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ABSTRACT

Personal exposures of 100 adult non-smokers living in the UK, as well as home and workplace
microenvironment concentrations of 15 volatile organic compounds were investigated. The strength of the
association between personal exposure and indoor home and workplace concentrations as well as with central
site ambient air concentrations in medium to low pollution areas was assessed. Home microenvironment
concentrations were strongly associated with personal exposures indicating that the home is the driving factor
determining personal exposures to VOCs, explaining between 11 and 75% of the total variability. Workplace and
central site ambient concentrations were less correlated with the corresponding personal concentrations,
explaining up to 11-22% of the variability only at the low exposure end of the concentration range (e.g. benzene
concentrations <2.5 ug m—>). One of the reasons for the discrepancies between personal exposures and central
site data was that the latter does not account for exposure due to personal activities (e.g. commuting, painting).
A moderate effect of season on the strength of the association between personal exposure and ambient
concentrations was found. This needs to be taken into account when using fixed site measurements to infer

exposures.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Volatile organic compounds (VOC) are organic compounds
whose vapour pressure at 20 °C is less than 760 Torr (101.3 kPa)
and greater than 1Torr (0.13 kPa) (Derwent, 1995). Major
anthropogenic sources of VOC in ambient air include industrial
processes, fossil fuel combustion in transportation, domestic
heating and electricity generation, fuel distribution, solvent use,
landfills and waste treatment plants. With regards to indoor air,
primary sources of VOC include outdoor air, environmental tobacco
smoke (ETS), fuel combustion, building materials, furnishing,
furniture and carpet adhesives, paints and solvents, cleaning
agents, air fresheners and cosmetics (Jurvelin, 2003). Exposure to
VOCs is ubiquitous and can result in a wide range of acute and
chronic health effects, such as sensory irritation, nervous system
impairment, asthma and cancer (Caprino and Tonga, 1998). EPA
classifies some VOCs (e.g. hexane, benzene, toluene, xylenes, 1,3-
butadiene) as hazardous air pollutants (EPA, 2008). IARC classify
benzene and 1,3-butadiene as known human carcinogens and
ethylbenzene, styrene, naphthalene as possibly carcinogenic to
humans (IARC, 2006). Therefore, there is an international recogni-
tion of the potential health risks associated with exposure to some
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VOCs and of the need for action to assess the exposures in the
general population and to minimise these risks.

The determination of an individual's exposure to air pollution is
dependent on the individual and his/her activity patterns, which is
reflected in the time spent in different microenvironments (Harrison
et al, 2002). Numerous international studies have reported that
people spent 80-93% of their time indoors, 1-7% in enclosed transit
and 2-7% outdoors (Jenkins et al., 1992; Thatcher and Layton, 1995). It
has been estimated that the home contributes approximately 60-70%
of the time spent indoors (Thatcher and Layton, 1995; Hinwood et al.,
2003), which suggests that significant exposures may occur in the
home. In addition, other indoor microenvironments, and particularly
the workplace, are important determinants of overall personal
exposure to VOCs (Harrison et al., 2002).

In addition, monitoring for compliance with ambient air quality
standards is limited to a relatively small number of stationary ambient
monitoring sites. Given the likely spatial variation in VOC concentra-
tions in ambient air, it is questionable to what extent such a
monitoring strategy represents an accurate reflection of personal
exposure (Kim et al., 2002). Furthermore, since modern societies
spend most of their time in indoor environments, focus on fixed
monitoring measurements to assess personal exposure risks is of
limited value as exposures of individual members of the public may
not be well represented. Typically, time-series and cohort epidemi-
ological studies are based on ambient air data from urban air quality
monitoring networks. However the harmful health effects of urban air
pollutants may not be caused solely by the concentrations of air
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pollutants at those fixed monitoring sites alone. Instead personal
exposures will be affected by subjects' daily activities in the indoor
and outdoor environment, including commuting (Jantunen et al.,
1998).

Some assessments of public exposure to atmospheric pollutants
have found that the personal exposures of the urban population to
many airborne pollutants are very different from, and often greater
than, outdoor air concentrations measured by fixed monitoring
stations (Michael et al., 1990; Kim et al., 2002; Payne-Sturges et al.,
2004; Serrano-Trespalacios et al., 2004; Phillips et al., 2005). Hence,
risk estimates based on ambient measurements may under- or
overestimate risk, leading to ineffective or inefficient management
strategies (Payne-Sturges et al., 2004).

Epidemiological research on air pollution is hence challenged by
the ability to accurately assess exposure when studying large
populations (Nethery et al., 2008). Zeger et al. (2000) suggested
that the generic criticism that measurement errors render the results
of time-series epidemiological studies uninterpretable could be
avoidable if risk-weighted average personal exposure and ambient
concentrations data were collected and compared in order to quantify
more precisely the biases due to pollutant measurement errors.
Several studies (Serrano-Trespalacios et al., 2004; Sexton et al., 2004b;
Sax et al, 2006) have performed comparisons of VOC personal
exposures to indoor home and outdoor home/neighbourhood
ambient air and have found that ambient VOC measured at central
monitoring sites can seriously underestimate personal exposures. In
the UK, only six ambient monitoring sites measure a comprehensive
range of VOC with high time resolution covering a population of 61
million inhabitants and these sites are located ranging between tens
to hundreds of kilometres from members of the population. Therefore,
from an epidemiological and environmental health management
point of view, it is important to assess the magnitude of the error
involved in estimating personal exposures to VOCs directly from
measurements derived from fixed ambient background monitoring
stations in the UK context.

The MATCH (Measurement and Modelling of Air Toxic Concen-
trations for Health Effect Studies) Project has made a significant
contribution to the VOC and PAH personal exposure and micro-
environmental database. The study sought to advance understanding
of the sources and magnitudes of exposures to VOCs and PAHs
(Delgado-Saborit et al., 2009a; Harrison et al., 2009). Another study
goal was to establish whether lifestyle information is sufficient for
modeling personal exposures reliably compared with exposures
measured directly by personal samplers (Delgado-Saborit et al.,
2009b). In this paper, the results for personal exposures to VOCs,
including 1,3-butadiene, as well as home and workplace concentra-
tions are presented for 100 subjects living in the UK. We also explore
the strength of the associations between personal exposures with
home, workplace and ambient fixed site concentrations to assess
their contribution to personal exposures and their ability to serve as
proxies for personal exposures. Multiple ambient sites are correlated
with personal exposures to study the variability in ambient
contributions to personal exposures and to assess the bias from
using fixed site monitors as proxies of personal exposures.

2. Experimental section
2.1. Study design

The MATCH project recruited 100 healthy non-smoker adult
volunteer subjects between 2005 and 2007 for non-occupational
personal exposure (PE) measurements. Subjects lived in three
different areas of the UK, namely London, West Midlands (WM) and
rural South Wales, where higher, intermediate and lower exposures
were expected (See support information Fig. S1). The exclusion
criteria were detailed in Delgado-Saborit et al. (2009a).

Each subject was sampled for VOCs for a total of five consecutive
24-h periods. During the period when personal exposure was
measured, VOC samples were concurrently collected also in subjects’
homes (two consecutive 12-h samples generally from the living-
room) and workplaces (one 8-h sample). Not all the subjects gave
their consent to sample at their homes or workplace, hence home and
workplace samples were not available for all the subjects. The study
collected 500 24-h PE samples, 100 5-day integrated PE samples, 152
12-h home samples, 75 24-h integrated home samples and paired PE/
home samples as well as 40 8-h work samples and paired PE/work
samples.

The atmospheric sampling was backed up with information
collected in questionnaires related to the volunteer subjects, activities
performed, journeys carried out, places visited, ventilation patterns,
indoor sources and ETS events as described in detail elsewhere
(Harrison et al., 2009).

Collection of the samples was spread over two years, from May 2005
to May 2007. London subjects (N=11) were sampled during the warm
season (May-June 2006), Welsh subjects (N=10) were sampled in
winter (October 2006 to February 2007) and West Midlands' subjects
(N=79) were sampled through the four seasons (May 2005 to May
2007, 42% and 58% in the warm (April-September) and cold (October-
March) season respectively).

