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Cyclists’ exposure to atmospheric and noise pollution: a
systematic literature review
Jérémy Gelb and Philippe Apparicio

Institut national de la recherche scientifique, Urbanisation Culture Société, Montréal, Canada

ABSTRACT
Cyclists constitute a population particularly exposed to
atmospheric and noise pollution in urban environments; at the
same time, they contribute to its reduction. For about ten years
now, more and more studies have been completed to assess
cyclists’ exposure, comparing this mode of transportation with
others, quantifying its impacts in term of individual and collective
health, understanding cyclists’ perceptions regarding their
exposure, etc. Though some literature reviews have examined
some of these specific issues, none have yet proposed a general
overview of this field of study. Therefore, this mapping literature
review fills this gap by jointly analysing 205 articles and
identifying elements of consensus and disagreement, as well as
existing gaps. Among others, our results indicate that the cities in
the South and exposure to noise are under-studied and that
cyclists’ ventilation is still too rarely accounted for, regardless of
the type of studies. Modelling studies regarding exposure are too
heterogeneous methodologically to allow a generalisation of
their results. Conversely, intermodal comparison studies clearly
indicate overexposure for cyclists compared to other modes. Also,
health studies conclude that, either individually or collectively,
the benefits of cycling surpass the costs of exposure to
atmospheric pollution. The knowledge produced by this research
trend remains difficult to exploit by urban planners, but the
recent work done seems to offer more practical perspectives to
professionals.

ARTICLE HISTORY
Received 19 November 2020
Accepted 22 February 2021

KEYWORDS
Environment; urban
transport; cyclist; air
pollution; noise; exposure

Introduction

The bicycle has experienced a rebirth since the beginning of the twenty-first century in
many Northern cities (Pucher, Buehler, & Seinen, 2011). This rebirth is partly explained
by its benefits to physical and mental health, its ecological nature, revitalisation of city
centres, and growing congestion in the cities. More recently, the COVID 19 pandemic
has significantly impacted urban transport systems and researchers suggest that
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bicycle modal share has increased (Huang et al., 2020). Today, the bicycle is considered by
planners to be a sustainable mode of transportation with net benefits for society (Gössling
& Choi, 2015). In many cities of the global South, despite increasing motorisation, the
bicycle remains a significant mode of transportation due to its flexibility and its accessi-
bility (Oke, Bhalla, Love, & Siddiqui, 2015). However, due to their direct proximity with
traffic and increased ventilation, cyclists are directly exposed to this pollution though
they do not generate it. Combined with a broad domination of the vehicle in traffic
spaces in most parts of cities worldwide, this generates a blatant situation of injustice
in transportation (Gössling, 2016). Parallel to this, the development of low-cost sensors
in the last decade generated a real paradigm shift in studying these types of pollution
(Snyder et al., 2013). This opened up new fields of studies on cyclists’ exposure by contri-
buting data at finer spatial and temporal scales than traditional networks using static
monitoring stations are capable of producing.

In this context, it is not surprising to see that a field of research on cyclists’ exposure to
atmospheric and noise pollution was developed. It should be mentioned that literature
reviews already exist on specific research topics such as the comparison of levels of
exposure according to mode of transportation (Cepeda et al., 2017; de Nazelle, Bode, &
Orjuela, 2017), the impacts of bicycling on health (Knibbs, Cole-Hunter, & Morawska,
2011; Mueller et al., 2015), or even the inhaled doses of pollutants by cyclists (Bigazzi &
Figliozzi, 2014). Considering the diversity of research on cyclists’ exposure, a systematic
review discussing the different lines of research is necessary for the intersection of their
contributions, and to put into perspective the consolidated knowledge and remaining
gaps. This information is essential to orient upcoming research studies and the practice
of professionals in development and transportation. To this effect, we propose this
mapping literature review (Grant & Booth, 2009). Only air and noise pollution exposures
are considered here because of their known relationships and because they are often ana-
lysed with similar conceptual frameworks and methods. Risk of accident is also an impor-
tant concern, but is less directly linked to the two other exposures, is already extensively
studied, and many literature reviews are available.

Review methodology

The issue of cyclists’ exposure to atmospheric and noise pollution is at the intersection
of many domains (particularly transportation, health, environment, urban planning). We
have excluded articles in the fields of physics, chemistry, and engineering, and only
English publications published before 1 January 2021 in peer-reviewed scientific journals
were retained. They were extracted from four databases. The first two, Web of Science
and Scopus, are multidisciplinary. GreenFile (EBSCO) identifies studies on the relation-
ship between the human being and the environment. Transport Research International
Document (TRID), as its name indicates, specialises in research on transportation. The
search query utilised for the four databases is the following: ((POLLUT* OR NOISE)
AND (CYCLI* OR BIKE OR BICYC*) AND EXPOSURE), applied to titles, summaries, and
key words.

