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In everyday life, people are exposed to different concentrations of airborne particles depending on the
microenvironment where they perform their different activities. Such exposure can lead to high sub-
micron particle doses. The received dose depends on particle concentration to which people are
exposed (typically expressed in terms of number or surface area), time spent in each activity or
microenvironment (time activity pattern) and amount of air inhaled (inhalation rate). To estimate an
actual value of the received dose, all these parameters should be measured under real-life conditions; in
fact, the concentrations should be measured on a personal scale (i.e. through a direct exposure assess-
ment), whereas time activity patterns and inhalation rates specific to the activity performed should be
considered. The difficulties in obtaining direct measurements of these parameters usually lead to adopt
time activity patterns and inhalation rates already available in scientific literature for typical populations,
and local outdoor particle concentrations measured with fixed monitoring stations and extrapolated for
all the other microenvironments.

To overcome these limitations, we propose a full-field method for estimating the received dose of a
population sample, in which all the parameters (concentration levels, time activity patterns and inha-
lation rates) are measured under real-life conditions (also including the inhalation rates, that were
evaluated on the basis of the measured heart rates). Specifically, 34 volunteers were continuously
monitored for seven days and the data of sub-micron particle concentrations, activities performed, and
inhalation rates were recorded. The received dose was calculated with the proposed method and
compared with those obtained from different simplified methodologies that consider typical data of
particle concentrations, time activity patterns and inhalation rates obtained from literature. The results
show that, depending on the methodology used, the differences in the received daily dose can be sig-
nificant, with a general underestimation of the most simplified method.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Jacquemin et al., 2015; Xie, Li et al., 2015; Azimi and Stephens,
2018). It has also been found that airborne particle exposure in-

Exposure to airborne particles is known to have a negative
health impact on the cardiovascular and respiratory systems
(Franchini and Mannucci, 2011; Cesaroni, Badaloni et al., 2013;
Buteau and Goldberg, 2016). Several studies have suggested a
possible association between airborne particle exposure and
increased cardiovascular morbidity and mortality (Basagana,
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duces changes in heart rate and heart rate variability (Brook,
Rajagopalan et al., 2010; Rizza, Stabile et al., 2019), and is respon-
sible for a range of adverse outcomes in the respiratory system
(Schmid, Moller et al., 2009; Buonanno et al., 2013b). In addition,
particulate matter (PM) has been recognized as a group 1 carcin-
ogen to humans by the International Agency for Research on Cancer
(IARC, 2013).

Most of the epidemiological studies focus on the effects of
super-micron particles (which are defined in terms of particle mass
concentrations, i.e. PMg and PM, 5) rather than those due to sub-
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micron particles (which are expressed in terms of particle number
and surface area concentrations). Over the years, attention has
extended from PM to sub-micron particles because the latter are
characterized by a higher deposition fraction, a larger surface area,
and a potential to translocate in the circulatory system
(International Commission on Radiological Protection, 1994) while
several sub-micron particles exposure assessments were carried
out from the scientific community (Qiu, Wang et al., 2019,
Slezakova et al. 2019; Correia, Martins et al., 2020; Madureira,
Slezakova et al., 2020; Slezakova, Pereira et al., 2020). In addition,
some studies have shown that the surface area is the most appro-
priate parameter for health concerns related to sub-micron parti-
cles (Giechaskiel, Alfoldy et al., 2009; Rushton, Jiang et al., 2010;
Schmid and Stoeger, 2016). Therefore, to investigate the health ef-
fects caused by exposure to sub-micron particles, it is crucial to
evaluate the received surface area dose, which is calculated from
data of the sub-micron particle concentration levels, the time spent
in each activity or microenvironment (i.e. the time activity pattern,
or TAP), and the inhalation rate (IR), which in turn depend on the
specific activity performed (Fuoco, Stabile et al., 2017; Scungio,
Stabile et al., 2018).