Additionally, ambient air data for VOCs was obtained from the UK
National Air Quality Archive (http://www.airquality.co.uk). Three
stations were selected from the Automatic Hydrocarbon Network. The
selected stations were Harwell, Cardiff and London Eltham (See
Supporting Information Fig. S1). Harwell is a rural station located in
the central southern part of England, whose background data could be
compared with PE data for all the subjects. Cardiff is an urban centre
station whose ambient concentrations could be compared with Welsh
subjects’ PE concentrations whilst London Eltham is an urban
background station whose ambient data could be compared with all
the London subjects' PE.

2.2. Sampling methods

Concentrations of fifteen VOC compounds were collected for
compounds selected on the basis of their health effects (e.g. benzene,
1,3-butadiene) or usability as source tracers for environmental
tobacco smoke (ETS) (e.g. pyrene, 1,3-pyridine), solvents (e.g.
ethylbenzene, xylenes) or traffic (e.g. toluene). The VOC sampled
were n-hexane, benzene, toluene, ethylbenzene, o-xylene, m-xylene,
p-xylene, styrene, 1,3,5-trimethylbenzene, 1,2,4-trimethylbenzene, p-
isopropyltoluene, pyridine, 3-ethenylpyridine, 1,3-butadiene and
naphthalene. Two methods were used for sampling the main group
of VOC compounds and 1,3-butadiene separately as described in detail
by Harrison et al. (2009). Briefly, different sorbent tubes connected to
pumps collected VOC and 1,3-butadiene in personal exposures, home
and workplace microenvironments using different flow rates accord-
ingly to collect the same volume of air. VOCs in ambient air were
measured with an automatic gas chromatograph coupled with a
thermal desorber. Further details of the sampling methodology for
measuring VOC in personal samples, home, work and ambient air can
be found in Delgado-Saborit et al. (2009b) and in the Supporting
Information.

2.3. Analytical methods

1,3-Butadiene was sampled and analysed separately from the
other VOCs due to its high volatility. The VOC and 1,3-butadiene
methods briefly comprised the thermal desorption of the compounds
and subsequent analysis by Gas Chromatography and Mass Spec-
trometry detection. Further details of the analytical methodology are
available in the Supporting Information.
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Table 1

Characterisation of VOC personal exposure, home, workplace and ambient air concentrations (ug m—3).

Personal exposure

Home

Dates (20/05/05-03/05/07) (20/05/05-03/05/07)

Number of samples 500 155

Statistic %BDL Range Mean + SD %BDL Range Mean + SD
n-Hexane 3 0.06-109.6 3.6+8.26 13 0.09-37.15 2.9+5.09
Benzene 2 0.15-30.2 22+248 0 0.32-18.62 1.97+2.41
Toluene 2 0.06-407.3 19.7 4343 0 0.65-177.8 17.53+248
Ethylbenzene 2 0.06-181.9 3.2+10.62 0 0.12-16.98 1.74+2.42
p-Xylene (*) 2 n.d.-213.8 3.08+11.85 0 0.08-17.78 1.7+2.71
m-Xylene 2 0.01-575.4 7.724+30.49 0 0.19-38.02 4.1446.05
Pyridine 24 n.d.-6.92 0.254+0.36 0 0.01-0.91 0.15+0.13
o-Xylene 2 0.04-173.7 3.59+11.22 0 0.1-18.6 2.02+2.95
1,3,5-Trimethylbenzene 2 0.01-40.74 0.964+2.07 0 0.03-5.01 0.61+0.86
Styrene 2.2 0.08-61.66 1314458 0 0.09-12.59 0.86+1.43
p-Isopropyltoluene 2 n.d.-12.88 1.07+0.94 0 0.12-6.03 1.03+0.84
1,2,4-Trimethylbenzene 2.2 0.03-102.3 3.5+8.63 0 0.05-17.78 23+3.36
3-Ethenylpyridine 2.4 n.d.-6.92 0.2940.59 0 n.d.-1.45 0.1+0.2
Naphthalene 22 0.02-12.59 0.74+1.06 0 0.06-12.88 0.794+1.36
1,3-Butadiene 2.2 n.d.-6.31 0.4+0.71 10.5 n.d.-2.04 0.24+0.31

%BDL: percentage of cases below detection limit.

n/a: not applicable, data not measured in the Automatic Hydrocarbon Network.
(*) In London Eltham, Harwell and Cardiff, p-xylene represents p + m-xylene.
n.d.: non detected.

2.4. Quality assurance and quality control (QA-QC)

Quality assurance and quality control (QA-QC) measures imple-
mented in the sampling and analysis procedures as well as blanks,
precision and accuracy values are available in the Supporting Material
and were described in detail elsewhere (Harrison et al., 2009). The
instrument (IDL) and sample (SDL) limits of detection ranged 0.02-
0.07 ng (IDL) and 3.7-11ng/m>® (SDL), except for pyridine
(IDL=0.27 ng, SDL=47 ng/m>) and 3-ethenylpyridine (IDL=0.62 ng,
SDL=109 ng/m>) and the majority of the samples were above the limits
of detection (Table 1). Precision measured from duplicate samples was
19.546.0%.

2.5. Statistical methods

Data were analysed using SPSS 15.0 for Windows (SPSS Inc.1989-
2006), Excel 2002 (Microsoft Corporation, 1985-2001) and Access
2007 (Microsoft Corporation, 2006). PE and microenvironment
concentrations were characterised using descriptive analysis (i.e.
arithmetic means, standard deviations, maxima and minima).
Measures of the association between PE and home (H), work (W)
and ambient air (A) were characterised with a cross-sectional
regression of the different microenvironment concentrations with
PE. In the case of the relationship between PE and A, a further
longitudinal analysis (meaning correlation of repeated observation
of the same variables PE vs. A) was performed regressing the PE vs. A
for each subject. Ratios of PE/H, PE/W and PE/A were calculated to
study the effect of those microenvironments on PE. The values of PE
used in the ratios PE/H and PE/W as well as in the PE vs. H and PE vs.
W cross-sectional regression analysis were the 5-day integrated
average concentrations. On the other hand, the individual 24-h PE
concentrations were used for the PE/A and the PE-A regression
analysis. The association of PE with concentrations measured at
different ambient sites was characterised by the values of the slope
(m) and intercept (a), their standard error as well as the coefficients
of determination, R?. Results were considered significant with p-
values less than 0.05 (2-tails). The seasonal effect on the relationship
PE vs. H and vs. W was evaluated using a univariate general linear

model, considering season as a fixed value and home or work
concentration as covariates. In the case of PE vs. A, the seasonal effect
was tested using a linear mixed model, considering each participant
as subjects, each day as the repeated factor, season as fixed factor
and ambient concentrations as covariates. Seasonal effects were
tested in ratios of PE/A, PE/W and PE/A using a t-test of equality of
means.

3. Results and discussion
3.1. Subject description

Although there was no intended bias on recruitment, most of the
recruited subjects were females (57%), with a predominant average
age range between 26 and 35 years old (31%). The main occupation of
the subjects was administrative/office worker. Subjects spent 87-91%
of their time indoors, with an average of 62% of this time spent indoors
at home, 16% indoors at work and 12% in other indoor environments.
The average time spent outdoors ranged from 2 to 5% whilst subjects
spent between 5 and 7% of their time commuting.

Activities reported with clear implications for the personal
exposure were exposure to environmental tobacco smoke, candle/
incense burning, fireplace use and DIY activities (Delgado-Saborit
et al., 2009a). Further details on the subject demographic character-
istics can be found in the Supporting Information and in Harrison et al.
(2009).

