al. 2012, Cyrys et al220&dynska et al. 2014b). Briefly, we evaluated
which of the pollutants measured at the referentegrrelated best with OP. The temporal
correlation was calculated for each site betweera@Pthe main ESCAPE pollutants NOIO,,

PM2.5, PM2.5 absorbance and PM10 based upon thmeglas. The median correlation per study
area was calculated and the pollutant with thedsgmedian correlation with OP was used for
correction of temporal variation, using the ratiethod as we did for EC/OC, PAH, hopanes/steranes
and levoglucosan (Jedynska et al. 2014b).

2.4 Predictor data for LUR model development

Derivation of predictor variables has been preskmteletail (Eeftens et al. 2012, Beelen et al.3301
Briefly, the predictor variables mainly describeagudial emission sources such as traffic, industry
residential emissions related. The predictor véemlwvere determined for each sampling site using a
geographical information system (GIS). First, tberdinates of each sampling site were determined
using repeated Global Positioning System (GPS) ureagents, supplemented by careful checking
of the site location using the most detailed lanap in a GIS. Second, GIS analyses were conducted
to derive the values for the predictor variablastifie coordinates of the monitoring sites. GIS
analyses included distance from the sampling sisotirces such as major roads and the amount of
(proxies of) potential sources in a circle withragefined radius (called a buffer) around the
sampling site. Examples include the product ofitafitensity and road length in a buffer of 50m

6
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and population density in a buffer of 1000m. Moetadled explanation of GIS analyses and their use
in LUR modelling can be found in previous reviewsr(ett et al. 2005). The buffer sizes were
selected to take account of known dispersion patdsoth small-scale and larger-scale buffer sizes
were used for the traffic variables indicating teaales of influence: near source and urban
background levels representing larger-area trdffiesity (Beelen et al. 2012). A detailed descriptio
of the variables is presented in online suppleriable S1.

2.5 LUR model development

We first prepared maps of the measured OP for efttte 10 study areas to evaluate spatial patterns.
using ArcGIS version 10.2.1. We calculated the Miwra statistic that tests for presence of spatial
autocorrelation. Moran’s | ranges from -1 to +1hwit / (N-1) indicating no spatial autocorrelation
(N=number of observations). Moran’s | was calcudatéth the Variogram procedure of the
Statistical Analysis System version 9.4.

LUR models were developed by the first author usiegESCAPE method (Beelen et al. 2013,
Eeftens et al. 2012, de Hoogh et al. 2013). Brjegftijusted annual average concentration of
oxidative potential and predictor variables wereduor LUR development. A supervised stepwise
method was used to obtain the linear regressioreiwith the highest explained variance Rt

every step the variable with the higheétis added to the model if it improved model’s atid R

by at least 1% and had the same effect directiateasled a priori e.g. higher traffic intensity
predicts higher OP. The final model was evaluatedfatistical significance (variables removed
when p-value >0.10), collinearity (variables witAniance Inflation Factor (VIF) > 3 were removed)
and influential observations (models with Cook’s 2 were further examined). The final models
were evaluated by leave-one-out cross validatiéddQ@CV)

Models were developed for each of the 10 studysaseparately and for the combined dataset. Wang
et al (2014) recently documented the feasibilitge¥eloping European models combining all
ESCAPE study areas for PM2.5, PM2.5 absorbancé&@xdWang, Beelen et al. 2014). We
developed combined study area models with indisdtmrstudy area and another model with the
measured regional OP background in each studyaaragoredictor variable. The latter approach is
comparable to the multi-city model for PM2.5, PMalisorbance and N@Wang, Beelen et al.
2014). A limitation of developing a combined aread®l was that measurements were conducted in
2009 or 2010 in the various areas. Routine measamenof PM2.5 and PM10 concentrations
obtained from Airbase did not differ between 2008 2010 (Eeftens et al, 2012). Based on those
findings we expect no significant difference in OPT concentrations between 2009 and 2010.

2.6 Data analysis

All measurements’ results were analyzed centrallyNO. Statistical analyses were performed with
the SPSS statistical program (IBM SPSS Statistis 2

We assessed the significance of differences ofséetjuannual OP averages between study areas with
analysis of variance (ANOVA). Student’s t-tests &vased to evaluate the difference between site
types and between seasons. We analyzed seasdaggmlies based on all individual measurements
divided into the warm (April — September) and cpédiod (October — March).
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3. Reaults and discussion

The detection limit (LOD) of DTT, calculated asdbrtimes the standard deviation of laboratory
blanks, was 0.078 nmolDTT/min*n15% of all samples gave results below the LOe Th
uncertainty of the DTT assay is 24%. Calculatiomméertainty (Uc) was based on: reproducibility
(vc), recovery (utv) and accuracy of the calibmnatsdandard (uj) according to the following formula:

Uc =/ (vc)? + (w))? + (utv)?

Shewhart chart was used to monitor the qualityefresults of the control sample (soot) which was
measured every measurement day. 82% of the regutiee within +2*STD from the average result
obtained after the first OP DTT 10 measurementkeiiall measurements of the control samples the
relative standard deviation was 22%. The repedtgbil Mili-Q blanks was 16%.

Temporal adjustment

The main focus is on adjusted annual average ctnatiems. In five study areas OP DTT was
corrected for temporal variation with PM2.5, in fauth NOy and in one with PM2.5 absorbance.
The high correlation (R>0.90 in all areas excepsiik&i, where R was 0.60) between the selected
pollutant and OP at the sampling sites documeiatstiie temporal variation of OP was well reflected
by these pollutants. Adjusted and unadjusted anm@Bahverages were mostly highly correlated
(Table S2). Pearson correlation coefficients wertgvben 0.65 and 0.98 (Table S2). This documents
that the adjustment did not change the results much

3.1 Within and between study area contrast

The spatial variation within and between study suisgresented in Figure 2 and Tabl&2ps of

OP for each of the 10 study areas are shown inleognt figure S2. Levels of OP DTT across
Europe differed significantly (Figure 2, Table Zhe lowest OP DTT level were found in London
(0.14nmolDTT/min * nt) and two Nordic areas — Oslo and Helsinki/Turkil®and 0.15
nmolDTT/min * nt, respectively).