To evaluate the particle concentration levels to which people are
exposed, different exposure assessments can be adopted depend-
ing on the spatial scales of investigation (Cattaneo, Taronna et al.,
2010). The easiest and cheapest exposure assessments are the in-
direct exposure assessments, which are based on city scale or
outdoor scale approaches. These are the typical approaches applied
in cohort studies evaluating epidemiological effects on a large
population (Raaschou-Nielsen, Andersen et al., 2013; Chen, Zhang
et al., 2016; Stafoggia, Schneider et al., 2017). Nonetheless, these
represent oversimplified exposure assessments as they do not
consider: (i) the spatial variability of sub-micron particles within
different outdoor environments (Kaur, Nieuwenhuijsen et al., 2005;
Buonanno, Fuoco et al., 2011; Rizza, Stabile et al., 2017; Puustinen,
Hameri et al., 2007; Buonanno, Lall et al., 2009) and, even worse,
(ii) the exposure in the indoor environment, which represents the
environment where the population spends most of the day
(McGinnity, Russel et al., 2005, Lader, Short et al., 2006, Australian
Bureau of Statistics, 2010, Soggiu, Vollono et al., 2010, Statistics
Sweden Economic Welfare Statistics Unit, 2012). The most appro-
priate and detailed scale for exposure assessments is the personal
scale, i.e. using portable instruments carried as personal monitors
(Cattaneo, Taronna et al., 2010). This approach allows a direct
exposure assessment to be performed, thus measuring concentra-
tions with high temporal and spatial resolution and also reflecting
the personal exposure of people moving between different micro-
environments (Avery, Mills et al., 2010; Manigrasso and Avino,
2012; Steinle, Reis et al,, 2013). This is a key aspect, since the
exposure to sub-micron particles, even more than super-micron
particles, cannot be defined through fixed monitors (Strak,
Boogaard et al., 2010). Very few studies evaluating the dose
received by a population through direct exposure assessment have
been carried out; as an example, Pacitto, Stabile et al. (2018)
calculated the surface area doses received by different Western
populations by measuring their personal exposure through wear-
able monitors and adopting TAPs and IRs typical of the investigated
populations. The study revealed that high doses are received in
indoor environments (including cooking and eating activities) by
all populations.

Direct exposure assessment through wearable sensors is
becoming quite common in exposure studies (Buonanno, Stabile
et al., 2013; Buonanno, Stabile et al., 2014; Mazaheri, Clifford
et al., 2014; Clifford, Mazaheri et al., 2018; Pacitto, Stabile et al.,
2018; Rizza, Stabile et al., 2019). For a correct estimation of the
particle surface area dose, it is crucial to accurately evaluate the

actual TAPs that characterize the lifestyle of the specific population
under investigation. Such specific TAPs can differ from those
characteristic of typical populations provided by the scientific
literature (Avino, Scungio et al.,, 2018; Pacitto et al.,, 2018b). In
addition, it is also important to measure the actual and personal IRs
for each microenvironment and activity. In fact, the common
approach is using IRs obtained for average populations which,
again, may not reflect those of specific populations under their real-
life conditions (Buonanno et al., 2014c).

On the basis of the above considerations, in this paper a full-field
method is proposed and applied to calculate the received dose of
sub-micron particles of a population sample by means of high
spatial and temporal resolution particle concentration measure-
ments, and detailed and actual TAPs and IRs. To this end, 34 vol-
unteers were continuously monitored for seven days;
concentrations and TAPs were measured/recorded for each
participant, while the IRs were determined on the basis of the heart
rates (HR) measured for each individual. The received particle
surface area dose calculated with the full-field method was then
compared with those obtained from different simplified method-
ologies based on TAPs and IRs obtained from the literature and
concentrations measured at the city scale in order to analyse the
influence of the calculation methodology.

2. Materials and methods
2.1. Methodology description and data collection

The study was conducted on weekdays and weekend days be-
tween November 2016 and November 2017 on 34 participants (12
females and 22 males) aged from 19 to 64 years old equally
distributed between the study period. The population sample
considered in the study is characterized by full-time workers. In
particular, the selected people were non-smokers, non-alcoholics
and with good health status. The volunteers were selected between
all professional category or socioeconomic status considering only
people without a personal history of health diseases (cardiovas-
cular, pulmonary, neurological or endocrine). All the participants
lived in Cassino and in the surrounding areas (Central Italy, milder
climate, resident population 33 000 inhabitants; surface area
83 km?, main sources of sub-micron particles from traffic emission
and domestic heating systems). The 34 volunteers were equipped
with a mobile monitor, brought always with them as they moved
between different microenvironments, in order to measure their
exposure to sub-micron particle concentrations at personal scale
(Cattaneo, Taronna et al., 2010). Particle number (PN) and lung-
deposited surface area concentration [LDSA, sum of the particle
surface area concentrations deposited in the alveolar and
tracheobronchial regions of the lung (Marra, Voetz et al., 2010)]
were measured. The participants kept the mobile equipment for
seven consecutive days, carrying it with them in all the microen-
vironments in which they spent their time. The subjects were also
asked to transcribe their main indoor and outdoor activities in a
diary, reporting the time spent in each microenvironment/activity
(transport, working, eating, cooking, outdoor, indoor and sleeping,
as detailed in Table 1). Any time their location or activity changed,
they were asked to report it in the diary. Examination of the diaries
filled out by the subjects provided the time spent (tj) in each ac-
tivity. Particular attention should be paid to the “cooking” and
“eating” microenvironments as they were recognized in our pre-
vious papers as the main microenvironments contributing to the
daily dose (Pacitto, Stabile et al., 2018). As clearly stated in Table 1,
we considered as cooking activity both cooking their own food and
staying in a microenvironment where a family member is cooking,
as already adopted in previous papers, e.g. in the evaluation of the
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Table 1

Description of the microenvironments/activities provided to the population sample as options for their diary compilation.