3.2. Personal exposure, home, workplace and ambient concentrations

Table 1 presents the results of personal exposure, home, work and
ambient site concentrations measured at three different sites. The
VOC PE concentrations observed in this study (Table 1) were
significantly lower than those found in similar studies, conducted in
different locations in the USA and Europe and at earlier times, with
benzene concentrations ranging 3.9 pg/m> (USA, 2002) to 27 pg/m>
(USA, 1991) and 3.3 ug/m> (UK, 1998) to 21.2 ug/m> (Italy, 2000)
respectively (Wallace, 1986; Carrer et al., 2000; Gonzalez-Flesca et al.,
2000; Hoffmann et al., 2000; Fondelli et al., 2008). Higher benzene
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Workplace London Eltham Harwell Cardiff
(20/05/05-03/05/07) (08/05/05-23/06/05) (20/05/05-03/05/07) (06/11/06-17/02/07)
40 26 500 39
%BDL Range Mean + SD Range Mean + SD Range Mean £ SD Range Mean + SD
2.5 0.2-2.88 1.03 4+ 0.66 0.09-0.79 0.2940.18 n/a n/a n/a n/a
25 0.42-4.07 1.18+0.78 0.32-147 0.754+0.31 0.03-1.32 0.3740.26 0.18-0.88 0.49+0.22
10 0.93-11.48 4314273 0.71-3.43 1.73+£0.75 0.04-5.83 0.68 4-0.67 0.45-2.28 1.12+0.55
25 0.21-6.92 1.234+1.2 0.13-0.59 0.2940.12 n.d.-1.25 0.114+0.11 0.06-0.41 0.194+£0.09
25 0.19-6.17 12+£1.2 0.34-1.72 0.854+0.35 n.d.-2.76 0.3140.35 0.2-1.44 0.67+£0.33
2.5 0.37-19.05 32434 n/a n/a n/a n/a n/a n/a
5 0.02-0.38 0.11+0.07 n/a n/a n/a n/a n/a n/a
25 0.17-5.62 1.484+1.26 0.13-0.61 0340.12 n.d.-4.06 0.164+0.33 0.07-1.54 0.440.34
5 0.05-0.62 0.264+0.15 0.05-0.23 0.1240.05 n/a n/a n/a n/a
2.5 0.1-2.69 0.55+0.50 n/a n/a n/a n/a n/a n/a
5 0.04-1.48 0.47 £0.31 n/a n/a n/a n/a n/a n/a
25 0.13-13.18 1.33+£2.22 0.11-0.55 0.29+0.12 n/a n/a n/a n/a
5 0.01-0.41 0.07 +0.08 n/a n/a n/a n/a n/a n/a
25 0.06-1.66 0.37+0.27 n/a n/a n/a n/a n/a n/a
25 0.01-0.39 0.08 +-0.08 0.04 0.06 4-0.02 n.d.-0.6 0.0140.06 n.d.-0.1 0.03+0.03

concentrations were reported in Korea (26.3 pg/m°>, 2001) (Son et al.,
2003). Since there were a higher proportion of females, different age
ranges and occupations in the MATCH population, VOC concentrations
in each of the subgroups were compared with each other. Only
occupation had an influence on the VOC concentrations. Retired
people had similar VOC concentrations to students and office workers,
with the housewives and unemployed population being the subset
which presented the highest VOC concentrations (Fig. 1). The high
concentrations for the latter group might be a consequence of the
greater time spent at home carrying out various activities involving
the use of solvents (cleaning agents, DIY, etc).

The concentrations of VOC in homes were also lower compared
with other studies in the USA (e.g. benzene concentrations range
3.5 ug/m> (2001) to 20 ug/m>® (1992) (Wallace, 1989a,b; Heavner
et al., 1996)), Hong Kong (benzene, 5.3 pg/m?) (Lee et al,, 2002a,b),
Korea (benzene, 8.2 pg/m>) (Baek et al., 1997) and Europe (benzene
range between 2.23 pg/m> (1996) and 15 (1998) ug/m?>) (Brown and
Crump, 1998; Leung and Harrison, 1998; Edwards et al., 2001; Lai
et al, 2004). As with personal and home concentrations, VOC
concentrations measured in offices in this study were lower than
earlier studies in the UK (Brown and Crump, 1998; Leung and
Harrison, 1998; Lai et al., 2004), Europe (Carrer et al., 2000; ligen et al.,
2001), USA (Heavner et al., 1996) and Singapore (Zuraimi et al.,
2006), with values of benzene ranging between 2.4 ug/m> (USA,
1996) and 87 pg/m° (Singapore, 2006). A similar study performed in
West Midlands (UK) offices in the late 1990s, showed similar
concentration for the xylenes, trimethylbenzenes, styrene and p-
isopropyltoluene, but recorded higher concentrations for benzene,
toluene, ethylbenzene, n-hexane, naphthalene and 1,3-butadiene
(Kim et al., 2001), all of which are compounds heavily associated with
road traffic emissions. As regards the ambient concentrations
(Table 1), the lowest values were recorded as expected at the rural
site, Harwell, whilst the highest were measured in London Eltham
(urban background). These values were considerably lower than
previously reported in the UK, which ranged between 9.4 and 27 pg/
m?> (Leung and Harrison, 1998; Kim et al., 2001; Lai et al., 2004), which
was consistent with the downward trend in emissions and airborne
concentrations occurring over the last decade (Dollard et al., 2007).

Personal exposures show the highest concentrations (Table 1),
followed closely by VOC concentrations measured at home, then in

the workplace and lastly in ambient air, where the lowest concentra-
tions were generally measured. This pattern was reflected in the
values of ratios higher than unity, with PE/H ratio (ranging from 1.2 to
5.3), PE/W (ranging from 1.7 to 8.7) as shown in Table 2 and PE/A
measured at different monitoring stations (ranging from 2.6 to 153,
Table 3). The values of PE/H were consistent with previously reported
data (Turpin et al,, 2007), whilst the values of PE/A are higher than
those previously reported (Adgate et al., 2004; Pekey and Arslanbas,
2008). The ratio of PE/A was also affected by distance to the central
site. For instance, PE/A for benzene was 2.6+ 2.7 using data for
London subjects and the urban background station of London Eltham
(distance 18.7 £ 8.3 km) and was 10.2 4 12.4 (Table 3) using the rural
station Harwell (distance 88 + 5.3 km) respectively.

On the contrary, season did not have a clear effect on the ratios. In
the case of PE/A for subjects living in the West Midlands, which were
sampled across all stations, winter ratios were similar to summer
ones, except for toluene, whose ratios were higher in winter (p<0.01).
For PE/H and PE/W ratios, most of the compounds had higher ratios in
summer; however, this difference was not statistically significant
(p>0.05) (Tables S8 and S9, Supplementary Information). These
results were similar to those reported by Pekey and Arslanbas (2008),
where higher ratios were found in summer for most of the
compounds, except for benzene for PE/H and higher concentrations
were found in winter for the PE/A ratios (Pekey and Arslanbas, 2008).
This lack of a clear-cut effect of season in PE to microenvironment
ratios might reflect the effect of indoor sources or activities that affect
PE concentrations (Delgado-Saborit et al., 2009b), which were
independent of seasonal patterns.

The close relationship between PE concentrations and home
concentrations was due to the fact that the subjects spent between
58 and 67% of their time in their own house. Therefore, PE
concentrations seemed to be controlled by home sources (including
infiltration of outdoor air) and modified according to the activities
carried out and places visited during the normal routine of the day
(e.g. workplace, vehicles, streets, etc). Consequently, personal
exposure concentrations although similar, were greater than home
concentrations (i.e. PE/H>1) due to exposure of the subjects to
elevated VOC concentrations originating from personal activities,
e.g. photocopying, use of cleaning products, exposure to ETS or
commuting (Delgado-Saborit et al., 2009b). This was consistent
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VOC PERSONAL EXPOSURE
Exposure by Occupational Categories

100.0

=
10.0 i

Concentrations (ug /m3)

B Retired O Housewifes + unemployed O Student O Office Workers |

Fig. 1. Average VOC personal exposures according to occupational category. (Ngetired = 35, NHousewife + Unemployed = 24, Nstudent = 46, Noffice workers = 372).

with previous studies in which researchers reported PE concentra-
tions of VOC to be on average higher than concentrations measured
in the home or workplace, and much higher than the concentration
in outdoor air in low traffic areas (Wallace, 1996; Gonzalez-Flesca
et al.,, 2000; Edwards et al., 2001; Ilgen et al., 2001). In contrast,
other researchers have shown home concentrations higher than PE
concentrations for children, who spent longer time periods outdoors
(Adgate et al, 2004), whilst Lai et al. (2004) reported higher
aromatic compound concentrations measured in the workplace,
followed by PE, residential indoor and residential outdoor concen-
trations (Lai et al., 2004). Nevertheless, all the studies coincided to
report that the distribution of outdoor concentrations fell well
below the distribution of indoor concentrations (Phillips et al.,
2005).