After removing duplicates, we screened the papers during two sorting phases (the first
on titles, the second on summaries) and included the encountered relevant references to
the corpus for a total of 205 articles (see Supplementary material S1).
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Results

In a first section, we identify six trends of studies among the articles selected. In a second
section, we present the evolution of these studies in terms of both time and space. In the
third section, we provide detail for the pollutants studied and the collection methods
used. Finally, the last section reviews in details each of the six groups separately.

Classification of the studies identified according to six trends

We compiled the articles identified according to six main research questions:

. What are cyclists’ levels of exposure to atmospheric and/or noise pollution? (entitled
observation studies, 34 articles)

. How do these levels of exposure vary according to the transportation mode utilised?
(comparison studies, 56 articles)

. What factors contribute to an increase or a decrease of these levels of exposure? (mod-
elling studies, 35 articles)

. What are the impacts of these exposures on cyclists’ health? (health studies, 52 articles)

. To what extent could cyclists’ exposure be reduced? (planning studies, 16 articles)

. What are cyclists’ perceptions, behaviours, and strategies toward these pollutants?
(perception studies, 21 articles)

The studies intersecting different questions were duplicated in their respective
categories.

Spatio-temporal evolution

Two main periods
We distinguish two periods in the development of studies on cyclists’ exposure: the phase
of pioneer studies (2001–2011), followed by a phase of diversification (2012-present)
(Figure 1a). The first phase includes 36 articles mainly about European cities (Figure 1b)
and is dominated by intermodal comparison studies and health impact assessments.
The second period (2012–2020) consisting of 169 articles is characterised by a diversifica-
tion of research questions and fields of study.

A high concentration in the cities of the North
Themajority of the studies were carried out in cities of the global North (Figure 2), a finding
shared by several literature reviews on the subject (Cepeda et al., 2017; Kaur, Nieuwenhuij-
sen, & Colvile, 2007; Mueller et al., 2015; Raza, Forsberg, Johansson, & Sommar, 2018). We
reiterate that we have selected solely articles in English, which certainly contributes to this
imbalance. Europe is by far the region that has been studied most extensively, particularly
Belgium (n = 23) and the Netherlands (n = 20). This can most likely be explained by the
high modal share of cycling in numerous Northern European cities, and by the implemen-
tation of surveillance policies and mitigation of atmospheric and noise pollution in the
European Union. Some research teams also reused the same databases for different
research, or simultaneously studied multiple cities, which increases this concentration.
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Thesmallnumberof studies in thecitiesof theGlobal South isparadoxical consideringthat
the levels of noise and atmospheric pollution are regularlymuch higher than those observed
in the cities of the North, and that an appreciable part of the population uses activemodes of
transportation because of economic constraint and not by choice. A few recent studies were
led in Asia (especially China and India) and in South America (Columbia and Brazil); Africa,
Indonesia, but also Japan remain forgotten territories in this field of research.

Pollutants considered: domination of particulate pollutants and low
consideration of noise

Particulate pollutants are by far the ones most intensively studied (Table 1): PM10 (n = 46),
PM2.5 (n = 93), UFP (n = 42), PNC (n = 24) and Black Carbon (BC or soot, n = 59). The gas

Figure 1. Temporal evolution of type and location of the selected studies.
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pollutants more intensively studied are respectively carbon oxides (CO2, n = 6; CO, n = 27)
and nitrogen oxides (NO2, n = 28; NOx, n = 10). The Volatile Organic Compounds (VOCs, n
= 17) are also often studied, but group together an exceptionally large number of
different molecules. This distribution of pollutant studies is similar to that reported by
Bigazzi and Figliozzi (2014) in a literature review on cyclists’ inhalation of atmospheric
pollution.

Three reasons can explain the marked dominance of particulate pollutant studies.
These pollutants were measured starting with the first studies on cyclists’ exposure,
thus establishing a path dependence. Furthermore, particulate pollutants and more
specifically particulates with smaller diameters (<1 μm) have significant impacts on
health (Anderson, Thundiyil, & Stolbach, 2012). Finally, road traffic is one of the main par-
ticulate emitters through combustion (fine particulates), break and tire abrasion, and dust
resuspension (coarse particulates). They are therefore extensively used to represent
cyclists’ exposure to atmospheric pollution produced by road traffic.

Figure 2. Map of the selected studies.