Microenvironment Activities

Cooking; including both cooking their own food and staying in a microenvironment where a family member is cooking
Gardening and animal care, restoration, sport and outdoor activities, physical workout, productive exercise, sports-connected activities, etc.
Personal care, studying not specified, studying in the free time, activities for home and family not specified, housework, purchasing goods and services,

helping adult family members, helping other family members, active activities, social activities and entertainment, social life, entertainment and
culture, inactivity, hobbies and computer science, art and hobbies, computing, playing, media, reading, watching TV, DVD or videos, listening to the

Transport Trip and use of time not specified, round-trip to work
Working All type of activities performed in the workplace environment
Eating Eating and drinking
Cooking
Outdoor
Indoor
radio or recording
Sleeping Sleeping

dose of children, that clearly do not perform cooking activities per
se (Pacitto, Stabile et al., 2020). Since the population under inves-
tigation presents mainly full-time workers, a shorter time spent is
expected in cooking microenvironment, and consequently, a lower
dose received by the population should be estimated with respect
to our previous studies. Nonetheless, the authors highlight, once
again, that the paper doesn’t represent a population study aiming at
providing dose data characteristics of a representative population;
on the contrary, the exposure data of the population were used to
test the different methodologies available to estimate the dose.

The heart rate (HR) of each participant was continuously
monitored (with 1 ms of time resolution) during each activity by
means of a heart rate monitor (AthenaDiaX Germany, ECG recorder
- ARES and ZEUS 2D attached to the subject’s chest using adhesive
electrodes), as detailed in Rizza, Stabile et al. (2019). The inhalation
rate was calculated on the basis of the model proposed by
Greenwald, Hayat et al. (2019), in order to estimate the inhalation
rates using heart rate, age, sex and forced vital capacity (FVC) as
predictors, in the case of HR as the only field-measured parameter.
The model is based on the following equation:

IR = e—9.59HR2.39ag60.274sex—0.204FVC0.520

Where the FVC for each subject was evaluated using the Global
Lung Function Initiative method (Cooper, Stocks et al., 2017) and
sex is 1 for males and 2 for females.

Thus, the daily particle surface area dose for each subject (dsy4)
was calculated by multiplying the LDSA measured during the spe-
cific activity by the time spent, t;, and IR; of each activity (Klepeis,
2006):

n

dsa= Y _(IR; - LDSA; - t;) (1)
j=1

2.2. Instrumentation and quality assurance

The PN and LDSA concentrations at personal scale were

Table 2

measured with two portable battery-powered diffusion charger
particle counters operating in the sub-micron particle range
(10—300 nm) already used in previous studies (Pacitto, Stabile et al.,
2018; Rizza, Stabile et al., 2019): a NanoTracer, Oxility, Netherlands
(10-s sampling time resolution) and a DISCmini, Matter Aerosol AG,
Germany (1-s sampling time resolution). The operating principle of
the diffusion chargers is based on the particle charging and the
consequent measurement of the total particle charge per unit of air
volume. The participants were instructed to carry the mobile
monitors with them when moving around or doing activities, while
when remaining in a confined microenvironment for long time,
they were allowed to leave the portable instrument on a very close
surface (table or chair). The lung-deposited surface area concen-
tration measured by the instruments is characteristic of a reference
worker under light exercise and breathing only through the nose
(Asbach, Kaminski et al., 2012). The PN and LDSA concentration
data were post-processed as 10-s average values in order to
harmonize the amount of data obtained from the two counters. It
should be pointed out that the LDSA concentration cannot be
considered, strictly speaking, a direct measurement, since it is
provided by the instrument on the basis of built-in semi-empiric
relationships allowing calculating the particle surface area depos-
ited in the alveolar and tracheobronchial region of the respiratory
system through the PN concentration and average particle size
measured data as described in details in (Marra, Voetz et al., 2010;
Fierz, Houle et al., 2011). Then, the LDSA concentration is the sum of
the alveolar and tracheobronchial-deposited contributions. Since
we have used the LDSA data provided by the instruments, we will
refer to the LDSA data as measured data. The performance of the
counters was compared through parallel measurements with an
Aerosol Electrometer (TSI Model 3068B) and a Nanoparticle Surface
Area Monitor (NSAM, TSI Model 3550) to check them in terms of PN
and LDSA concentrations, respectively. The calibration was per-
formed in the European Accredited Laboratory of Industrial Mea-
surements (LAMI) at the University of Cassino and Southern Lazio
(Italy) using aged indoor aerosol and freshly emitted aerosol from
incense burning by means of laboratory tests. The agreement be-
tween the Nanotracer/DiSCmini and the Aerosol Electrometer/
NSAM was between +10%, which represents an acceptable range

Combinations of the particle concentrations, time activity patterns (TAPs) and inhalation rates (IRs) adopted for calculation of the received particle surface area dose in the

different methodologies adopted in this study.