OP DTT levels were highest in southern study afeatsthe differences between the three southern
and the three northern study areas were smallathgmrth ratio = 1.5) than we found for traffic-
related pollutants including N@nd EC (south/north ratio — 2.2) and for PM2.5 n{assth/north
ratio — 2.1), (Eeftens et al. 2012, Cyrys et all2Qedynska et al. 2014b).

Oslo| +—1LF ©
HelsinkiTurku—| T *
Copenhagen—| —_Y T
London/Oxford—| ¢ I
Netherlands| —tr

Munich/Augsburg———— 1 +———

Paris—| —{ T
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DTT [nmelDTT/min*m3]
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Figure 2. Distribution of OP DTT (nmolDTT/min *¥in different study areas. Median, 25th and
75th percentiles are shown in the box, whiskergatd 10th and 90th percentiles and individual
outliers are shown.

Table 2. Mean and range of annual average oxidpbtential for 10 European study areas

Study area DTT (nmolDTT/min * M

N | Mear | Min Max Range/Mean [%)]
Oslo 19| 0.13 0.06 0.25 149
Helsinki/Turku 20| 0.15 0.09 0.43 229
Copenhagen 20 0.21 0.08 0.31 109
London/Oxford 20| 0.14 0.08 0.19 71
Netherlands 16| 0.20 0.13 0.29 80
Munich/Augsburg| 20| 0.20 0.00 0.45 221
Paris 20| 0.23 0.10 0.36 115
Catalonia 40| 0.23 0.07 0.69 271
Rome 20| 0.23 0.11 0.34 98
Athens 20| 0.28 0.17 0.43 92

IDifferences between study areas statistically §igait (ANOVA, p< 0.0001)

Table 3. Difference of annual average oxidativeepbal levels between site types (ratios RB/UB
and S/UB)

DTT
(nmolDTT/min * nT)

RB/UB S/UB

Oslo 0.82 0.88
Helsinki/Turku 0.85 0.71
Copenhagen 1.22 1.05
London/Oxford 1.12 1.06
Netherlands 0.90 1.14
Munich/Augsburg 1.73 1.11
Paris 0.95 1.15
Rome 1.63 1.12
Catalonia 0.99 1.10
Athens 0.63 1.21
Median 0.97 1.10

The smaller contrast across Europe is consistahtthe small difference between street and urban
background locations found in this study (Tableli38 of the 10 study areas, concentrations at the
street sites were slightly higher than at the utbarkground sites with a median S/UB ratio of 1.10.
Our findings are in line with a few previous stugighich also reported low contrast of OP DTT
between street and background sites. In a recedy siased upon extraction of the Teflon PM2.5
filters of all 40 ESCAPE sites in the Netherlandd@um, the street locations had 1.2 times higher
OP DTT than urban background sites (Yang et al520h our study, the Dutch S/UB ratio, based
on 16 of these 40 sites, was very similar — 1.14.

In another Dutch study with five sites, OP DTT wa® times higher at a busy urban street site than
at urban background (Janssen et al. 2014). Thebativeen a highway site to an urban background
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site was higher (ratio 2.1). In our study we did have street sites with as heavy traffic as on
highways.

In a study investigating OP in the Los Angeles badrea, a modest contrast in DTT results between
different sites was found (Hu et al. 2008). Theéoraetween traffic and background sites was on
average 1.3.

Our study conducted in 10 different European stardyas supports a growing literature that OP DTT
does not reflect large urban traffic contrasts (fanal. 2015, Janssen et al. 2014, Hu et al. 2008)
The assay may respond to components from noneisdfirces resulting in a high background.

The OP DTT S/UB ratio found in our study was lowean for other pollutants measured at the same
sites including N@ EC, PAH and OC (Eeftens, Tsai et al. 2012, Cyrgdtdas et al. 2012,

Jedynska, Hoek et al. 2014b). As the DTT assayredgpprimarily to organic compounds,
particularly the substantially lower contrast comgobto OC (median S/UB = 1.32) and PAH
(median S/UB = 1.44) is remarkable. We did not meaguinones, components which are thought
to especially affect the DTT assay.

Quinones are oxygenated aromatic compounds e.gP8¥);, emitted during incomplete combustion
processes including traffic (Jedynska et al. 2@s) formed during photochemical transformation of
emitted parent-PAHs by atmospheric oxidants (Alaml.e2013).

There was no consistent difference between urbdmemgional background sites (median RB/UB =
0.97). In four study areas (London/Oxford, Municagsburg, Copenhagen, Rome), OP DTT was
higher at the regional sites. In three of thesasa(eondon, Munich/Augsburg, Rome) OC
concentrations were also increased at the regsiteal (Jedynska et al. 2014b). This suggests that
sources of organic components that affect OP DTY Imegpresent in more rural areas. At the
regional background sites, Yang et al found lowBr[@I'T level than at the urban background sites
(ratio 0.8), consistent with our results for thetidglands (0.9).