Table 1. Considered pollutants.
Pollutant Studies (n)

PM2.5 93
Ultrafine Particles (UFP) 42
Black Carbon (BC or soot) 59
PM10 46
Carbon Monoxide (CO) 27
Nitrogen Oxides (NO2 or NOx) 38
Particle Count (PNC) 24
Volatile Organic Compounds (VOCs) 17
Carbon Dioxide (CO2) 6
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Multiple exposure
Interestingly, only 24 studies considered noise exposure. Among these, 17 also include
atmospheric pollution. This shows that cyclists’ exposure to noise and their multiple
exposure are understudied. This is probably because cyclists’ physical effort and venti-
lation act as multipliers in their exposure to atmospheric pollutants, which is not the
case for noise. Add to this the increased complexity of the collection and structuring of
data due to the addition of supplementary measuring equipment.

The degree of correlation observed between cyclists’ exposure to noise and atmos-
pheric pollutants varies according to the pollutants measured and the temporal and
spatial aggregation of data. The majority of studies report low correlations (<0.25) (Appa-
ricio, Carrier, Gelb, Séguin, & Kingham, 2016; Boogaard, Borgman, Kamminga, & Hoek,
2009; Gelb & Apparicio, 2020; Liu et al., 2019; Minet et al., 2018b; Okokon et al., 2017)
and in more rare cases, average correlations (<0.6) (Boogaard et al., 2009; Liu et al.,
2019; Okokon et al., 2017). Beyond these simple correlations, a series of studies (Deko-
ninck et al., 2015b; Dekoninck, Botteldooren, & Int Panis, 2013, 2015a) proposed to
model cyclists’ exposure to BC with their exposure to noise and used very detailed
data (one second resolution and spectral noise measurement). More particularly, the
authors suggest that the low frequencies in the sound spectrum are more correlated
with the concentration of BC and would therefore reflect part of the environmental
noise produced by road traffic. This finding suggests that cyclists’ exposure to noise
and atmospheric pollution are two related issues, but one cannot summarise the other.

Ventilation still poorly considered
Due to their physical activity, cyclists have a higher average ventilation than users of
motorised transportation modes, inducing superior inhalations of atmospheric pollutants
(Int Panis et al., 2010). Ventilation is therefore a key parameter where there is an interest in
cyclists’ exposure. When ventilation is not considered, cyclists’ exposure is systematically
underestimated in comparison with other transport modes and the effect of other par-
ameters increasing the physical activity (like slope, travel speed, wind, etc.) are hidden.

Among the studies measuring exposure to atmospheric pollution, only 59 include ven-
tilation and inhalation of atmospheric pollution in their analysis. Furthermore, 30 of them
simply use fixed averages for ventilation (recommended by health agencies such as the
EPA or other studies), 19 model it with another measure of physical activity (heart rate,
metabolic equivalent of task, speed, acceleration) and only 10 measure it directly with bio-
metric t-shirts or mobile spiroergometric devices, most of them being health studies con-
cerned about individual short-term response to air pollution exposure. Note here that a
study compared five methods to estimate intake dose of traffic-related air pollution
(Dons et al., 2017) and indicated high correlations between them. Despite the central
role it plays regarding cyclists’ exposure, ventilation still remains inadequately integrated
in these studies. This finding is also shared by Bigazzi and Figliozzi (2014) and Cepeda
et al. (2017).

Data collection: extensive versus intensive

The studies including primary data collection are part of the change in the current para-
digm of measuring pollution (Snyder et al., 2013). Exposure data are collected in
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movement with the help of portable sensors, unlike traditional approaches using fixed
measurement stations. This approach allows to capture the spatial and temporal finer
variation in cyclists’ exposure, contrary to fixed stations which tend to underestimate
exposure for individuals (Cole-Hunter, Morawska, Stewart, Jayaratne, & Solomon, 2012;
Krecl et al., 2019; Van den Bossche et al., 2015).

Two data collection approaches clearly stand out. The first (n = 94) is characterised by
the repetition of measurement on predetermined routes. It mainly aims to meet four
objectives: compare the levels of exposure for similar routes according to mode of trans-
portation; compare the levels of exposure for different routes with the same origins and
destinations; compare the levels of exposure and potential impacts on health between
routes with minimal and maximal exposure to road traffic; estimate the average levels
of exposure on specific segments.

This intensive approach is interesting since the replication of measures on the same
route allows us to quantify the variability of measures of exposure. The high variability
observed can be explained by the use of portable sensors that are less precise than the
reference stations and by one-time events that may affect exposure values (passing of
a heavy goods vehicle, car horn, swirling up of dust, etc.). The issue of the number of rep-
etitions necessary on an axis to have a representative sampling was the object of two
articles (Anowar, Eluru, & Hatzopoulou, 2017; Van den Bossche et al., 2015) that come
to similar conclusions (approximately 17 passages).