3.3. Personal exposure vs. home and workplace concentrations

Personal exposure concentrations (5-day average) were regressed
against the concentrations measured at the subjects’ homes (24-h)
and workplaces (8-h). The values of the regression parameters slope
(m), intercept (a) with standard error and coefficient of determina-
tion (R?) with p-value of the ANOVA tests are shown in Table 2. The
regression of PE, H and W for benzene is shown in Fig. 2. The
information extracted from the regression of PE with home and
workplace gives valuable insights into the influence on PE of the two
microenvironments where people spent most of their time. Compar-
ing the coefficients of determination for home and work (Table 2), it
can be inferred that home concentrations had a greater impact on PE
concentrations, as the coefficients of determination for the regression
PE vs. home were in the range 0.04-0.75 for home, all significant at
the 0.05 level (2-tails) and were considerably greater than those for
the regression between PE vs. workplace, which ranged between 0
and 0.17 and none of which was significant at the 0.05 level. It should
be borne in mind that one of our criteria for selection of subjects was
the absence of occupational exposure to VOC. Clearly, higher
correlation between PE and workplace concentrations might be
expected for occupationally exposed subjects (Jo and Song, 2001; Jo
and Yu, 2001). Our results of PE vs. H and PE vs. W were similar to
those reported in the literature. Adgate et al. (2004) reported
coefficients of determination between PE and home indoors for
BTEX, with values of R? ranging between 0.2 and 0.6. Sexton et al.
(2004a) obtained R? for matched indoor residential and PE with
values in the range of 0.2-0.8, whilst Lai et al. (2004) reported the

lowest R? values for TVOC (R? for home=0.05 and work=0.10)
(Adgate et al., 2004; Lai et al., 2004; Sexton et al., 2004a).

Personal exposure was hence most influenced by the contribution
from the residential environment for all compounds as found by Kim
et al. (2002) and Adgate et al. (2004). The results suggested that for
most of the compounds, home concentration contributed between 50
and 70% to the variance in concentrations of PE (e.g. 75% for benzene).
VOCs in indoor air can originate from outdoor air (e.g. traffic source)
and also from sources located indoors such as building materials and
furniture, attached garages, heating and cooking systems, storage of
solvents and various human activities (Harrison et al., 2009). However
for other compounds such as 1,3-butadiene, although 11% of the
variance in personal exposures might be explained from home
concentrations, additional sources such as commuting might contrib-
ute to the total burden of 1,3-butadiene in personal exposures.
Personal exposures to 1,3-butadiene indoors were likely associated
with exposure to ETS, parking vehicles in garages connected to the
main house, space heating and use of solvents (Delgado-Saborit et al.,
2009b), whilst traffic and gas and petrol distribution are likely sources
outdoors (Curren et al., 2006).

In this context, the significant regression coefficients observed in
the regression between home (24-h) and PE concentration (5-day
average) for most of the VOCs suggested that home contribution will
impact greatly on the PE. This was especially relevant for those
situations where subjects spent great amount of time at home, there
was little ventilation, or there were additional indoor sources (e.g.
heating systems or use of cleaning products, ETS at home or recent
redecoration) as supported by information provided by the partici-
pants through questionnaires. Hence home concentrations were
mostly a good predictor of personal exposures, even when consider-
ing different integration periods (i.e. 24-h home concentration and 5-
day personal exposure).

The relationship between PE (5-day average) and W (8-h average)
as shown in Table 2 was not significant (p>0.10). However, in the case
of benzene (R*=0.12, Fig. 2b), several cases can be considered as
outliers. Those cases were two subjects that had benzene concentra-
tions at the workplace higher than 2.5 ug/m> and two subjects that
had personal exposures higher than 5 ug/m>. Further investigation of
these cases showed that the first two cases corresponded with two
subjects whose microenvironment work samples due to space
constraints were taken in a general office which had photocopiers
and fax machines nearby, different from the subjects' usual working
space. Hence, these work samples did not truly relate to the workplace
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Personal exposure (PE) vs. home (H) and work (W) concentrations. Arithmetic mean and standard deviations of the ratio, slope (m) and intercept (a) with standard errors and
determination coefficients (R?) with ANOVA p-values for the regression between personal exposures and home and workplace concentrations.

Personal exposure vs. Home

Personal exposure vs. Workplace

Compound PE/H ratio Mean ~ m=Std Error a4 Std Error R? @ (p-values) PE/W ratio Mean m+Std Error a4 Std Error R @ (p-values)
No samples =77 No samples =40
Hexane 2.66 4+ 6.62 0.2340.089 22240437 0.146 (0.014) 6.194+12.8 0.0940.09 3.46+0.85 0.097 (0.359)
Benzene 1.304+0.56 0.63+0.04 0.83+0.12 0.745 (<0.001) 2324269 0.52+0.51 1.6340.69 0.131 (0.3250
Toluene 1.624+1.34 0.67 +0.04 6.01+1.11 0.656 (<0.001) 3.79+3.82 0.27+0.18 15.04 +£4.37 0.166 (0.135)
Ethylbenzene 2.364+3.77 0.774+0.08 0.814+0.19 0.581 (<0.001) 39+8.1 0.06+0.21 3.554+0.81 0.048 (0.562)
p-Xylene 2404351 0.744-0.07 0.8+0.19 0.593 (<0.001) 4.044-9.55 0.3540.62 35+£1.18 0.078 (0.356)
m-Xylene 2.514+3.84 0.76 +-0.08 2.074+0.51 0.549 (<0.001) 42141115 0.06 +0.22 9.47 +2.03 0.06 (0.453)
Pyridine 1.88+£2.01 1.68 +0.27 0.0054-0.05 0.389 (<0.001) 2.3143.07 0.0140.09 0.2+0.28 0.001(0.889)
o-Xylene 2.3843.89 0.89£+0.09 0.79+0.29 0.557 (<0.001) 3.6647.41 0.5140.63 331+£1.33 0.069 (0.221)
1,3,5-Trimethylbenzene  1.66+1.14 1.6240.18 —0.084+0.18 0.486 (<0.001) 348+72 2.824+0.38 0.75+0.29 0.014 (0.459)
Styrene 2424105 0.71+£0.08 0.284+0.13 0.046 (<0.001) 1.67+1.28 0.08 +£0.10 0.59+0.077 0.01 (0.579)
p-lsopropyltoluene 1.23+0.78 0.48 £ 0.09 0554013 0295 (<0.001)  4.07+96 0.29+0.24 076£0.14  0.051 (0.264)
1,2,4-Trimethylbenzene  1.65+1.08 1.36+£0.13 0.14+0.51 0.542 (<0.001) 3.4147.00 0.444-0.48 2464+1.18 0.005 (0.362)
3-Ethenylpyridine 5.30+204 0.24+0.25 0.04 +0.05 0.615 (<0.001) 8.73+275 0.440.63 0.18 £0.07 0.013 (0.563)
Naphthalene 1.40+1.61 0.24+0.15 —0.044+0.24 0.203 (<0.001) 2054223 0.564+0.48 047 +0.22 0.036 (0.228)
1,3-Butadiene 2.75+444 0.454+0.48 0.1940.22 0.111 (0.008) 5.6649.24 0.264-0.39 0.194£0.05 0.048 (0.224)

(a) Bold values represent significant correlation at 0.05 level.

environment where the subject was performing his/her job. The
second set of outliers corresponded to two subjects that had been
carrying out activities in the out-of-work hours such as painting and
printing at home, which had considerably increased their PE

Table 3

concentrations. If these four cases were excluded from the compar-
ison, then PE benzene concentrations showed an association with
workplace concentrations significant at the 0.01 level (R?=0.21).
Given the very different averaging times for PE and workplace

Cross-sectional analysis of personal exposure (PE) vs. ambient (A) concentrations. (a). Arithmetic mean and standard deviations of the ratio, slope (m) and intercept (a) with
standard errors and determination coefficients (R?) with ANOVA p-values for the regression between personal exposures and ambient air concentrations.