The mean OP DTT levels were only 2-4 times highantthe LOD (Table 2). OP DTT levels were
also low compared to levels found in other stu@=dfari et al. 2014, Janssen et al. 2014, Yarad. et
2014). The low OP DTT concentrations were relatethé use of quartz filters (Yang et al. 2014).
We furthermore only extracted a section of thefjlas we also determined EC/OC and levoglucosan
on the same filter. Quartz filters for PM collectim order to determine oxidative potential are not
very common. In most studies PM was collected solation with the Versatile Aerosol
Concentrator Enrichment System (VACES) (Cho e2@D5, Ntziachristos et al. 2007) or Teflon
filters were used (Janssen et al. 2014, Kunzli.&2096). We found one study where quartz filters
were used for OP DTT measurements (Vedal et aBR¥hang et al. reported significantly lower OP
levels for samples taken on quartz filters thaefton filters for four different OP assays, inclugl
DTT, with 20% lower results than samples taken efion filters (Yang et al. 2014). The reported
differences were presumably caused by lower extraeifficiency of samples taken on quartz filters
or necessary filtration of the quarts extracts bheeaof high concentration of quartz fiber in the
extracts. The correlation between measurementsiarizgand Teflon was high (R=0.8). The
correlation was based on 15 measurements takemaites. For the Dutch data, a direct comparison
with OP DTT measured on ESCAPE Teflon filters waailable from another study (Yang et al.
2015). The correlation for the 16 sites was moasdi@t the unadjusted average concentration
(R*=0.26) and low for adjusted average concentraffSr@.12) (Figure S1).
Compared to the previous comparison study (Yarad. &014), the differences in absolute levels
between Quartz and Teflon OP DTT were much |ail@e DTT levels on quartz in the previous
comparison where 20% lower and highly correlated-QR66) with Teflon OP DTT (Yang et al,
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366 2014). In the previous comparison all samples \@eadyzed in one laboratory, whereas in the

367 current comparison samples were analyzed in diffdaeds. The comparison of DTT analyses

368 between the two laboratories revealed substariffatences in DTT levels with much lower TNO

369 results, (Figure S2) (TNO REPORTI TNO-060-UTP-2@I®38). OP assays have not yet been

370 standardized sufficiently to allow comparison dof tlesults obtained at different laboratories.

371  Absolute OP DTT values should therefore be intégarevith caution.

372

373  Overall, OP DTT was weakly correlated with otherasiged pollutants within areas (Table S3.). The
374  highest median correlation was observed with OCRAH.

375 3.2 Land use regression modelling

376

377  Individual study areas

378  For five out of ten study areas a LUR model coddibveloped (Table 4). The mediahf& the 5

379 models was 33%. The lowest Ras found in Catalonia (R= 13%) and the highest in The

380 Netherlands and Oslo (73% and 66% respectivelythdee two study areas the LOOCY Was

381  higher than 50%. No traffic related variables wiaduded in the models. In three study areas

382  variables describing population density were inellidn two study areas variables related to green
383  space were included. In four models only one sicgnilt predictor variable was identified. In Paris
384  only altitude was included in the model.

385  Maps of OP for each of the 10 study areas are shosupplement figure S4. Table S4 provides the
386 Moran’s | values testing for spatial autocorrelatemd associated significance. Most of the maps and
387 the Moran’s | statistic document there is no spaitigocorrelation. In Catalonia, modest

388 autocorrelation of borderline significance was pregsmostly explained by somewhat higher OP
389 values in the inner city of Barcelona. Consistettty LUR model included address density in a 500
390 m buffer. In Paris the map suggests some clusteffitige highest values in the northeast part of the
391 area (not statistically significant), likely leadito a model containing altitude as the sole ptedic
392 The maps therefore do not clearly indicate presehogajor sources contributing to OP that we

393  missed in our GIS predictor data.

394 DTT model predictions were moderately correlatethwbth PM2.5 model prediction (median

395 R=0.33) and with PM2.5 absorbance (median R=0.B&bl¢e 4).

396 In four of the five areas where no model was pdssthe regional background OP measurements
397  were higher than the urban background (Table 3).gacedures did not allow a negative slope for
398 address or population density, predictors with lowadues at regional background sites. When an
399 indicator variable for urban (0/1) was included angegative slope allowed, models could be

400 developed for Rome, Munich/Augsburg, London/Oxfandl Helsinki/Turku with model #of 17 to
401  52%. The rationale for this sensitivity analysishiat we are less certain about source impactsfon O
402 DTT than on pollutants such as pé@nd PM2.5 for which the procedures were developbd.Rome
403  model included the indicator variable urban andaise to a major road {&52%). The

404  Munich/Augsburg model included the urban indicatariable and traffic load in a 100m buffer

405  (R*=30%). The London model included the urban indicassiable and major road length in a 100m
406  buffer (R=17%). In Helsinki/Turku, a model was only possilsieluding residential density in a

407  50m buffer if a high Cooks D was allowedR7%).

408

409  Combined study area model

11
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A combined area model combining all ten study aresslted in a model %of 30%, with port and
small scale residential density in addition to aadior variables for study areas (Table 4). A model
with indicator variables alone explained 25% of vaeability. We added study area indicators to
avoid systematic differences between the coun(imes.g. GIS predictor data or climate) to affdut t
model, as we were mainly interested in intra-a@ation. When we used measured regional
background to characterize the study area, ingiEsmtlicator variables, a model was developed with
four predictor variables that explained 24% ofwtaaability in OP DTT. The developed model was:
0.0889+6.09E-09*PORT_5000+6.44E-11*Traffic load_060.379*Regional Background+1.34E-
6*Population_500, where PORT_5000 is harbour wiB00m, traffic load_ 1000 represents number
of vehicles per day within 2000m from a samplirtg §imes road length and Population_500 reflects
number of inhabitants in a radius of 500m from @m@ang site. In this model more of the variability
was explained by GIS predictors representing sigesiiurces (shipping and road traffic) while
regional background OP DTT alone explained 5.3%aoifability.

Overall, land use regression models did not ex@patial variation of OP DTT well. LUR models
could be developed only for five out of ten studgas. The explained variance of the developed OP
LUR models was low (median’R 33%) in comparison to frequently modeled polltsdike PM2.5

or pollutants used as traffic markers — N PM2.5 absorbance for which modélHyher than

70% were found in ESCAPE (Beelen et al. 2013, Beftt al. 2012). The model combining all ten
study areas resulted in a low modéla® well, but the gap between model and leave-anheross
validation R was much smaller than for the individual area nmdehe smaller gap is due to the
larger number of monitoring sites to train the ndtiéang et al., 2012). The combined area model
contained more predictor variables (port, popuratiensity) than the study-area specific models (e.g
altitude and large scale natural land in Paris/Aheéns). Recently, several European and American
studies reported large-scale LUR models for PM;, W@l soot (Novotny et al. 2011, Wang et al.
2014, Vienneau et al. 2013). Large-scale LUR modasprovide improved prediction of pollutant
concentrations for study areas with poor or nollogadels. Because of the non-contiguous study
areas (Figure 1), application of the combined maustudy areas not part of current monitoring is
likely less reliable.