The second approach (n = 35) leaves the participants totally free to move or imposes
diversified itineraries to maximise spatial coverage and the diversity of the urban environ-
ment. Compared to the intensive approach, it generates data with a higher variability but
allows for a better potential of city-wide generalisation (if the coverage of the collection is
extensive and dense). Locally, the small number of repetitions on a same axis does not
allow for defining a typical exposure value for a street segment. However, the extensive
approach proposes an indirect form of replications: the multiplication of sample routes
necessarily involves taking measures in similar environments and allows for the stabilis-
ation of the parameters being studied. It is not surprising that the extensive collection
method is more often used for modelling studies, whereas health and comparison
studies regarding exposure according to mode of transportation mainly use the intensive
approach. These two approaches are therefore complementary as they do not meet the
same objectives.

Detailed analysis of six trends

Observation studies, a descriptive backdrop
Observation studies measure exposure for a few cyclists for a restricted number of routes
and limited to a descriptive analysis. Often, these papers constitute test cases for new
mobile monitoring stations developed by research teams (Elen et al., 2013; Kaur et al.,
2006; Mead et al., 2013). This description can mobilise a spatial analysis, in particular
with the mapping of values for the pollution measured; a temporal analysis comparing
different times of day, days of the week or seasons, or even establishing a relationship
with other parameters such as wind speed and its direction, the use of alternate routes
and the proximity of road traffic (Berghmans et al., 2009; Cole-Hunter et al., 2012;
Lonati, Ozgen, Ripamonti, & Signorini, 2017; Targino et al., 2016). Since these different
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parameters are not considered simultaneously, the conclusions that can be drawn from
these studies are limited, their main interest being to provide information on cyclists’
typical exposure values in different cities.

Intermodal comparison studies, heterogeneity of the exposure, and the
importance of ventilation
These studies aim to compare cyclists’ levels of exposure to atmospheric and noise pol-
lution to that of other modes of transportation. There are already three literature
reviews specifically addressing intermodal comparison studies (Cepeda et al., 2017; de
Nazelle et al., 2017; Kaur et al., 2007). However, they only address atmospheric pollution.
We shall detail their results before presenting complementary elements, thus avoiding
any repetitions.

Cepeda et al. (2017) present a review of 39 articles. By calculating the exposure ratios
according to transportation mode, they found that in the majority of cases, drivers are
more exposed to all the atmospheric pollutants than those using active modes of trans-
portation (+22% according to the median ratio). Those who use active modes of transpor-
tation would be less exposed because they are farther away from the centre of the road –
where the concentration of pollutants is the highest– and they are not enclosed in a com-
partment. The authors noted significant differences according to the pollutants
measured, which led to a strong heterogeneity of the ratios calculated. Added to this,
Kaur et al. (2007) already noted the inter-mode air pollution exposure variations but
also stressed the important intra-mode variations caused by many factors such as geo-
graphical location, meteorological conditions, or traffic parameters. When inhalation
(present in only 12 of 39 studies) and the length of travel are taken in account, it is
quite clear that those who use active modes of transportation absorb more pollutants
than others. For the same route, the dose of atmospheric pollutants inhaled by a driver
would be equivalent to only 22% (median ratio) than those inhaled by users of active
transportation.

The review by de Nazelle et al. (2017) is a meta-analysis including only 10 articles solely
for European cities. In most of these studies, the differences in intermodal exposure are
insignificant (p > 0.05); however, inhalation was not considered in this meta-analysis.
One last interesting result put forward by de Nazelle et al. (2017) is the deviation
between the values observed by fixed stations (measuring background pollution) and
portable sensors (measuring individual exposure), which was also noted by Kaur et al.
(2007). The levels of direct exposure for cyclists were close to twice as much as the
levels of background concentrations for PM2.5 and UFPs, three times higher for BC, and
more than four times higher for CO. This finding highlights the relevance of using porta-
ble sensors to estimate cyclists’ exposure.

Our own findings are along the same lines as these three reviews. Of the 56 articles
retained, we have extracted the average exposure values (or medians depending on avail-
able values) from the different atmospheric pollutants. Then, we calculated the ratio
between exposure for cyclists and drivers for each article. Thus, we obtain 105 ratios
where the average is 1.41, the median 1.01, and the interquartile interval 0.88. We there-
fore share the findings of Cepeda et al. (2017), de Nazelle et al. (2017) and Kaur et al.
(2007): on average, cyclists seem less exposed to atmospheric pollutants but the high
variability between the studies moderates the finding.
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For the average levels of inhalation, we noted 76 comparisons between drivers /
cyclists. We obtain much more significant differences disadvantaging cyclists with an
average of 0.47, a median of 0.21, and an interquartile interval of 0.27. It must be
noted that the median is close to the value first reported by Cepeda et al. (2017), indicat-
ing that cyclists would absorb 5 times as much atmospheric pollutants than drivers. Like-
wise, we noted a lower heterogeneity for inhalation results (interquartile interval of ratios
0.88 vs 0.27), which once again highlights the essential role of ventilation.