Statistics Benzene Toluene Ethylbenzene m + p-Xylene o-Xylene 1,3-Butadiene
Harwell PE/A ratio

Mean =+ Std dev 7.82+10.9 44.7+83.8 4464123 83.6+£279 53.3+160 98.3+272
All subjects m + std error 1.2940.44 4.61+2.44 1.3945.36 —3.50+6.68 —0.60+ —1.91 0.66 +0.58
N =500 a+std error 1.694+0.20 16.6+2.35 2.93+0.82 11.33+3.09 3.83+0.702 0.37+0.03

R?/R3q; 0.020/0.017 0.008/0.004 0.000/—0.02 0.001/—0.002 0.000/—0.002 0.002/0.001

(p-value) (b) (0.003) (0.086) (0.794) (0.601) (0.755) (0.237)
Harwell PE/A ratio

Mean =+ Std dev 1024+124 41.1+61.1 26.2+46.5 347+714 52341139 29.1+£335
London subjects m 4+ std error —213+1.71 2.48+7.44 —2.79+741 —4.54+10.2 —8.12+10.0 —3.05+5.02
N=55 a+std error 2.58 +£0.52 18.39+6.21 2.74+1.12 9.21+4.41 4.66+1.85 0.13+0.03

R*/R%; 0.039/0.14 0.003/—0.023 0.004/—0.23 0.004/—0.17 0.017/—0.009 0.008/—0.14

(p-value) (b) (0.221) (0.741) (0.709) (0.658) (0.420) (0.546)
Harwell PE/A ratio

Mean + Std dev 8.40+13.6 59.5+80.4 433+39.7 1474+ 184 66.1+84.6 558+116
Welsh subjects m 4 std error 3.53+249 1614833 —3.19+£333 —11.594+6.57 —4.99 +2.68 —0.9943.19
N=50 a4 std error 1.4441.02 16.454+4.31 1.9940.33 8.30+1.26 2.71+£042 0.23+0.05

R?/R3y; 0.042/0.021 0.001/—0.021 0.020/—0.002 0.065/0.044 0.080/0.057 0.002/—0.20

(p-value) (b) (0.163) (0.847) (0.344) (0.085) (0.070) (0.757)
Harwell PE/A ratio

Mean =+ Std dev 7.63+10.5 44.44+87.6 4754136 78.9+293 522+171 1094295
WM subjects m 4 std error 1.2940.46 4194275 1.354+6.29 —4.044+7.84 —0.55+£2.12 0.54+0.64
N=395 a4 std error 1.6140.22 17.4442.80 3.34+1.00 13.034+3.85 4.034+0.85 0.42+0.04

R?/R3q; 0.021/0.018 0.006/0.004 0.000/—0.003 0.001/—0.002 0.000/—0.003 0.002/0.000

(p-value) (b) (0.006) (0.128) (0.831) (0.607) (0.796) (0.401)
London Eltham PE/A ratio

Mean + Std dev 2.55+2.68 8.31+£9.77 4.984+3.96 6.12 +6.00 6.44 +6.54 1.664+1.98
London subjects m =+ std error —0.495+0.573 5.48+3.17 3.534+1.30 5294199 5.7942.54 0.177 £0.920
N=56 a4 std error 2.22+0.488 5.20+5.99 0.512+0.418 0.649+1.82 0.360 +£0.828 0.086 + 0.060

R?/R3q; 0.020/—0.007 0.075/0.050 0.166/0.143 0.147/0.126 0.123/0.100 0.001/—0.023

(p-value) (b) (0.393) (0.092) (0.010) (0.011) (0.028) (0.848)
Cardiff PE/A ratio

Mean 4+ Std dev 6.50 +8.82 19.2+228 1324151 15.94+20.7 10.8+14.6 17.24+43.7
Welsh subjects m =+ std error —0.79+1.36 3.44+4.96 1.634+2.90 0.824+3.43 —0.24+1.07 —4.184+4.34
N=50 a+std error 2.67+£0.716 13.6+6.07 1.64+0.614 6.85+2.52 2.4940.556 0.462+0.172

R%/R3q; 0.009/—0.18 0.013/—0.14 0.008/—0.18 0.002/—0.025 0.001/—0.026 0.024/—0.002

(p-value) (b) (0.564) (0.492) (0.578) (0.812) (0.824) (0.342)

(a) For ambient air there is only data available for benzene, toluene, ethylbenzene, m + p-xylene, o-xylene and 1,3-butadiene.
(b) Bold values represent significant correlation at 0.05 level.
WM refers to West Midlands.
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Fig. 2. Benzene personal exposure concentrations (ug m~>) vs. concentration measured
at (a) home (N=155) and at (b) work (N=40).

concentration, this suggests a potentially important influence of the
workplace upon overall PE.

Analysing the effect of season upon the contribution of home or
workplace concentrations to PE there was a mixed pattern of effect
in the regression analysis, similar to what happened with the ratios
(Table 2). For some compounds such as benzene, toluene, pyridine,
and 3-ethenylpyridine, the regression was stronger in summer than
in winter. However, for other compounds such as ethylbenzene and
the xylenes, the regression was stronger in winter. This might be a
consequence of different sources for these compounds. For example,
benzene and toluene were mainly emitted by traffic, and hence
traffic sources might have had greater impact on home and work
concentrations in summer than in winter due to higher ventilation.
On the other hand, ethylbenzene and the xylenes were previously
associated with indoor sources such as paints and printers (Watson
etal.,2001; Song et al., 2007; Harrison et al., 2009), which will have a
greater impact in winter when ventilation with outdoor air is lower,
as reported by the subjects through questionnaires. 3-Ethenylpyr-
idine and pyridine are tracers of ETS (Bi et al., 2005), which has an
important indoor source. The fact that the PE vs. H was stronger in
summer may be a consequence of the higher concentrations
measured at home for 3-ethenylpyridine (summer=0.1140.21
vs. winter = 0.08 + 0.10 ug/m?) and pyridine (summer=0.18 +0.13
vs. winter = 0.12 £ 0.07 ug/m?). Additional analysis using univariate
general linear models did not identify season as a variable

accounting for the variability of personal exposures (p>0.05) for
any compound.

3.4. Personal exposure vs. outdoor air concentrations: longitudinal and
cross-sectional analysis

In order to assess the representativeness of ambient air concen-
trations as a surrogate for personal exposure, simultaneous daily
ambient concentrations measured at the rural Harwell site were
regressed with PE concentrations measured in this study for all the
subjects (London, West Midlands and Wales). In addition, ambient
concentrations in Cardiff were regressed against PE concentrations of
Welsh subjects and London Eltham concentrations against PE
concentrations of London subjects. The results of the cross-sectional
regression analysis (ie. m, a, R? Ridj and ANOVA p-value) are
presented in Table 3, whilst Table 4 shows the arithmetic mean and
standard deviation for the same regression parameters corresponding
to the longitudinal analysis.

Table 3 shows weaker associations between PE and ambient air
concentrations (R? range from 0 to 0.02) compared to regressions
between PE vs. H and W. This might be a consequence of the higher
limit of detection of the equipment sampling ambient air (e.g.
benzene SDL=0.32 pug/m>; 0.1 ppb) compared with the PE method-
ology (SDL=8ng/m?3) or to the low ambient concentrations, both
causes leading to greater noise, thus reducing associations. These
results were similar to those reported by Lai et al. (2004) for TVOC
(R>=0.02) although in that case the relationship was PE to outdoor
residential air rather than to central site air.

The results of the cross-sectional analysis for benzene appear in
Fig. 3, which exhibits two differentiated groups of points. The first
group, which correspond to the low personal exposures (Fig. 3 solid
dots) showed a fair association of ambient air with PE concentrations.
In the second group (Fig. 3 hollow diamonds), which mainly
represents high personal exposures, no association was seen with
ambient benzene concentrations. These high PE values may be
attributed to indoor sources such as building materials and furniture
(Hodgson and Levin, 2003) common to homes and offices, attached
garages (Batterman et al., 2007), heating and cooking systems,
exposure to ETS (Heavner et al, 1995), storage of solvents and
various human activities that the subjects perform during the day (e.g.
commuting, DIY, incense burning, photocopying- specially in offices),
which would be superimposed on the background ambient concen-
trations. Although none of the subjects had reported strong outdoor
sources (e.g. proximity to industries), this might be also a factor
increasing PE concentrations above the background ambient concen-
trations in other cases. Overall, when regressing PE with ambient
concentrations, the coefficients of determination for each site were
not statistically significant (Table 3) with the exception of benzene. It
was decided to apply a virtual filter to the personal exposures
concentrations in order to eliminate the high values of PE attributed
mainly to indoor sources. The filters applied would be the expected
maxima PE concentrations attributable to outdoor concentrations.
These concentrations can be extracted applying the average slope and
intercept obtained in the cross-sectional analysis for each compound
as shown in Table 3 to the maximum ambient concentrations
measured in the study. For instance, the benzene filter will be circa
3 ug/m?> applying the values of m=1.29, a= 1.69, extracted from the
cross-sectional regression of all subject data in Harwell station, and
maximum ambient air concentration of 1.32pg/m> measured at
Harwell. Applying this virtual filter into PE so as to consider only
values of PE lower than 3 pg/m?>, the coefficient of determination R? of
the regression of PE vs. ambient concentrations increased for the three
sites (e.g. from 0.0091 to 0.225 in Cardiff for Welsh subjects, Fig. 3).
Hence, for the low exposure population (benzene<3 pg/m?), ambient
concentrations measured at a central site correlated with PE
concentrations explaining up to 11-22% of the variability of personal
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Table 4
Longitudinal analysis of personal exposure levels (PE) vs. ambient air concentrations (A) for each subject. All data report the regression parameters for the all subjects’ database. Positive slope data reports the statistics only for those subjects
where slopes are positive. All R? have p-values<0.05.