Parameter Methodology for dose estimate

MO M1 M2 M3 M4
Particle concentrations Measured Measured Measured Measured Not measured
IRs Measured Measured Not measured Not measured Not measured
TAPs Measured Not measured Measured Not measured Not measured
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for such a hand-held instrument.

2.3. Methodologies for calculation of the dose

The doses obtained through the full-field methodology were
compared with those estimated through simplified approaches
commonly used in the literature which are based on TAPs and IRs
not measured directly (but obtained from the literature), and LDSA
concentrations not representing the personal exposure experi-
enced by individuals in each microenvironment/activity (but
characteristics of more general spatial scales). The combinations of
LDSA concentration, IR and TAP data used in the different meth-
odologies for particle surface area dose estimates are summarized
in Table 2. Here, the proposed full-field method is referred to as
methodology M0 and, as mentioned above, all the data necessary
for the dose calculation (LDSA concentrations, IRs and TAPs) were
directly measured in the experimental campaign; thus, they are
identified as “measured” in Table 2. For the sake of simplicity, the
term “measured” is used also for the IR even if actually this
parameter was not directly measured but instead evaluated on the
basis of the HR. The other methodologies applied in the study to
calculate the dose are indicated in the table as M1, M2, M3, and M4:
each presents a different combination of concentration, TAP and IR
data. LDSA concentrations, TAPs and IRs not directly measured are
identified as “not measured” in Table 2. As an example, the most
simplified approach (M4) was based on typical IR and TAP data
obtained from the literature, as representative of the typical Italian
population, and LDSA concentrations typical of an exposure
assessment performed at outdoor/city scales. In particular, the “not
measured” particle concentrations for the M4 scenario were
considered to be the LDSA concentrations measured in the outdoor
microenvironment during the experimental campaign. In fact, the
outdoor PN concentration was similar to the annual median value
measured during a previous experimental campaign performed in a
background sampling site in the city (Cassino) and reported in our
previous papers (Buonanno, Fuoco et al., 2013; Stabile, Buonanno
et al., 2013). Thus, the outdoor concentrations obtained from the
present campaign can be considered representative of an exposure
assessment at the outdoor/city scale. Therefore, in the M4 meth-
odology the median value of the outdoor PN and LDSA concentra-
tions were adopted for all the activities performed outdoors
(transportation and outdoor), whereas the PN and LDSA concen-
tration of indoor environments were estimated from the outdoor
ones by multiplying them by outdoor-to-indoor penetration factors
of 0.7 and 0.5 for daily activities (indoor, cooking, eating, working)
and nocturnal activities (sleeping), respectively (Zhu, Hinds et al.,
2005; Stabile, Buonanno et al., 2019). The authors point out that

Table 3

the outdoor-to-indoor penetration is a function of the airtightness
of the building, the ventilation strategy adopted, and the outdoor
meteo-climatic conditions (Stabile, Dell'lsola et al., 2016; Stabile,
Buonanno et al., 2019), thus a wide range of penetration values
were found in the scientific literature (Zhu, Hinds et al., 2005). In
the present paper, an average penetration factor equal to 0.7 (and
0.5 during the night) was chosen, nonetheless, this choice doesn’t
affect the general finding of the paper when comparing the M4
methodology to the methodologies where the indoor concentra-
tion was actually measured. A summary of the definitions for the
terms “measured” and “not measured” adopted in Table 2 for the
three parameters used for dose calculation (concentrations, TAPs
and IRs) is shown in Table 3.

3. Results and discussion

3.1. Particle concentrations, inhalation rates, time activity patterns
and surface area doses obtained from the proposed full-field method

In Fig. 1 and Table 4 the statistics of the data concerning the
TAPs, the PN and LDSA concentrations, and the IRs measured during
the experimental campaign for each activity/microenvironment
(considering the entire population sample under investigation) are
summarized. In addition, in Table 5 the parameters used as “not
measured” (see Tables 1 and 2) are reported.

As can be seen, the prevailing activities relate to working
(275 min per day, 20 %), indoor activities (364 min per day, 27 %)
and sleeping (453 min per day, 34 %). The figure clearly shows that
the sample population spend most of their daily time indoors.
When compared with the typical time activity patterns of the
Italian population obtained from the literature (Soggiu, Vollono
et al., 2010; Pacitto, Stabile et al., 2018), the authors recognize
that the population investigated spent a shorter amount of time in
cooking activities and a longer period in the transport microenvi-
ronment. This is due to the specific population under investigation
which is composed of full-time workers typically eating out and not
cooking their own food; these differences with respect to the
typical population will affect the dose estimates as hereinafter
reported.