Only seven intermodal comparison studies – cyclists versus drivers – accounted for the
levels of exposure to noise (Apparicio, Gelb, Carrier, Mathieu, & Kingham, 2018; Boogaard
et al., 2009; Kraus et al., 2015; Liu et al., 2019; Okokon et al., 2017; Vouitsis, Taimisto, Keles-
sis, & Samaras, 2014; Yao, Ma, Cushing, & Lin, 2017). Note that Boogaard et al. (2009) does
not report on the descriptive statistics for the levels of exposure to noise for cyclists and
drivers, and that Okokon et al. (2017) does not report on the data for exposure to noise for
drivers in Rotterdam. Thus, we dispose of only seven drivers-cyclists comparisons for
noise, that is, Montréal, Helsinki, Thessaloniki (2 values), Toronto, Chengdu, and Augsburg
with respective differences of 1.92, 6.0, 4.0, 4.2, 14.2, 8.5 and 1.5 dB(A) each time to the
detriment of cyclists. These deviations are far from being insignificant but because of
the low number of studies completed, it is difficult to say that this situation is systematic
in the urban environment.

Modelling study: a heterogeneous research axis under development
The third study group (n = 35) aims to identify which factors significantly impact cyclists’
levels of exposure, the scale of their effects, and potentially the practices to be
implemented to reduce these levels of exposure. Regression techniques are the most
often used, especially classic linear regressions (n = 20). Only a few articles stand out by
employing more advanced methods such as:

. Spatial regressions (spatial-lag) to account for spatial autocorrelation (Apparicio et al.,
2016);

. Mixed effects regressions (GLMM) to account for the pseudo-replication induced by
group effects (Gelb & Apparicio, 2019; Hatzopoulou et al., 2013b; Pattinson,
Kingham, Longley, & Salmond, 2017; Zuurbier, Willems, Schaap, Van der Zee, &
Hoek, 2019);

. Generalised Additive Models, to include non linear relations between independent
variables and the dependent variable (Dekoninck et al., 2013, 2015a; Gelb & Apparicio,
2019, 2020);

Machine Learning algorithms – Random Forest, Support Vector Regressions, neural
networks, or the k-nearest neighbours – are also useful, and often compared with
regression models. Considering the complexity and nonlinearity of relations between
atmospheric and noise pollutants and the urban environment, these advanced
methods (i.e. spatial regressions, GLMM, GAM, and Machine Learning) are worth more reg-
ularly integrating in studies.

The quality of the models’ adjustment varies greatly from one study to the next, par-
ticularly due to the diversity of the pollutants measured, the quantity of data collected,
the temporal resolution, the collection method, and the eventual aggregation of data.

TRANSPORT REVIEWS 9



We indicated the R2 values when these were available (47 values obtained). Although they
do not allow comparison between models, they provide an idea of the scope of regression
models’ capacities to predict cyclists’ exposure. For most of the studies, the R2 values vary
between 0.23 and 0.69 (first and last deciles), including studies modelling noise. This indi-
cates that the data collected on cyclists’ exposure includes a significant portion of poten-
tially unexplainable variance, due to the high spatio-temporal variability of the
phenomenon.

We also distinguish two groups of studies on the modelling of cyclists’ exposure. The
first is inspired by Land Use Regression (LUR) (Hoek et al., 2008). As with LUR, which aim to
predict and map concentrations of atmospheric pollutants using data collected from fixed
stations, these studies aim to generate exposure mapping with data from mobile collec-
tions for a given territory, and therefore locate eventual exposure hotspots (Dekoninck,
Botteldooren, & Int Panis, 2015a; Hankey & Marshall, 2015; Hong & Bae, 2012; Minet
et al., 2018a; Targino et al., 2016; Van den Bossche, De Baets, Verwaeren, Botteldooren,
& Theunis, 2018; Van den Hove, Verwaeren, Van den Bossche, Theunis, & De Baets,
2020). In other words, the first objective of these LUR based on mobile collections
resides not so much in understanding the model as in the final mapping and prediction
capacity of the model.

Contrary to this, a second study group adopts a more comprehensive approach to
cyclists’ exposure and attaches a particular importance to the identification of factors con-
tributing to significant decrease or increase of levels of exposure (Apparicio et al., 2016;
Apparicio & Gelb, 2020; Brand et al., 2019; Gelb & Apparicio, 2019, 2020; Krecl et al.,
2019; Pattinson et al., 2017; Qiu, Wang, Zheng, & Lv, 2019).