Ambient Site Strata Stats 1,3-Butadiene Benzene Ethylbenzene Toluene m + p-Xylene o-Xylene
m a R? m a R? m a R? m a R? m a R? m a R?
Harwell All data Mean 9.71 0.45 029 —08 255  0.29 42 731 031 0.69 259 0.28 3.87 15.9 0.29 14 3.05 027
N=100 SD 99.9 0.71 0.26 10.5 361 028 333 35.6 0.29 76.1 46.2 0.27 162 51.8 029 127 131 0.24
Summer Mean 9 0.27 027 -3 289 0.26 98 132 0.36 -8 25.6 0.28 24 25.8 0.33 43 267 0.28
N=45 SD 83 0.35 0.23 14 453 027 506 539 0.29 48 50 0.25 237 76.9 03 188 18.9 0.27
Winter Mean 10 0.55 0.32 1 233 032 292 029 7 26.8 0.3 —11 8.4 0.28 -9 333 027
N=55 SD 111 0.85 0.28 6 282 03 49 541 0.8 94 44.7 0.28 64 15.1 0.28 38 6.88 0.22
London Mean —13  0.05 037 —4 261 036 -3 201 039 -—12 26.8 0.35 7.1 0.39 194 03
N=9 SD 24 0.03 0.28 11 325 036 21 366 0.36 33 40.8 0.29 32 12.5 0.38 14 224 032
WM Mean 15 0.49 0.28 239 029 52 842 031 5 26.1 0.27 10 176 0.3 17 322 027
N=82 SD 106 0.76 0.25 11 358 029 368 393 0.28 81 48.8 0.26 176 57.2 029 141 14.6 0.24
Wales Mean —17 031 033 -2 3.8 019 -5 298 03 —24 23.7 032 -39 9.9 0.19 2 2.7 0.22
N=10 SD 64 0.31 0.36 8 425 013 95 3.06 03 58 28 0.31 92 7.7 0.25 24 168 023
Harwell positive slope data  All DATA N 52 77 76 75 100 99
Mean  40.6 04 031 03 218 029 60 867 033 5.9 26.6 0.31 39 159 0.29 13.8 3.1 0.27
SD 112 0.5 0.3 11.5 372 029 383 40.9 0.3 86 51.8 0.28 162 51.8 029 127 13.1 0.24
Summer N 19 31 37 33 43 42
Mean 315 0.31 0.28 435 1.08 028 117 14.6 0.37 16.2 9.07 041 239 25.8 0.33 433 2.7 0.28
SD 94 04 0.26 5.27 111 027 544 58.1 0.29 23.7 121 0.28 237 76.9 0.3 187 18.7 0.27
Winter N 30 43 37 39 55 54
Mean  49.8 047 0.36 1.97 1.87 031 6 298 031 18 26.5 0.33 183 10.7 0.27 7.53 127 029
SD 128 0.58 032 6.19 255 03 573 641 03 108 51 0.3 15.8 25.6 0.32 8.28 121 025
London N 1 7 8 7 9 9
Mean  6.45 0.04 0.77 5.15 029 0.15 5.52 041 0.18 5.79 362 035 4.83 2.08 0.10 0.92 114  0.01
SD - - - 12.0 3.66 036 7.66 0.57 0.26 6.56 4.06 050 315 12.5 0.38 0.99 033  0.00
WM N 46 61 61 60 82 80
Mean 44 0.44 0.28 0.82 2.03 029 75 10.2 0.32 10 28.0 0.31 10 176 0.3 17 322 027
SD 119 0.53 0.28 121 3.8 029 425 45.6 0.29 94 55.8 0.28 176 57.2 029 141 14.6 0.24
Wales N 5 9 7 8 10 10
Mean 339 0.11 0.57 1.10 099 0.07 67.2 145 034 25.0 0.54 0.56 18.1 1.78 0.03 12.0 182  0.05
SD 294 0.06 0.46 0.14 0.16  0.04 873 161 052 36.9 12.9 0.26 91.9 769 0.25 133 149  0.05
London Eltham All data Mean —-15 —-01 032 —-04 312 028 816 —1.0 0.28 7.81 232 035 4.1 221 027 491 142 03
N=10 SD 6.48 1.08 0.37 7.9 428 019 212 847 033 235 47.6 0.26 14.1 14.8 0.36 13.6 381 035
Positive slope data N 5 3 4 5 4 4
Mean 142 —06 038 631 —07 0.22 20.8 —53 0.41 17.9 —18 0.44 16.2 —6.5 0.47 14.5 —0.7 0.44
SD 1.74 139 043 8.47 231 007 24.1 103 0.42 226 389 0.26 14.6 174 0.51 12.3 328 045
Cardiff All data Mean  7.49 0.07 024 —21 318 045 -19 228 04 —49 226 0.32 -39 9.51 0.38 -13 276 037
N=8 SD 119 0.15 0.29 441 338 028 8.53 22 0.3 121 221 0.31 8.49 889 031 5.19 256 031
Positive slope data N 7 5 5 5 4 5
Mean  8.56 0.07 0.28 1.04 0.83 035 35 1.03 03 1.93 133 0.38 2.57 469 03 1.76 142 032
SD 124 0.17 03 0.7 0.58 0.26 2.21 137 029 1.65 16.3 0.38 1.96 6.62 035 1.69 2.06 037

WM refers to West Midlands.
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exposure in this subpopulation. In the case of 1,3-butadiene, no
significant association (p>0.10) was observed between PE concentra-
tions and ambient air concentrations in any of the studied monitoring
stations (Table 3). The small variance of personal exposure accounted
by ambient concentrations suggested that the association between
ambient concentration and PE to 1,3-butadiene is complex and
warrants further research. This may be a consequence of the relatively
high reactivity of this gas.

Table 4 shows the results of the longitudinal analysis, i.e. average
data for the slope, intercept and R? extracted from the individual
regression of PE vs. ambient air for each subject (as shown in Table
S8). When considering all the results from the longitudinal analysis,
R? values ranged from 0.27 to 0.31, whilst some of the slopes had
negative values (Table S8). However, having a negative slope is not
consistent with the fact that ambient air is a source of PE
concentrations, and hence both values should be positively correlated.
After analysing the information provided by the subjects regarding
activity patterns and description questionnaires, the cases with
negative slopes could be linked with participants that on some days
had high personal exposures due to personal activities (e.g. use of
solvents) or indoor sources (e.g. ETS exposure). Therefore, a summary
of regression parameters only considering those cases where the
slope is positive, i.e. those subjects that do not have strong indoor or
personal sources, is presented also in Table 4. From this table it was
clear that between 50 and 100% of the cases have a positive slope,
suggesting that increases in personal exposures were associated with
increases in ambient air concentrations.

Further information can be extracted from the regression of VOC
PE concentrations with ambient concentrations. In both the cross-
sectional (Table 3) and the longitudinal analysis (Table 4), PE
concentrations were described by equations that have an intercept
greater than zero. This suggested that in the absence of outdoor VOC,
there was generally a background exposure which corresponds to
indoor or personal activity sources (e.g. benzene 1.7-3.2 ug/m°).
Therefore, it is likely that the use of ambient air as a surrogate for
personal exposure would underestimate the personal exposure
concentrations and hence would underestimate the pollution effects,
as predicted by Zeger et al. (2000) and Sexton et al. (2004a). The
presence of this background exposure, likely associated with indoor or
personal activities, should be considered when designing strategies to
reduce human exposures to VOCs. In this case, not only outdoor
sources should be targeted, but also indoor ones.