We found only two published study reporting a LUR dxidative potential (Yanosky et al. 2012,
Yang et al. 2015). In London, models were based®&ekly averages of OP of PM10 measured with
antioxidant reduced glutathione (GSH) at 66 sité® explained variance of the developed model
was 50%. The variables used were: PM10 brake amav@ar, emissions from all vehicles within
50m and NOXx tailpipe emissions from heavy-goodscles within 100m. In our study we could not
develop a LUR DTT model for London/Oxford studyareelated to a different assay, the very low
within study area contrast or a smaller numbepoétions than in the Yanosky study.

A recent Dutch study reported LUR models for two &Bays: DTT and ESR developed for the 40
Dutch ESCAPE sites. Reported & OP DTT LUR model was lower (60%) than th&mRour study
for the Netherlands (73%). Both models differedhicluded variables. Our models included
population density variable and variables descgmatural areas while Yang et al developed a
model containing regional OP DTT level, trafficatdd variables and natural area variable. The
differences between two Dutch models might be aabgedifferent number of used sites used for
model development, different OP DTT levels (disedgslsefore), and included regional OP DTT
levels in the model.

12
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Table 4. Description of LUR models for OP DTT (n®®IT/min * m°)

Study area LUR model n |R |LOOCV |RMSE | R with R with
[%] | R?[%)] PM2.5* PM25abs*
Oslo 0.0547 + 0.000181 x HHOLD 300 19 5 59 0.0314@.27* 0.14
Helsinki/Turku NM
Copenhagen NM
London/Oxford NM
Netherlands 0.193 + 0.0000149 x POP_300 - 0.000D810GNL 300-2.376 x |16 | 73 | 50 0.0278| 0.26* 0.25*
10° x NATU RAL 5000
Munich/Augsburg NM
Paris 0.367 - 0.0164 x SQRALT 20 |25 | 5 0.0633| 0.33* 0.38**
Rome NM
Catalonia 1.268 + 0.00000641 x HDRES_ 500 39 12 6 07@®. | 0.30* 0.36**
Athens 0.324 - 5.045 x Tx NATURAL_5000 20| 33 | 22 0.064 0.49** 0.29*
Median 33 | 22
Combined 10 area | 0.188 -0.10001 x areal - 0.06504 x area?2 -0.03328&&3 - 0.08856 x| 215| 30 | 26 0.07677
model with aread - 0.05127 x areab + 0.00893 x areab - 0.026¥ + 0.05424 x
indicators for area | area8 + 0.00384 area9 + 6.82E-04 x PORT_5000 ©00XB9 x
HDLDRES 100

Description of variables used in the models: NATURZemi-natural and forested areas, UGNL Combinédmugreen and natural land, HDRES High densitglesgial land, SQRALT Squared altitude,
HHOLD number of households, POP number of inhabstadDLDRES Sum of High and Low density residenitaid.
NM = no model possible. R with PM2.5 is the cortiela of the OP model prediction with the predicgaf previously published PM2.5 models at sitesusetd for modelling. NM — no model possible. *
Correlation between LUR model predictions of OP Canbl PM2.5 and PM2.5abs.significant at the 0.0Bl]é¥. The correlation significant at the 0.01 &\Study area indicators coded as 1 if site in

specific area or 0 if not. Compared to Catalonithageference (n=40 sites).Areal — Oslo, areaglsifki/Turku, area3 — Copenhagen, area4 — Londdnf@, area5 — Netherlands, area6 —

Munich/Augsburg, area7 — Paris, area8 — Rome, argagns,
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Performance of OP DTT models

The relatively poor general performance of LUR nisder OP DTT is
likely due to a combination of: 1. The low measueagels of OP DTT
relative to the LOD; 2. The lack of specific GlSgictor variables for OP
DTT; 3. Insufficient understanding of sources retato urban — rural
differences of OP; 4. Data quality of GIS predistor

First, due to the use of quartz filters, measured ORegatlid not exceed the
LOD much and therefore the measurement error meg been relatively
large. This is supported by the low to moderateatation between our OP
DTT measurements and OP DTT measurements on Tidtkns previously
reported for the Dutch sites. Random error in aeddpnt variable in linear
regression analysis does not lead to bias of dpession slopes of the
model, but does lead to a loss in precision (Aramggrl998).This implies
that the correct LUR model may be identified buthwbw model R. This
theory may apply more for the combined model bagenh a large number
of sites than for individual area models. Similaservations of a robust
spatial model with a low modelRhave recently been made in a LUR study
based upon short-term monitoring (Montagne, Hoel.e2015). Short-term
monitoring also resulted in large random erroraiaentration
measurements per site.

Second, relatively low explained variance of LUR modeds DTT might
further be caused by the lack of variables desugibixidative potential
sources other than traffic e.g. wood burning, dpecidustries or
agricultural activities. Recently published lan@ wegression models
developed for components with other sources trafidralso had
substantially lower explained variance than comptseith traffic markers
(de Hoogh et al. 2013, Jedynska et al. 2015). LUigets for elemental
composition of PM2.5 and PM10 were reported (dedhoet al. 2013). For
elements representing traffic sources (Cu, Fe@ogels with high
explained variances were found. Models for elempntsarily related to
non-traffic sources had more moderate explaineinee (50-60%), still
substantially higher than found in this study fd?.@\ moderate explained
variance was also reported for the wood smoke méekeglucosan in a
subset of four of our study areas (Oslo, NethedaMulnich, Catalonia)
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(Jedynska et al. 2015). Recently, we also founderaie explained
variance for LUR models for PAH and OC (medig=69% and 65%,
respectively), probably due to the contributioriess well characterized
sources of those pollutants (Jedynska et al. 20Mia)s of OP DTT did not
show significant spatial autocorrelation, suggestue did not miss major
local OP DTT sources.