The sub-micron particle concentrations (in terms of PN and
LDSA concentrations) show, as expected, the highest median value
for cooking (3.6 x 10% part/cm® and 105 pm?/cm?) and eating
(2.7 x 10% partjecm® and 84 um?/cm?), even if such concentrations
were lower than those measured in other studies performed
through personal monitoring (Buonanno, Stabile et al., 2014;
Pacitto, Stabile et al., 2018). This is likely because the population
studied, as full-time workers, likely do not cook their own food and

Definitions of the terms “measured” and “not measured” adopted for the three parameters used for dose calculation.

Data Parameters adopted to calculate the dose
Particle Inhalation Time activity
concentrations rate pattern
Measured Concentration obtained from measurements Calculated on the basis Calculated on the basis of the

performed at the personal scale
(direct exposure assessment)
through personal monitors

Not measured Concentrations representative of the outdoor/city scale.

Indoor concentrations estimated through an outdoor-to-indoor

penetration factor (0.7 and 0.5 for day and night, respectively)

diaries filled out

directly by each individual
reporting the time

spent in each activity
Obtained from the literature
(Soggiu, Vollono et al., 2010;
Pacitto, Stabile et al., 2018) as
representative of the

typical Italian population

of the heart rates directly
measured for each individual
through a personal monitor

Obtained from the literature

(Adams, 1993; Schuda,

Moya et al., 2009, U.S.

Environmental

Protection Agency, 2009) as representative
of the typical population
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Fig. 1. Statistics of time activity patterns (TAPs, top-left panel), PN concentrations (top-right panel), LDSA concentrations (bottom-left panel) and inhalation rates (IRs, bottom-right
panel) as measured from the experimental campaign for the analysed population sample for each microenvironment/activity. Data are reported as box-plots that show minimum,

maximum, 25™ — 75™ percentile, and median values.

Table 4

Summary of the data measured in the experimental campaign (time spent, inhalation rate and PN and LDSA concentrations), as well as daily dose, contribution to daily dose,
and dose intensity calculated with the proposed full-field method (median values for all subjects).

Microenvironment Time spent (min/ Inhalation rate PN concentration LDSA concentration Daily dose Contribution to daily ~ Dose intensity
day) (cm®/min) (part/cm?) (um?/cm?) (mm?) dose (%) (mm?/min)
Transport 100 13 x 10% 13 x 10* 51 7.7 x 10" 11 0.59
Working 275 1.1 x 10* 8.2 x 10° 31 1.0 x 10% 17 0.40
Eating 66 1.2 x 104 2.7 x 10* 84 8.0 x 10! 10 0.99
Cooking 46 13 x 10* 3.6 x 10% 105 4.1 % 10! 8 1.00
Outdoor 40 1.4 x 104 1.1 x 104 49 3.0 x 10! 5 0.66
Indoor 364 1.1 x 104 14 x 10* 56 2.2 x 10? 33 0.63
Sleeping 453 6.2 x 10° 5.7 x 10° 32 9.5 x 10! 13 0.20
Table 5
Parameters for the evaluation of the received dose as reported in Tables 1 and 2 used as “not measured”.
Microenvironment Time spent (min/day) Inhalation rate (cm?/min) LDSA concentration (um?/cm?)
Transport 45 8.3 x 10° 35
Working 67 7.5 x 103 35
Eating 429 1.6 x 10* 35
Cooking 84 1.6 x 104 50
Outdoor 436 6.0 x 10° 25
Indoor 68 1.0 x 104 50
Sleeping 320 75 x 10° 35

often do not have lunch at home. In contrast, the concentrations
recorded in other activities are roughly similar to those found in
previous studies. In particular, PN concentrations ranged from
57 x 10° part/cm® (32 pm?/ecm®) for sleeping activities to
1.4 x 10% part/cm? (56 pm?/cm?) for indoor activities. The median
concentration measured for outdoor activities was 1.1 x 10% part/
cm? (49 pm?/cm?), which is similar to the median background PN
concentration measured in Cassino (6.0 x 10°~1.4 x 10% part/cm?®)
(Stabile, Dell'lsola et al., 2017; Pacitto, Stabile et al., 2018). This value

was adopted, as described in the methodology section, as the
concentration representative of the outdoor/city scale in the M4
simplified methodology. The authors point out that this outdoor PN
concentration value (1.1 x 10% part/cm?) is lower than the indoor
value (1.4 x 10% part/cm?); thus, as hereinafter reported, a simpli-
fied methodology only relying on the concentrations measured at
the city scale will underestimate the actual dose received by the
population. As regards the transportation, even if it is a critical
microenvironment due to the high concentration levels, its
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contribution to the daily dose results as minor due to the reduced
time spent therein.