The predictive factors integrated in these studies can be split into six distinct cat-
egories. They are detailed below by frequency of utilisation; this order does not reflect
the size of the effects of these different parameters.

Weather

Temperature, humidity, and wind speed are most often controlled, and more rarely pre-
cipitations, atmospheric pressure, and wind direction. The first two parameters are gener-
ally measured directly by portable pollution monitors that usually have sensors for
temperature and humidity. The others are obtained from local weather services or
through fixed stations. These measures are therefore not taken in real time but come
from secondary data on temporal (hourly or half-hourly) or spatial scales that are much
less precise.

One study also integrated sunshine in the prediction of BC but with no significant
result (Merritt et al., 2019). Yet, considering the significant impact of UV radiations on
the interactions between different gas pollutants, this parameter would be worth consid-
ering in a more systematic fashion. In almost all the studies, the meteorological par-
ameters had a significant and appreciable impact on cyclists’ exposure to atmospheric
pollutants. However, the significance and direction of these relations are uncertain,
varying according to the pollutant and interactions with other variables (particularly tem-
poral factors). As an example, concerning UFPs, many studies have found that an increase
in temperature was associated with an increase of their concentration (Minet et al., 2018a;
Pattinson et al., 2017), while others indicate a decrease (Farrell, Weichenthal, Goldberg, &
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Hatzopoulou, 2015; Hatzopoulou et al., 2013b). In the same vein, Qiu et al. (2019) found a
negative relationship between humidity and UFP concentration, whereas Farrell et al.
(2015) and Minet et al. (2018b) found a positive relationship.

Wind direction is almost always insignificant in the models presented. Wind speed,
on the other hand, is a parameter that provides more consensus: when it increases,
the concentration of the different atmospheric pollutants decreases, whether they
are gas or particles (Apparicio et al., 2016; Hatzopoulou et al., 2013b; Hong & Bae,
2012).

Considering the significance of these control factors for modelling atmospheric pol-
lution, a study not integrating any weather parameters should necessarily be the
object of a review.

Concerning exposure to noise, meteorological parameters seem to play a less signifi-
cant role. (2018b) have reported a negative association between exposure levels to
noise and wind speed, with a decrease of –0.371 dB(A) for each additional km/h, and
no effect with temperature. On the other hand, Apparicio et al. (2016) and Gelb and Appa-
ricio (2020) found no significant relationship between exposure to noise and temperature,
humidity, and wind speed.

These meteorological variables should continue to be integrated in noise prediction
models since they directly impact noise propagation in the air. However, the incapacity
of the models to detect these impacts suggests that the size effects are limited.

Road traffic

The objective of the second group of variables is to describe road traffic, the main source
exposure for cyclists. This is a difficult phenomenon to measure, being integrated into the
models through indirect indicators. More often, it is the type of axis on which the measure
is taken (Dons et al., 2013; Farrell et al., 2015; MacNaughton, Melly, Vallarino, Adamkiewicz,
& Spengler, 2014). The underlying assumption is that major axes support a higher volume
of vehicles than minor axes. However, the typology of the axes does not only reflect the
effect of traffic but also that of the street’s morphology (width, street-canyon), which may
make the interpretation of results difficult. Similarly, the typology of cycling infrastructure
allows to distinguish between on-street and off-street infrastructure. Off-street infrastruc-
ture is farther away from road traffic where lower levels of exposure are generally
observed. Note that from one study to the next, the diversity of street typologies rep-
resented complicates comparison of results. The collaborative mapping project Open-
StreetMap constitutes an interesting opportunity to surpass this limit since it provides
a road network that is relatively complete in numerous cities with a harmonised typology
(Gelb & Apparicio, 2019, 2020).

Other studies utilise daily traffic volume estimations (Bigazzi & Figliozzi, 2015; Mac-
Naughton et al., 2014; Minet et al., 2018a) or do direct counting of vehicles (particularly
from videos of these routes) (Hatzopoulou et al., 2013b; Zuurbier et al., 2019). Direct
counting of vehicles during cyclists’ journeys allows the capture of immediate impact
of traffic on cyclists’ exposure (for each additional vehicle met), while estimations of
daily traffic volume and types of streets capture a more systematic dimension of pollution
(that is, accumulation in the case of atmospheric pollution). These two dimensions are
complementary, and it would be advantageous to study them simultaneously. In all
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cases, road traffic is associated with a significant increase of exposure to atmospheric and
noise pollution.