Third, the observation that models could not be develeyth our
procedures especially in areas with higher regibaakground than urban
background, suggests that we may not fully undedssamurces contributing
to measured OP DTT. The rationale for specifyirfiged direction of slope
for predictor variables is to avoid implausible ratsd(\Wang, 2012). OP
may be affected more by secondary than primaryfaoits, a hypothesis
supported by the very small difference between oreasOP at traffic and
background locations and the absence of differebpetgeen urban and
regional background sites. For example, reactioayets of atmospheric
oxidation reactions of PAH may have higher OP ttenoriginal PAH.
Several PAH are semi-volatile, resulting in chanigete mixture with
distance from the source. LUR models cannot easitpmmodate
atmospheric formation processes other than by ustigators for wind-
dependent distance to large sources areas or iadiciables for region of
the countryFourth, low data quality of the GIS predictors may be an
additional reason for the limited success of maniglOP. We have no solid
information on validity of the predictor data iretten study areas. Because
we were able to develop LUR models with good pentnce for other
pollutants including NO2, PM2.5 and the elemental arganic content of
PM using the same predictor variables, it seemg&elglthat data quality
has been a major factor. This is supported byable of a clear
geographical pattern in the ability to develop msdmd their performance.

3.3 Seasonal differences

Comparison of all measurements in two periods (eoldl warm) showed
higher concentrations during the cold period iru@af 10 study areas
(Table S5). Helsinki/Turku had slightly higher centrations in the warm
period. The median cold/warm ratio was 1.51. Thylhéi concentrations of
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air pollutants in the cold period are mainly caubgdhigher pollutant
emissions (heating) and poorer dispersion becdussvertical mixing
during the cold period.

The OP DTT cold to warm ratio of 1.51 was lowenthiae ratio found for
levoglucosan (6.3), a marker of wood combustionh wnown high
seasonality antlPAH (4.5), which are also influenced by more inte@s
domestic heating during winter (Jedynska et al4b)1The OP DTT cold
to warm ratio was similar as the ratio for OC, whias various primary
and secondary sources (1.9), and EC, used a< tnadiiker (1.3).

For air pollutants with traffic as a dominant s@jremissions do not differ
much between winter and summer and the higher otraten ratios are
largely due to poorer dispersion conditions. Oudearm increases
suggest that emission of components to which th&é 88say responds were
fairly constant across seasons as well. The coldiwatio may be reduced
compared to other pollutants, as OP DTT resporgisfiiantly to quinones
and quinones are formed during photochemical toainsdtion of PAH
(Alam et al, 2013). There are few studies compa@iglevels between
seasons. In an American study DTT levels betweasases in several
locations differed less than in our study (wintemsner ratio = 1.2) (Vedal
et al. 2013). Like Vedal et al., we used quartefd for sampling and our
extraction method was similar (high polarity solivand filtration of the
extract).

4. Conclusions

Significant spatial contrasts were found for OP Dd€fween 10 European
study areas. The OP DTT levels were the highesbinthern and the lowest
in northern Europe. Our study conducted in 10 diifié European study
areas supports a growing literature that OP DT Tsame reflect large urban
traffic contrasts. At street sites slightly higi@® DTT values were found
than at urban background sites (median ratio 1Ad))five out of ten study
areas LUR models could be developed for OP DTT witélatively low
explained variance (mediarf R 33%). Overall, land use regression models
did not effectively explain spatial variation of @H T possibly due to low

levels of OP DTT and a lack of specific predictarigbles. A model
16
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combining all ten study areas resulted in a modil more specific
predictor variables than the study-area specifide In future studies
more focus is needed on determination of additi@Qfalsources not
considered in our study including distant soureaarand further
optimization and standardization of OP sampling amalytical methods.

Acknowledgements

We would like to thank everybody involved in th@ject who participated
in the air sampling, Measurements, data manageamehthe project
supervision. The research leading to these resaksfunded by internal
TNO funds. We would like to thank the European Camity’s Seventh
Framework Program (FP7/2007-2011) projects: ESCAfP&nt agreement
211250) and TRANSPHORM (ENV.2009.1.2.2.1) for thegilaboration.

References

Alam, M. S., Delgado-Saborit, J. M., Star, C., k&N, R. M., 2013. Using atmospheric
measurements of PAH and quinone compounds at aedsad urban background sites to
assess sources and reactivity. Atmospheric Envieotnt7, 24-35.

Armstrong, B.G., 1998. Effect of measurement eoroepidemiological studies of
environmental and occupational exposures. Occupatiind environmental medicine,
55(10), 651-656.

Ayres, J.G., Borm, P., Cassee, F.R., Castranovd)adhaldson, K., Ghio, A., Harrison,
R.M., Hider, R., Kelly, F., Kooter, I.M., Marano,,MMaynard, R.L., Mudway, I., Nel, A,
Sioutas, C., Smith, S., Baeza-Squiban, A., ChoDAiggan, S., Froines, J., 2008.
Evaluating the toxicity of airborne particulate teatand nanoparticles by measuring
oxidative stress potential--a workshop report amasensus statement. Inhalation
toxicology, 20(1091-7691; 1), 75-99.

Beelen, R., Hoek, G., Vienneau, D., Eeftens, Mm&kopoulou, K., Pedeli, X., Tsai, M.,
Kianzli, N., Schikowski, T., Marcon, A., Eriksen, K, Raaschou-Nielsen, O., Stephanou,
E., Patelarou, E., Lanki, T., Yli-Tuomi, T., Dedgr C., Falg, G., Stempfelet, M., Birk, M.,
Cyrys, J., Von Klot, S., Nador, G., Varré, M.Jédek, A., Grazuleviené, R., Mdlter, A.,
Lindley, S., Madsen, C., Cesaroni, G., Ranzi, Aad&oni, C., Hoffmann, B.,
Nonnemacher, M., Kramer, U., Kuhlbusch, T., Cirddh, De Nazelle, A.,
Nieuwenhuijsen, M., Bellander, T., Korek, M., Olas®., Strémgren, M., Dons, E.,

17



601
602
603

604
605
606
607

608
609
610

611
612

613
614
615

616
617
618
619

620
621
622

623
624
625
626
627
628
629
630
631
632
633

634
635
636

Jerrett, M., Fischer, P., Wang, M., Brunekreef,[Be,Hoogh, K., 2013. Development of
NO2 and NOx land use regression models for estigatir pollution exposure in 36 study
areas in Europe — The ESCAPE project. Atmospheridgrenment, 72(0), 10-23.