The IRs calculated from direct measurement of heart rate show
an almost constant value for all activities except, of course, for
sleeping. Looking at the IRs reported in this paper, some differences
can be observed with respect to the typical data commonly used in
the literature (Adams, 1993; Schuda, Moya et al., 2009, U.S.
Environmental Protection Agency, 2009). In particular, the inhala-
tion rates calculated in the present paper result as follows with
respect to the literature values: cooking, 59 % higher; eating, 65 %
higher; indoor, 29 % lower; outdoor, 8 % lower, sleeping, 3 % higher;
transport, 30 % higher; working, 52 % higher. These differences are
likely due to the ability of the applied model to take into account
parameter specific for each individual (FVC, HR and age) which
cannot be considered by not measured literature values.

The received daily doses for each microenvironment/activity
resulting from the full-field method (MO0) are reported in Table 4 as
median values and in Fig. 2 as box-plots (refer to the M0 data in the
figure). The data clearly show that the higher and lower median
values obtained with the proposed full-field method result for in-
door (2.2 x 10> mm?) and outdoor (3.0 x 10! mm?) activities
respectively, while all the other activities are characterized by doses
ranging between 4.1 x 10' mm? (cooking) and 1.0 x 10> mm?
(working). The total daily dose of 7.5 x 10> mm? was quite low with
respect to those estimated in previous papers for the typical Italian
population (up to 2 x 10®> mm?) (Buonanno et al.,, 2011b; Pacitto,
Stabile et al., 2018). The lower total daily dose estimated for the
specific population is likely due to the quite low contribution of
eating and cooking activities to the daily dose (10 % and 8 %,
respectively, for the specific population investigated) (Table 4),
whereas in the abovementioned previous studies these contribu-
tions were >50 % of the total daily dose (Buonanno, Giovinco et al.,
2011; Pacitto, Stabile et al., 2018). Once again, the lower contribu-
tion is due to both the shorter time spent in such activities and the
lower particle concentrations; indeed, even if the larger ratios be-
tween dose contribution and time fraction (defined as the dose

intensities) of the present study are due to eating and cooking ac-
tivities (0.99 mm?/min and 1.00 mm?/min, respectively), such
values are lower than those measured in previous studies
(Buonanno, Giovinco et al., 2011; Pacitto, Stabile et al., 2018) in
which dose intensities for those activities were in the range of
4-14 mm?/min. The highest contribution to the daily dose for the
specific population analysed is due to indoor activity (33 %), while
the lowest contribution comes from outdoor activity (5 %). In any
case, with the exception of the cooking and eating activities just
discussed, the other activities recorded dose intensities <1; for
example, sleeping activity, as expected, is characterized by the
lowest dose intensity (0.20).

3.2. Comparison of the proposed full-field method with simplified
methods

To analyse the influence of the calculation methodology, the
daily doses received by the considered population sample were
calculated using the simplified methodologies described in Tables 2
and 3, and compared with those obtained through the full-field
method. In Fig. 2 the daily doses estimated with all the method-
ologies are presented as box plots for each activity/microenviron-
ment, while in Table 6 the median values of daily doses,
contributions to the daily dose and dose intensities obtained
through the different methodologies are summarized. The data
reported in Table 6 represent median values between all the pop-
ulation samples for each microenvironment/activity, while the total
doses at the bottom of the table represent median values between
the total doses of each subject in the sample.

As mentioned above, the median value of the total dose received
by the population sample, calculated with the full-field method-
ology (M0), was 7.5 x 10> mm?2. Adopting the M1 methodology, the
total daily dose was 3 % lower (7.3 x 10> mm?), whereas the M2 and
M3 methodologies provided total doses 3 % and 5 % higher than MO,
respectively (7.7 x 10> mm? and 7.9 x 10> mm?). Finally, the total
daily dose calculated with M4 methodology resulted 32 % lower
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Fig. 2. Daily doses received by the population sample for each microenvironment/activity as calculated with the different methodologies reported in Tables 1 and 2.



M. Scungio et al. / Environmental Pollution 266 (2020) 115209 7

Table 6

Daily dose, contribution to the daily dose, and dose intensity calculated adopting the different methodologies described in Table 1. The data represent median values between
all subjects for each activity, while the total dose, at the bottom of the table, represents the median value between the total doses of each subject.