Temporal factors

Temporal factors group together variables describing the time of day (Apparicio et al.,
2016; Brand et al., 2019; Dons et al., 2013), the day of the week (Gelb & Apparicio,
2019; Hofman, Samson, Joosen, Blust, & Lenaerts, 2018), or the season (Liu et al., 2019).
In fact, atmospheric and noise pollution are closely related to the flow of activities and
the weather variations that follow specific temporal patterns. Therefore, these are essen-
tially important control variables. However, if mobile data collection provides the oppor-
tunity to obtain data on a precise spatial scale, they do not allow an efficient capture of
the temporal dimension of atmospheric and noise pollution. Because they are done over
short time periods, they do not allow the capture of daily and seasonal systematic vari-
ations, a task for which traditional networks of fixed measurement stations are more
relevant.

Urban environment

The characteristics of the urban environment most often utilised are directly inherited
from the LUR, more particularly the land use densities (residential, industrial, commercial,
green spaces and parks, etc.) in a given radius surrounding sections sampled. Add to this
the remoteness of equipment such as railways, major axes, bus stops, airports, ports, and
industries, etc. The results of these studies are contradictory at times, which can be
explained by the high number of variables multiplied by the different buffer sizes selected
by step-wise regressions. Nonetheless, some general trends emerge: remoteness of pol-
luting equipment (airport, plants, bus lines, railways, major roadways), density of green
spaces and presence of vegetation, generally allowing for the reduction of exposure
levels to atmospheric pollutants. Conversely, industrial and commercial sectors, as well
as residential density, are associated with superior exposure levels (Hong & Bae, 2012;
Minet et al., 2018a, 2018b; Van den Bossche et al., 2018).

On a more micro scale, many studies also integrate characteristics relative to the
street’s configuration, such as density of buildings (Apparicio et al., 2016), street-
canyon (Dekoninck et al., 2013; Gelb & Apparicio, 2020; Krecl et al., 2019; Van den
Bossche et al., 2018), number of intersections (Apparicio et al., 2016; MacNaughton
et al., 2014), presence of vegetation (MacNaughton et al., 2014), and slope (Gelb & Appa-
ricio, 2019). However, we still do not have enough cases of application to come to a
consensus.

Background pollution

Background pollution corresponds to the regional levels of concentration of atmospheric
and noise pollution. It varies in time and space and adds to local pollution to the extent
cyclists are exposed. Controlling background pollution is essential in studying the local
variation of cyclists’ exposure. To do so, some authors propose the use of data from
fixed stations. These data can be included as control variables in the models constructed
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(Bigazzi & Figliozzi, 2015; Hofman et al., 2018; Krecl et al., 2019; MacNaughton et al., 2014;
Merritt et al., 2019). Another approach consists of calculating a data correction factor for
individual exposure based on background concentration values upstream of the analysis
(Dekoninck et al., 2013; Dons et al., 2013; Hankey & Marshall, 2015; Hong & Bae, 2012). The
addition of temporal and spatial factors in the models is also an indirect way of controlling
the effect of background pollution without having recourse to data from fixed stations. If
the temporal dimension is often integrated (see preceding section), accounting for the
spatial dimension of background pollution is rare (Adams, Yiannakoulias, & Kanaroglou,
2016; Apparicio & Gelb, 2020; Dons et al., 2013; Gelb & Apparicio, 2019, 2020; Liu et al.,
2019).

Pseudo-replication

Surprisingly, most studies do not consider the problem of pseudo-replication. Neverthe-
less, three autocorrelation sources characterise the mobile data collected on cyclists’
exposure to atmospheric and noise pollution: temporal (Gelb & Apparicio, 2019, 2020),
spatial (Adams et al., 2016; Apparicio et al., 2016; Gelb & Apparicio, 2020), and group
effects (Farrell et al., 2016; Hatzopoulou et al., 2013b; Liu et al., 2019; Zuurbier et al.,
2019) autocorrelations. For the first, it is evident that two successive measures of a cyclist’s
exposure have more of a chance of being similar than two measures taken randomly in
time, which can be directly transposed for space. Finally, the plurality of sensors, partici-
pants, collection days, and cities in the same study are as many factors generating group
effects. In fact, two measures from the same sensor, on the same day or in the same city,
have more chances of being similar than two measures taken randomly. When these
effects are not accounted for, the outcomes of the models (values of parameters and
degree of significance) are potentially biased. These elements should be taken into
account systematically in modelling studies, especially considering the array of
methods available to limit their effects.

Modelling studies constitute a disparate group within which it remains difficult to
reach elements of consensus. However, they provide interesting perspectives about
development due to their capacity in identifying urban environmental factors having a
significant influence on cyclists’ exposure, or again to map out this exposure.

Health studies, health assessment versus acute response to exposure

The utilisation of active modes of transportation such as cycling has a positive impact on
the health of individuals (Kelly et al., 2014). Due to the risk of accidents and the effects of
exposure to atmospheric and noise pollutants on health, many authors attempt to verify if
the benefits of cycling surpass the risks incurred or not. To answer this question, two main
types of approaches were developed: the Health Impact Assessment studies and the
Response to Short Term Exposure studies.