Boogaard, H., Janssen, N.A.H., Fischer, P.H., KoB,A., Weijers, E.P., Cassee, F.R.,
Van Der Zee, S.C., De Hartog, J.J., BrunekreefHBek, G., 2012. Contrasts in oxidative
potential and other particulate matter characiesistollected near major streets and
background locations. Environmental health per$pest120(2), 185-191.

Borm, P.J., Kelly, F., Kunzli, N., Schins, R.P.,addson, K., 2007. Oxidant generation by
particulate matter: from biologically effective @o a promising, novel metric.
Occupational and environmental medicine, 64(2)7%3-

Brunekreef, B., Holgate, S.T., 2002. Air pollutiand health. The Lancet, 360(9341), pp.
1233-1242.

Charrier, J.G., Anastasio, C., 2012. On dithiotiatgDTT) as a measure of oxidative
potential for ambient particles: evidence for ttiportance of soluble \newline transition
metals. Atmospheric Chemistry and Physics 12, 98233.

Charrier, J. G., Richards-Henderson, N. K., BeinJKMcFall, A. S., Wexler, A. S.,
Anastasio, C., 2015. Oxidant production from sowdented particulate matter—Part 1:
Oxidative potential using the dithiothreitol (DTa$say. Atmospheric Chemistry and
Physics, 15(5), 2327-2340.

Cho, A.K., Sioutas, C., Miguel, A.H., Kumagai, B¢chmitz, D.A., Singh, M., Eiguren-
Fernandez, A., Froines, J.R., 2005. Redox actofityirborne particulate matter at different
sites in the Los Angeles Basin. Environmental nege@®9(0013-9351; 1), 40-47.

Cyrys, J., Eeftens, M., Heinrich, J., Ampe, C., A&ngaud, A., Beelen, R., Bellander, T.,
Beregszaszi, T., Birk, M., Cesaroni, G., Cirach, De Hoogh, K., De Nazelle, A., De
Vocht, F., Declercq, C., &lek, A., Dimakopoulou, K., Eriksen, K., Galassi, C.,
Grauleviciere, R., Grivas, G., Gruzieva, O., Gustafsson, A.Hbffidann, B., lakovides,
M., Ineichen, A., Kramer, U., Lanki, T., Lozano, Madsen, C., Meliefste, K., Modig, L.,
Molter, A., Mosler, G., Nieuwenhuijsen, M., Nonnechar, M., Oldenwening, M., Peters,
A., Pontet, S., Probst-Hensch, N., Quass, U., Raasblielsen, O., Ranzi, A., Sugiri, D.,
Stephanou, E.G., Taimisto, P., Tsai, M., VaskoyiyHani, S., Wang, M., Brunekreef, B.,
Hoek, G., 2012. Variation of NO2 and NOx conceirag between and within 36
European study areas: Results from the ESCAPE sAtdyospheric Environment, 62(0),
374-390.

De Hoogh, K., Wang, M., Adam, M., Badaloni, C., Bee R., Birk, M., Cesaroni, G.,
Cirach, M., Declercq, C., Dedele, A., Dons, E., B&zelle, A., Eeftens, M., Eriksen, K.,
Eriksson, C., Fischer, P., Grazuleviciene, R., @rig A., Hoffmann, B., Jerrett, M.,

18



637
638
639
640
641
642

643
644
645
646
647
648
649
650
651
652

653
654
655
656
657
658
659
660
661
662

663
664
665

666
667
668

669
670
671
672

Katsouyanni, K., lakovides, M., Lanki, T., Lindley,, Madsen, C., Molter, A., Mosler, G.,
Nador, G., Nieuwenhuijsen, M., Pershagen, G., Befer Phuleria, H., Probst-Hensch, N.,
Raaschou-Nielsen, O., Quass, U., Ranzi, A., Stephdf., Sugiri, D., Schwarze, P., Tsali,
M.Y., Yli-Tuomi, T., Varro, M.J., Vienneau, D., Wanayr, G., Brunekreef, B., Hoek, G.,
2013. Development of Land Use Regression Model®&sticle Composition in Twenty
Study Areas in Europe. Environmental science &nedtgy, 47.11 (2013): 5778-5786.

Eeftens, M., Beelen, R., De Hoogh, K., Bellander,Cesaroni, G., Cirach, M., Declercq,
C., Dedele, A., Dons, E., De Nazelle, A., DimakdpouK., Eriksen, K., Falqg, G., Fischer,
P., Galassi, C., Grazuleviciene, R., HeinrichHaffmann, B., Jerrett, M., Keidel, D.,
Korek, M., Lanki, T., Lindley, S., Madsen, C., Mait A., Nador, G., Nleuwenhuijsen, M.,
Nonnemacher, M., Pedeli, X., Raaschou-NielsenP@telarou, E., Quass, U., Ranzi, A.,
Schindler, C., Stempfelet, M., Stephanou, E., $uQir Tsai, M.Y., Yli-Tuomi, T., Varro,
M.J., Vienneau, D., Klot, S., Wolf, K., Brunekre&,, Hoek, G., 2012. Development of
Land Use Regression models for PM(2.5), PM(2.5pdiznce, PM(10) and PM(coarse) in
20 European study areas; results of the ESCAPEgrdinvironmental science &
technology, 46(20), 11195-11205.