Activity Daily dose (mm?) Contribution to daily dose (%) Dose intensity (mm?/min)

MO M1 M2 M3 M4 MO M1 M2 M3 M4 MO M1 M2 M3 M4
Transport 7.7 x 10" 4.5 x 10! 5.6 x 10" 3.5 x 10! 3.4 x 10! 11 7 9 5 7 059 064 050 052 050
Working 1.0 x 10? 1.3 x 10% 7.7 x 10! 7.7 x 10! 8.4 x 10! 17 16 9 12 17 040 040 0.25 026  0.26
Eating 8.0 x 10! 6.7 x 10! 5.0 x 10" 4.3 x 10! 1.8 x 10! 10 10 6 6 3 0.99 1.01 0.66 066 026
Cooking 41 x 10" 49 x 10! 2.9 x 10! 3.7 x 10! 1.3 x 10! 8 9 6 5 3 1.00 1.28 094 082 029
Outdoor 3.0 x 10! 5.2 x 10! 3.0 x 10! 6.0 x 10! 6.6 x 10! 5 7 5 8 13 066 062 0.79 0.72 0.78
Indoor 22 x 10> 26 x 10° 3.7 x 10? 40 x 10? 2.4 x 10? 33 38 48 52 46 0.63 0.63 094 094 055
Sleeping 9.5 x 10! 8.9 x 10! 1.0 x 10% 8.3 x 10! 6.5 x 10! 13 13 13 13 13 020 020 0.19 019  0.15
Total 75 x 10> 73 x10> 77 x10> 79 x10> 5.1 x 10?

than MO (5.1 x 10> mm?). The different dose values obtained need
for an in-depth analysis assessing the contribution of each
parameter. Looking at the total daily doses reported in Table 6, it is
possible to evaluate the influence on the calculation of the single
parameters (particle concentration, TAP and IR). In particular,
comparing the M1 methodology with the MO methodology, and the
M3 methodology with the M2 methodology, it is possible to high-
light the effect of the TAP: considering standard instead of
measured TAP values, the dose results 2.4 % lower in the case of
measured IRs (M1 versus M0) and 2.3 % higher in the case of
standard IRs (M3 versus M2). The effect of IR itself can be analysed
by comparing the total daily doses obtained with M0 and M2
methodologies; in particular, the use of IRs not directly measured
(M2) instead of measured ones (MO) results in an overestimation of
the received dose of 2.9 %. Anyway, comparing the doses calculated
with methodologies M0, M1, M2 and M3, i.e. considering particle
concentrations measured at personal scale, it can be seen that no
significant differences exist: the greatest difference in the dose
evaluation results from the comparison of M1 (measured IRs) with
M3 (standard IRs): in this case, the standard IRs lead to higher dose
estimation (7.9 %). The behaviour significantly changes when par-
ticle concentrations measured at city scale are used (M4). In
particular, by comparing M4 with M3, it can be seen that using
concentrations measured at the city scale (M4) instead of a direct
exposure assessment through personal monitoring (M3) resulted in
an underestimation of the total daily dose of 36 %. The activities
contributing the most to this difference are those performed in
indoor microenvironments (in particular cooking and eating)
which are badly estimated when concentrations at the city scale are
adopted.

The authors highlight that the differences recognized in the
received dose estimates are characteristic of the specific population
under investigation. Indeed, from the data shown here, it can likely
be inferred that greater differences among the different dose
calculation methods would have been detected for a population
spending more time in cooking and eating activities at home (e.g.
typical Italian TAPs); in other words, the use of simplified methods
to evaluate the dose would cause even larger particle dose un-
derestimates with respect to the actual dose quantifiable through a
full-field approach. Nonetheless, the specific population considered
does not affect the general finding of the paper, i.e. the importance
of adopting measured parameters for a proper estimate of the
received sub-micron particle dose of a population sample. A further
consideration that can be deduced from our results is that the dose
received by the typical Italian population [estimated in previous
papers as up to 2 x 10°> mm? (Buonanno, Giovinco et al.,, 2011;
Pacitto, Stabile et al., 2018)] could have been underestimated.
Indeed, the higher IRs measured with respect to the not directly
measured values would have significantly increased the actual
received dose.