With reference to the effect that season had in the longitudinal
regression PE-A (Table 4), 1,3-butadiene showed a stronger PE-A
relationship in winter, whilst for ethylbenzene it was stronger in
summer which might be attributed to different prevalent outdoor and
indoor sources for the compounds as explained in the previous
section, or to lower chemical reactivity affecting winter concentra-
tions. A similar trend for benzene was observed in the cross-sectional
analysis for West Midlands subjects, as this area was the only one
sampled through several seasons. The association was significant at
the 0.01 level for subjects sampled in winter (R>=0.02, N=235),
whereas for summer the strength decreased (R>=0.003, N=160).
These seasonal effects were consistent with results reported for other
pollutants (Adgate et al., 2007; Brown et al., 2008). Additional analysis
of the effect of season on the association between ambient and PE was
performed using a linear mixed model. Only 1,3-butadiene showed a
significant effect of season on the relationship between PE-A, with an
estimate, std error and p-value of —0.172 (summer), 0.050 and 0.001
respectively. For the rest of the compounds, season did not show any

Fig. 3. Benzene personal exposure concentrations (ug m—>) all data (red hollow
rhomboids) and less than 4.5 pg m—3 (blue solid squares) vs. ambient air concentration
measured at (a) Harwell rural site (N,; =483, N-55=336), (b) London Eltham urban
background site ((N,; =41, N-,5 =30, London subjects) and (c) Cardiff urban centre
site ((Nay =39, N.25 =30, Welsh subjects).
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effect in the linear mixed model. The influence of seasonal effects on
the relationship between personal and ambient air detected in the
longitudinal, cross-sectional and linear mixed models suggests that
seasonal effects are a factor that should be considered when using
central site data for epidemiological studies.

4. Conclusions

The strong association of personal exposures to several VOCs,
including benzene, with home concentrations indicates that home
concentrations were the largest driving factor determining exposures
to VOCs, explaining between 11 and 75% of the total variability of
personal exposures. Workplace and central site ambient concentra-
tions were less well correlated with the corresponding personal
concentrations explaining up to 11-22% of the variance in the low
exposure data. These associations were only relevant provided that
samples influenced by strong indoor sources or personal activity VOC
sources were eliminated.

The relationship between personal exposure and VOC ambient
concentrations not only showed PE/A ratios greater than unity but
also intercepts greater than zero. The existence of the intercepts was
attributed to the presence of a background concentration due to
indoor or personal activity sources of VOC. It is likely that not only
would the use of ambient air as a surrogate for personal exposure not
correctly represent personal exposures due to the low correlation but
also would generally underestimate these exposures. One of the
reasons for the discrepancies between personal exposures with
central site data was that central site data did not account for
exposure due to personal activities (e.g. commuting). It was observed
that season had a small effect on PE-to-microenvironment ratios and
PE-to-microenvironment associations in home, work and ambient
air. This could reflect seasonal differences attributed to the strength
of indoor sources, reactivity of some compounds, personal activities
and air exchange rates. Therefore, it is advisable that influences of
season upon exposure estimates should be considered in epidemi-
ological studies of VOCs in order to minimise the error in estimated
exposure.

Acknowledgements

The authors wish to thank all the 100 subjects who participated in
MATCH, and to acknowledge the support provided by agencies in
London (Environment Agency and DEFRA), Birmingham and Swansea
City Councils and the local media to recruit volunteers. Special thanks
go to Dr Ben Armstrong and anonymous reviewers who advised over
the statistical analysis and the Biosciences Workshop for building and
maintaining the atmospheric samplers. The authors wish to thank the
MSc and MPhil students from the University of Birmingham who
participated in the sampling campaigns as well as acknowledge the
support and help provided by Dr. Colvile, Dr. Clemitshaw and the MSc
students from Imperial College during the sampling campaigns in
London. Research described in this article was conducted under
contract to the Health Effects Institute (HEI), an organization jointly
funded by the United States Environmental Protection Agency (EPA)
(Assistance Award No. R-82811201) and certain motor vehicle and
engine manufacturers. The contents of this article do not necessarily
reflect the views of HEI, or its sponsors, nor do they necessarily reflect
the views and policies of the EPA or motor vehicle and engine
manufacturers.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
doi:10.1016/j.scitotenv.2010.10.014.

References

Adgate JL, Church TR, Ryan AD, Ramachandran G, Fredrickson AL, Stock TH, et al.
Outdoor, indoor, and personal exposure to VOCs in children. Environ Health
Perspect 2004;112:1386-92.

Adgate JL, Mongin S], Pratt GC, Zhang ], Field MP, Ramachandran G, et al. Relationships
between personal, indoor, and outdoor exposures to trace elements in PM2.5. Sci
Total Environ 2007;386:21-32.

Baek SO, Kim YS, Perry R. Indoor air quality in homes, offices and restaurants in Korean
urban areas — indoor/outdoor relationships. Atmos Environ 1997;31:529-44.
Batterman S, Jia CR, Hatzivasilis G. Migration of volatile organic compounds from
attached garages to residences: a major exposure source. Environ Res 2007;104:

224-40.

Bi XH, Sheng GY, Feng YL, Fu JM, Xie JX. Gas- and particulate-phase specific tracer and
toxic organic compounds in environmental tobacco smoke. Chemosphere 2005;61:
1512-22.

Brown VM, Crump DR. Diffusive sampling of volatile organic compounds in ambient air.
Environ Monit Assess 1998;52:43-55.

Brown KW, Sarnat JA, Suh HH, Coull BA, Spengler JD, Koutrakis P. Ambient site, home
outdoor and home indoor particulate concentrations as proxies of personal
exposures. ] Environ Monit 2008;10:1041-51.

Caprino L, Tonga G. Potential health effects of gasoline and its constituents: a review of
current literature (1990-1997) on toxicological data. Environ Health Perspect
1998;106:115-25.

Carrer P, Maroni M, Alcini D, Cavallo D, Fustinoni S, Lovato L, et al. Assessment
through environmental and biological measurements of total daily exposure to
volatile organic compounds of office workers in Milan, Italy. Indoor Air 2000;10:
258-68.

Curren KC, Dann TF, Wang DK. Ambient air 1, 3-butadiene concentrations in Canada
(1995-2003): seasonal, day of week variations, trends, and source influences.
Atmos Environ 2006;40:170-81.

Delgado-Saborit JM, Aquilina N, Meddings C, Baker S, Harrison RM. Measurement of
personal exposure to volatile organic compounds and particle associated PAH in
three UK regions. Environ Sci Technol 2009a;43:4582-8.

Delgado-Saborit JM, Aquilina N, Meddings C, Baker S, Harrison RM. Model development
and validation of personal exposure to volatile organic compound concentrations.
Environ Health Perspect 2009b;117.

Derwent RG. Sources, distributions, and fates of VOCs in the atmosphere. In: Harrison
RM, Hester RE, editors. Volatile organic compounds in the atmosphere. Letchworth:
The Royal Society of Chemistry; 1995.

Dollard GJ, Dumitrean P, Telling S, Dixon ], Derwent RG. Observed trends in ambient
concentrations of C-2-C-8 hydrocarbons in the United Kingdom over the period
from 1993 to 2004. Atmos Environ 2007;41:2559-69.

Edwards RD, Jurvelin ], Saarela K, Jantunen M. VOC concentrations measured in
personal samples and residential indoor, outdoor and workplace microenviron-
ments in EXPOLIS-Helsinki, Finland. Atmos Environ 2001;35:4531-43.

EPA. Original list of hazardous air pollutants; 2008.

Fondelli MC, Bauazzano P, Grechi D, Gorini G, Miligi L, Marchese G, et al. Benzene
exposure in a sample of population residing in a district of Florence, Italy. Sci Total
Environ 2008;392:41-9.

Gonzalez-Flesca N, Bates MS, Delmas V, Cocheo V. Benzene exposure assessment at
indoor, outdoor and personal levels. The French contribution to the life MACBETH
programme. Environ Monit Assess 2000;65:59-67.

Harrison RM, Thornton CA, Lawrence RG, Mark D, Kinnersley RP, Ayres ]JG. Personal
exposure monitoring of particulate matter, nitrogen dioxide, and carbon monoxide,
including susceptible groups. Occup Environ Med 2002;59:671-9.

Harrison RM, Delgado-Saborit JM, Baker SJ, Aquilina N, Meddings C, Harrad S, et al.
Measurement and modeling of exposure to selected air toxics for health effects
studies and verification by biomarkers. Boston: Health Effects Institute; 2009.