Eeftens, M., Tsai, M., Ampe, C., Anwander, B., BeeIR., Bellander, T., Cesaroni, G.,
Cirach, M., Cyrys, J., De Hoogh, K., De Nazelle, BE Vocht, F., Declercq, C.,ddek,

A., Eriksen, K., GALASSI, C., GraZulsdierg, R., Grivas, G., Heinrich, J., Hoffmann, B.,
lakovides, M., Ineichen, A., Katsouyanni, K., Koyék., Kramer, U., Kuhlbusch, T.,
Lanki, T., Madsen, C., Meliefste, K., Mdlter, A.,adler, G., Nieuwenhuijsen, M.,
Oldenwening, M., Pennanen, A., Probst-Hensch, Nas9, U., Raaschou-Nielsen, O.,
Ranzi, A., Stephanou, E., Sugiri, D., Udvardy, \Zaskévl, E, Weinmayr, G., Brunekreef,
B., Hoek, G., 2012. Spatial variation of PM2.5, RMPM?2.5 absorbance and PMcoarse
concentrations between and within 20 European stuelgs and the relationship with NO2
— Results of the ESCAPE project. Atmospheric Envinent, 62(0), 303-317.

Hoek, G., Beelen, R., De Hoogh, K., Vienneau, Dulli&r, J., Fischer, P., Briggs, D.,
2008. A review of land-use regression models tessspatial variation of outdoor air
pollution. Atmospheric Environment, 42(33), 7561785

Hu, S., Polidori, A., Arhami, M., Shafer, M., ScleauJ., Cho, A., Sioutas, C., 2008. Redox
activity and chemical speciation of size fractiofdd in the communities of the Los
Angeles-Long Beach harbor. Atmospheric Chemistg/Rhysics, 8(21), 6439-6451.

Janssen, N.A.H., Yang, A, Strak, M., Steenhof, Nellack, B., GerlofS-Nijland, M.E.,
Kuhlbusch, T., Kelly, F., Harrison, R., BrunekreBf, Hoek, G., Cassee, F., 2014.
Oxidative potential of particulate matter collectddsites with different source
characteristics. Science of The Total Environméng(0), 572-581.

19



673
674
675

676
677
678
679
680
681
682

683
684
685
686
687
688
689

690
691
692
693
694

695
696

697
698
699

700
701
702

703
704
705
706
707

Jerrett, M., Arain, A., Kanaroglou, P., BeckermBn,Potoglou, D., Sahsuvaroglu, T.,
Morrison, J., Giovis, C.,2005. A review and evaiotof intraurban air pollution exposure
models. Journal of Exposure Science and Envirorah&mtidemiology, 15(2), 185-204.

Jedynska, A., Hoek, G., Wang, M., Eeftens, M., Gydy, Keuken, M., Ampe, C., Beelen,
R., Cesaroni, G., Forastiere, F., Cirach, M., Deg¢ig K., DE Nazelle, A., Nystad, W.,
Declercq, C., Eriksen, K.T., Dimakopoulou, K., LANK ., Meliefste, K., Nieuwenhuijsen,
M.J., Yli-Tuomi, T., Raaschou-Nielsen, O., BruneteB., Kooter, .M., 2014a.
Development of land use regression models for aeiaheorganic carbon, PAH, and
hopanes/steranes in 10 ESCAPE/TRANSPHORM Europedy areas. Environmental
science & technology, 48(24), 14435-14444.

Jedynska, A., Hoek, G., Eeftens, M., Cyrys, J.,kés1 M., Ampe, C., Beelen, R.,
Cesaroni, G., Forastiere, F., Cirach, M., De HodghPe Nazelle, A., Madsen, C.,
Declercq, C., Eriksen, K.T., Katsouyanni, K., Akgitg, H.M., Lanki, T., Meliefste, K.,
Nieuwenhuijsen, M., Oldenwening, M., Pennanen Raaschou-Nielsen, O., Brunekreef,
B., Kooter, .M., 2014b. Spatial variations of PAlkypanes/steranes and EC/OC
concentrations within and between European stuelgsarAtmospheric Environment, 87(0),
239-248.

Jedynska, A., Hoek, G., Wang, M., Eeftens, M., Gydy, Beelen, R., Cirach, M., De
Nazelle, A., Keuken, M., Visschedijk, A., Nystad, \khlaghi, H.M., Meliefste, K.,
Nieuwenhuijsen, M., De Hoogh, K., Brunekreef, Badter, I.M., 2015. Spatial variations
of levoglucosan in four European study areas. $ei@f The Total Environment, 505(0),
1072-1081.

Jedynska, A., Tromp, P.C., Houtzager, M.M.G., Kootd/1., 2015. Chemical
characterization of biofuel exhaust emissions. Atpieeric Environment, 116, 172-182.

Kelly, F.J., Fussell, J.C., 2012. Size, source @rammical composition as determinants of
toxicity attributable to ambient particulate matt&tmospheric Environment, 60(0), 504-
526.

Kumagai, Y., Koide, S., Taguchi, K., Endo, A., NgR4, Yoshikawa, T., Shimojo, N.,
2002. Oxidation of proximal protein sulfhydryls piienanthraquinone, a component of
diesel exhaust particles. Chemical research ictdagy, 15(0893-228; 4), 483-489.

Kunzli, N., Mudway, I.S., Gotschi, T., Shi, T., KelF.J., Cook, S., Burney, P., Forsberg,
B., Gauderman, J.W., Hazenkamp, M.E., HeinrichJakyis, D., Norback, D., Payo-Losa,
F., Poli, A., Sunyer, J., Borm, P.J., 2006. Congmariof oxidative properties, light
absorbance, total and elemental mass concenti@tismbient PM2.5 collected at 20
European sites. Environmental health perspective$(5), 684-690.

20



708
709
710
711

712
713
714
715

716
717
718

719
720
721

722
723
724
725

726
727

728
729
730
731
732

733
734
735

736
737
738

739
740
741
742

Landreman, A.P., Shafer, M.M., Hemming, J.C., Hganj M.P., Schauer, J.J., 2008. A
macrophage-based method for the assessment afabve oxygen species (ROS) activity
of atmospheric particulate matter (PM) and appiliceto routine (daily-24 h) aerosol
monitoring studies. Aerosol Science and Technoldgyl1), 946-957.