3.3. Discussions and limitations of the study

The findings of this study highlight the criticalities in accurately
estimating the sub-micron particle dose received by a specific
population when no direct measurements of the parameters
contributing to the dose are available and, thus, simplified ap-
proaches have to be applied. The authors stress that the full-field
method itself is not easily applicable and has its own limitations.
First of all, it should be pointed out the limitation of self-reported
time-activity diaries made out by paper and pencil, and even if
direct recording of the TAP will likely be made easier through wrist-
worn devices such as trackers (Maher, Ryan et al., 2017), direct
measurement of the other two contributors to the daily dose is not
easily achievable and presents metrological concerns. In particular,
the IRs in this study were obtained on the basis of heart rates
directly measured through personal monitors that are not
commonly used on a daily basis. Furthermore, a discussion on the
metrological performance of the instruments available for personal
monitoring of the particle concentration is needed. As described in
the methodology section, the wearable instruments typically used
to measure the concentrations to which people are exposed during
their daily life provide measurements of particle number and lung
deposited surface area concentrations. The latter is useful for esti-
mating the surface area dose since it represents the product be-
tween the surface area concentration and the alveolar/
tracheobronchial deposition fractions size-by-size that otherwise
should have been calculated as follows: (i) measuring particle
number distribution through differential mobility particle size
spectrometers (e.g. a scanning mobility particle sizer); (ii) con-
verting the particle number distribution to a particle surface area
distribution (assuming or knowing the shape of the particles); (iii)
multiplying the particle surface area distribution by the corre-
sponding lung deposition probability [e.g. applying the above-
mentioned ICRP model (International Commission on Radiological
Protection, 1994)]. Nonetheless, the diffusion chargers are clearly
not able to replace such complex procedures; as mentioned above,
they provide a measure of the lung-deposited surface area con-
centration considering the particle deposition fraction of a specific
activity [reference worker under light exercise and breathing only
through the nose (Asbach, Kaminski et al., 2012)]; thus, the depo-
sition fractions (and then the LDSA concentrations) of other activ-
ities and exercise could be miscalculated. In addition to such
oversimplification of particle deposition, the diffusion chargers are
also characterized by metrological performances poorer than those
typical of non-portable laboratory-based instruments used to
measure particle concentrations and size distributions (e.g.
condensation particle counters and differential mobility particle
size spectrometers). Previous papers have recognized that diffusion
chargers can significantly overestimate or underestimate particle
number concentrations (and consequently LDSA concentrations)
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depending on the type of aerosol under investigation in terms of
the mode of the particle under measurement, the presence of pre-
charged particles, and the presence of aggregate particles (Fierz,
Houle et al, 2011; Asbach, Kaminski et al., 2012; Buonanno,
Jayaratne et al., 2014; Vosburgh, Ku et al., 2014; Bau, Payet et al.,
2017; Todea, Beckmann et al., 2017). Therefore, adopting a full-
field approach to calculate the dose is undoubtedly correct from a
methodological point of view, but the application of such an
approach is problematic and can hide measurement uncertainties
that could nullify the advantage theoretically provided by direct
exposure assessment if proper comparisons with reference in-
struments for the different aerosols investigated are not performed.
The limitations described here raise a more essential question that
should be addressed in the future: are we really able to measure the
particle surface area dose of the population with an acceptable
uncertainty? At present, the technological solutions available to
measure/obtain necessary data for the dose evaluation are not yet
adequate and result in high levels of uncertainty. Future develop-
ment of this research field should aim to address such limitations
and to estimate the uncertainty of the dose.

4. Conclusions

In this paper a new method to calculate the sub-micron particle
surface area dose received by a population, named full-field
method, was proposed and tested. The method was tested using
a population sample made up of full-time workers living in Central
Italy. The method is based on direct measurements of the main
parameters contributing to the dose that in other simplified ap-
proaches are estimated on the basis of data from the literature: the
particle concentrations to which a population is exposed, the time
spent in each activity (time activity pattern, or TAP), and the air
inhaled during such activities (inhalation rate, or IR). Particle con-
centrations were measured through a direct exposure assessment
(i.e. using personal monitors with high spatial and temporal reso-
lution), whereas TAPs were assessed by means of a personal diary,
and IRs were evaluated from heart rate values directly measured for
each individual through a mobile monitor. The received surface
area dose calculated with the full-field method was then compared
with those obtained from different simplified methodologies using
typical values for particle concentrations, TAPs and IRs in order to
analyse the influence of the calculation methodology.

The data obtained through the different approaches highlighted
how the methodology applied can affect significantly the estimate
of the dose received by the population. Indeed, using the TAPs
typical of the Italian population instead of measured values of the
population sample under investigation can lead to difference of
about + 3%. The effect of the IR was similar; in fact, the dose esti-
mated through typical IRs was 3 % higher than that obtained
through actual IRs of the population sample investigated. Finally,
when the exposure assessment to determine the particle concen-
tration was estimated through oversimplified approaches based on
concentrations measured at the city scale rather than at the per-
sonal scale, an underestimation of 35 % for the specific population
investigated was detected. The main contributors to such differ-
ences were the indoor activities (due to the long time spent un-
dertaking them), and cooking and eating activities (due to the high
concentrations). The authors also highlight that such differences
among the different methodologies could have been even larger for
a population characterized by a different lifestyle, such as a popu-
lation spending more time in cooking activities, as is characteristic
of the typical Italian population.
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