Heavner DL, Morgan WT, Ogden MW. Determination of volatile organic-compounds
and ETS apportionment in 49 homes. Environ Int 1995;21:3-21.

Heavner DL, Morgan WT, Ogden MW. Determination of volatile organic compounds
and respirable suspended particulate matter in New Jersey and Pennsylvania
homes and workplaces. Environ Int 1996;22:159-83.

Hinwood AL, Farrar D, Berko HN, Runnion T, Galbally IE, Weeks IA, et al. Technical
Report No. 6: BTEX personal exposure monitoring in four Australian cities.
Canberra: Environment Australia; 2003.

Hodgson AT, Levin H. Volatile organic compounds in indoor air: a review of
concentrations measured in North America since 1990. Lawrence Berkeley National
Laboratory; 2003.

Hoffmann K, Krause C, Seifert B, Ullrich D. The German Environmental Survey 1990/92
(GerES II): sources of personal exposure to volatile organic compounds. ] Expo Anal
Environ Epidemiol 2000;10:115-25.

IARC. IARC monographs on the evaluation of carcinogenic risks to humans. Complete
list of agents evaluated and their classification. IARC; 2006.

Iigen E, Levsen K, Angerer ], Schneider P, Heinrich ], Wichmann HE. Aromatic
hydrocarbons in the atmospheric environment. Part IIl: personal monitoring.
Atmos Environ 2001;35:1265-79.

Jantunen M], Hanninen O, Katsouyanni K, Knoppel H, Kuenzli N, Lebret E, et al. Air
pollution exposure in European cities: the “EXPOLIS” study. ] Expo Anal Environ
Epidemiol 1998;8:495-518.

Jenkins PL, Phillips TJ, Mulberg EJ, Hui SP. Activity patterns of Californians — use of and
proximity to indoor pollutant sources. Atmos Environ A 1992;26:2141-8.

Jo WK, Song KB. Exposure to volatile organic compounds for individuals with
occupations associated with potential exposure to motor vehicle exhaust and/or
gasoline vapor emissions. Sci Total Environ 2001;269:25-37.



488 J.M. Delgado-Saborit et al. / Science of the Total Environment 409 (2011) 478-488

Jo WK, Yu CH. Public bus and taxicab drivers' exposure to aromatic work-time volatile
organic compounds. Environ Res 2001;86:66-72.

Jurvelin J. Personal exposure to volatile organic compounds and carbonyls: relationship
to microenvironment concentrations and analysis of sources. Department of
Environmental Health Laboratory of Air Hygiene. Helsinki, Finland: National Public
Health Institute; 2003. p. 92.

Kim YM, Harrad S, Harrison R. Concentrations and sources of volatile organic
compounds in urban domestic and public microenvironments. Indoor Built Environ
2001;10:147-53.

Kim YM, Harrad S, Harrison RM. Levels and sources of personal inhalation exposure to
volatile organic compounds. Environ Sci Technol 2002;36:5405-10.

Lai HK, Kendall M, Ferrier H, Lindup I, Alm S, Hanninen O, et al. Personal exposures and
microenvironment concentrations of PM2.5, VOC, NO2 and CO in Oxford, UK.
Atmos Environ 2004;38:6399-410.

Lee SC, Guo H, Li WM, Chan LY. Inter-comparison of air pollutant concentrations in
different indoor environments in Hong Kong. Atmos Environ 2002a;36:1929-40.

Lee SC, Li WM, Ao CH. Investigation of indoor air quality at residential homes in Hong
Kong — case study. Atmos Environ 2002b;36:225-37.

Leung PL, Harrison PM. Evaluation of personal exposure to monoaromatic hydro-
carbons. Occup Environ Med 1998;55:249-57.

Michael LC, Pellizzari ED, Perritt RL, Hartwell TD, Westerdahl D, Nelson WC.
Comparison of indoor, backyard, and centralized air monitoring strategies for
assessing personal exposure to volatile organic compounds. Environ Sci Technol
1990;24:996-1003.

Nethery E, Teschke K, Brauer M. Predicting personal exposure of pregnant women to
traffic-related air pollutants. Sci Total Environ 2008;395:11-22.

Payne-Sturges DC, Burke TA, Breysse P, Diener-West M, Buckley TJ. Personal exposure
meets risk assessment: a comparison of measured and modeled exposures and
risks in an urban community. Environ Health Perspect 2004;112:589-98.

Pekey H, Arslanbas D. The relationship between indoor, outdoor and personal VOC
concentrations in homes, offices and schools in the metropolitan region of Kocaeli,
Turkey. Water Air Soil Pollut 2008;191:113-29.

Phillips ML, Esmen NA, Hall TA, Lynch R. Determinants of exposure to volatile organic
compounds in four Oklahoma cities. ] Expo Anal Environ Epidemiol 2005;15:35-46.

Sax SN, Bennett DH, Chillrud SN, Ross J, Kinney PL, Spengler ]D. A cancer risk assessment
of inner-city teenagers living in New York City and Los Angeles. Environ Health
Perspect 2006;114:1558-66.

Serrano-Trespalacios PI, Ryan L, Spengler JD. Ambient, indoor and personal exposure
relationships of volatile organic compounds in Mexico City Metropolitan Area. ]
Expo Anal Environ Epidemiol 2004;14:5118-32.

Sexton K, Adgate JL, Mongin SJ, Pratt GC, Ramachandran G, Stock TH, et al. Evaluating
differences between measured personal exposures to volatile organic compounds
and concentrations in outdoor and indoor air. Environ Sci Technol 2004a;38:
2593-602.

Sexton K, Adgate JL, Ramachandran G, Pratt GC, Mongin SJ, Stock TH, et al. Comparison
of personal, indoor, and outdoor exposures to hazardous air pollutants in three
urban communities. Environ Sci Technol 2004b;38:423-30.

Son B, Breysse P, Yang W. Volatile organic compounds concentrations in residential
indoor and outdoor and its personal exposure in Korea. Environment International
2003;29:79-85.

Song Y, Shao M, Liu Y, Lu SH, Kuster W, Goldan P, et al. Source apportionment of
ambient volatile organic compounds in Beijing. Environ Sci Technol 2007;41:
4348-53.

Thatcher TL, Layton DW. Deposition, resuspension, and penetration of particles within a
residence. Atmos Environ 1995;29:1487-97.

Turpin BJ, Weisel CP, Morandi M, Colome S, Stock T, Eisenreich SJ, et al. Relationships of
indoor, outdoor and personal air (RIOPA): Part II. Analysis of concentrations of
particulate matter species. HEI Research Report 130; NUATRC Research Report 10.
Houston TX: Health Effects Institute and Mickey Leland National Urban Air Toxics
Research Center; 2007.

Wallace LA. Personal exposures, indoor and outdoor air concentrations, and exhaled
breath concentrations of selected volatile organic compounds measured for 600
residents of New-Jersey, North-Dakota, North-Carolina and California. Toxicol
Environ Chem 1986;12:215-36.

Wallace LA. The exposure of the general population to benzene. Cell Biol Toxicol
1989a;5:297-314.

Wallace LA. Major sources of benzene exposure. Environ Health Perspect 1989b;82:
165-9.

Wallace L. Environmental exposure to benzene: an update. Environ Health Perspect
1996;104:1129-36.

Watson JG, Chow JC, Fujita EM. Review of volatile organic compound source
apportionment by chemical mass balance. Atmos Environ 2001;35:1567-84.
Zeger SL, Thomas D, Dominici F, Samet JM, Schwartz J, Dockery D, Cohen A. Exposure
measurement error in time-series studies of air pollution: concepts and

consequences. Environmental Health Perspectives 2000;108:419-26.

Zuraimi MS, Roulet CA, Tham KW, Sekhar SC, Cheong KWD, Wong NH, et al. A
comparative study of VOCs in Singapore and European office buildings. Build
Environ 2006;41:316-29.



	Relationship of personal exposure to volatile organic compounds to home, work and fixed site outdoor concentrations
	Introduction
	Experimental section
	Study design
	Sampling methods
	Analytical methods
	Quality assurance and quality control (QA-QC)
	Statistical methods

	Results and discussion
	Subject description
	Personal exposure, home, workplace and ambient concentrations
	Personal exposure vs. home and workplace concentrations
	Personal exposure vs. outdoor air concentrations: longitudinal and cross-sectional analysis

	Conclusions
	Acknowledgements
	Supplementary data
	References