Montagne, D.R., Hoek, G., Klompmaker, J.0., Wang, Meliefste, K., Brunekreef, B.,
2015. Land Use Regression Models for Ultrafine iBlag and Black Carbon Based on
Short-Term Monitoring Predict Past Spatial Variati&nvironmental science &
technology, 49(14), 8712-8720.

Novotny, E.V., Bechle, M.J., Millet, D.B. and Maggh J.D., 2011. National satellite-based
land-use regression: NO2 in the United States.manwmental science & technology,
45(10), 4407-4414.

Ntziachristos, L., Froines, J.R., Cho, A.K., Siayt&., 2007. Relationship between redox
activity and chemical speciation of size-fracti@thparticulate matter. Particle and fibre
toxicology, 4 (1), 1

Perrone, M. G., Zhou, J., Malandrino, M., Sangio@®, Rizzi, C., Ferreto, L.,Dommen, J.,
Bolzacchini, E., 2016. PM chemical composition andlative potential of the soluble
fraction of particles at two sites in the urbansané Milan, Northern Italy. Atmospheric
Environment, 128, 104-113.

Pope, C.A.,8, Dockery, D.W., 2006. Health effects of fine pautate air pollution: lines
that connect. Journal of the Air & Waste Managenfe#ociation (1995), 56(6), 709-742.

Saffari, A., Daher, N., Shafer, M.M., Schauer, Bioutas, C., 2014. Seasonal and spatial
variation in dithiothreitol (DTT) activity of quasiltrafine particles in the Los Angeles
Basin and its association with chemical speciestni of Environmental Science and
Health - Part A Toxic/Hazardous Substances andr&nwiental Engineering, 49(4), 441-
451.

Sauvain, J. J., Rossi, M. J., Riediker, M., 201@m@arison of three acellular tests for
assessing the oxidation potential of nanomaterfasosol Science and Technology, 47(2),
218-227.

Stanek, L.W., Sacks, J.D., Dutton, S.J., Duboi,, 2011. Attributing health effects to
apportioned components and sources of particulateem An evaluation of collective
results. Atmospheric Environment, 45(32), 5655-5663

Tsai, M., Hoek, G., Eeftens, M., De Hoogh, K., BeelR., Beregszaszi, T., Cesaroni, G.,
Cirach, M., Cyrys, J., De Nazelle, A., De Vocht, Bucret-Stich, R., Eriksen, K., Galassi,
C., Grazuleviciene, R., GraZulevicius, T., Grivas, Gryparis, A., Heinrich, J., Hoffmann,
B., lakovides, M., Keuken, M., Kramer, U., Kin#l,, Lanki, T., Madsen, C., Meliefste,

21



743
744
745
746
747

748
749
750
751

752
753
754
755

756
757
758
759
760
761
762
763

764
765
766
767

768
769
770
771

772
773
774

K., Merritt, A., Mdlter, A., Mosler, G., NieuwenhgeN, M.J., Pershagen, G., Phuleria, H.,
Quass, U., Ranzi, A., Schaffner, E., Sokhi, R.nfptelet, M., Stephanou, E., Sugiri, D.,
Taimisto, P., Tewis, M., Udvardy, O., Wang, M., Bekreef, B., 2015. Spatial variation of
PM elemental composition between and within 20 peem study areas — Results of the
ESCAPE project. Environment international, 84, 18-

Vedal, S., Campen, M.J., McDonald, J.D., LarsoW, ,TSampson, P.D., Sheppard, L.,
Simpson, C.D., Szpiro, A.A., 2013. National Pagi€lomponent Toxicity (NPACT)
initiative report on cardiovascular effects. Reshaeport (Health Effects Institute), (178),
5-8.

Vienneau, D., De Hoogh, K., Bechle, M.J., Beelen \Rn Donkelaar, A., Martin, R.V.,
Millet, D.B., Hoek, G., Marshall, J.D., 2013. Westd&uropean land use regression
incorporating satellite-and ground-based measurtsdiNO2 and PM10. Environmental
science & technology, 47(23), 13555-13564.

Wang, M., Beelen, R., Bellander, T., Birk, M., Cesa, G., Cirach, M., Cyrys, J., De
Hoogh, K., Declercq, C., Dimakopoulou, K., EefteNs, Eriksen, K.T., Forastiere, F.,
Galassi, C., Grivas, G., Heinrich, J., Hoffmann, IBeichen, A., Korek, M., Lanki, T.,
Lindley, S., Modig, L., Molter, A., Nafstad, P., &liwenhuijsen, M.J., Nystad, W., Olsson,
D., Raaschou-Nielsen, O., Ragettli, M., Ranzi,®tempfelet, M., Sugiri, D., Tsai, M.Y.,
Udvardy, O., Varro, M.J., Vienneau, D., Weinmayr, &olf, K., Yli-Tuomi, T., Hoek, G.,
Brunekreef, B., 2014. Performance of multi-citydarse regression models for nitrogen
dioxide and fine particles. Environmental healthspectives, 122(8), 843-849.

Yang, A., Wang, M., Eeftens, M., Beelen, R., Ddas,Leseman, D.L., Brunekreef, B.,
Cassee, F.R., Janssen, N.A,, Hoek, G., 2015. $patimtion and Land Use Regression
Modeling of the Oxidative Potential of Fine Parl Environmental health perspectives,
123(11), 1187-1192.

Yang, A., Jedynska, A., Hellack, B., Kooter, |.,ék0 G., Brunekreef, B., Kuhlbusch,
T.A.J., Cassee, F.R., Janssen, N.A.H., 2014. Measent of the oxidative potential of
PM2.5 and its constituents: The effect of extratsolvent and filter type. Atmospheric
Environment, 83(0), 35-42.

Yanosky, J.D., Tonne, C.C., Beevers, S.D., Wilkmde., Kelly, F.J., 2012. Modeling
Exposures to the Oxidative Potential of PM10. Emwmnental science & technology,
46(14), 7612-7620.

22