Health impact assessment studies

The first study group (n = 19) is based on a macro approach with secondary data (modal
share, average levels of exposure, relative risks to different exposures, etc.). For a given
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population or scenario, they propose the estimation of the net impacts of cycling in terms
of mortality and morbidity, taking into consideration cyclists’ exposure to atmospheric
pollutants, road accidents, and their physical activity, but also global benefits like
reduced congestion, GES emissions, or noise and air pollution reduction at the city
level. Mueller et al. (2015), De Nazelle et al. (2011) and Hartog, Boogaard, Nijland, and
Hoek (2010) proposed three literature reviews on the matter. More particularly, they con-
clude that most of the cities studied are in Northern countries (Australia, Europe, New-
Zealand, North America) and that, in these contexts, the benefits of physical activity
always largely surpass the risks associated with collisions and atmospheric pollutants,
no matter what methodological choices are made. However, if the health benefits out-
weigh the risks at the population and individual levels, people shifting from motorised
transport modes to active ones carry most of the burden of increased exposure to
traffic risk, air pollution, and noise. Again, PM2.5 is the most studied pollutant while
exposure to noise is generally overlooked. It is very unlikely that the addition of the
effects of exposure to noise would offset the results of these studies, but it could certainly
contribute to a slight reduction of the benefits of the physical activity. Our own findings
largely confirm these conclusions.

Still considering fine particles, it is interesting to mention the conclusions of Tainio
et al. (2016), who proposed the generalisation of these results on a global scale (1600
cities) with data from the WHO’s annual levels of PM2.5 concentration. The benefits of
the physical activity would only be offset by the risks associated to atmospheric pollutants
after 90 min of cycling with PM2.5 levels of concentration of 100 µg/m3. Such levels are
reached by only about 1% of the cities listed in the database, most of them being
large Southern cities such as Delhi, Kânpur (India), and Xingtai (China).

Response to short term exposure studies

The second study group (n = 31) is interested in cyclists’ short-term physiological
response to exposure to or inhalation of fine (PM10, PM2.5) and ultrafine particles in
Europe, Australia, and Canada. We can distinguish two sub-groups, the first one studies
cyclists’ exposure in real conditions, and the second one in a controlled environment.
The design of the first group is always essentially the same: a small number of participants
is recruited to cycle on two predetermined routes. One of these routes aims to minimise
cyclists’ exposure to traffic (Low Exposure Route – LER), and the second, to maximise it
(High Exposure Route – HER). A set of health indicators are measured before and up to
6 h after exposure to detect delayed effect (Strak et al., 2010; Zuurbier et al., 2011b).
The parameters studied are indicators of pulmonary functions (Cole, Carlsten, Koehle, &
Brauer, 2018; Park, Gilbreath, & Barakatt, 2017), markers of inflammation and stress
(Cole et al., 2018; Zuurbier et al., 2011a), and more rarely, indicators of cardiac functions
(Buregeya, Apparicio, & Gelb, 2020; Weichenthal et al., 2011). If, for each study, the LER
levels are significantly lower that those of HER, the effects on health are very inconsistent,
a finding shared by Knibbs et al. (2011). The models (control over the effect for partici-
pants, weather, background pollution, and actual levels of exposure) include only a few
significant parameters, although the direction of the relationships seems to indicate a
negative impact on health for short-term overexposure. It is interesting to note that for
these studies, the levels of exposure, even for HER, were low compared to what was
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observed in the studies mentioned in the previous sections, maybe explaining these small
effects. The second group has a similar design: a limited number of participants are
exposed to controlled levels of air pollution (most of the time diesel exhaust) or
filtered air during moderate to high exercise levels on a cycle ergometer. The health indic-
tors are measured before and after the trials, and compared with paired t-test or GLMM to
control within subject variability. Again, the results are mixed, and researchers suggest
that complex interactions between physical activity, sympathetic response to air pol-
lution, and mixture of pollutants explain this uncertainty (Giles, Brandenburg, Carlsten,
& Koehle, 2014; Koch et al., 2020; Madden et al., 2014).

Again, exposure to noise is rarely studied (Buregeya et al., 2020) and so, this is also the
case for the combined effects of these exposures to noise and atmospheric pollutants on
cyclists’ health. Therefore, it would seem relevant to conduct this type of study in cities
where levels of exposure are higher and cycling practices are widespread, such as large
Indian cities.

New developments

The last two study groups correspond to the development of new research questions.

Study of itineraries, how to orient cyclists and reduce their exposure

Among the studies of the preceding groups, few of them brought operational elements to
orient the practice of planning cycling networks. This gap should be linked to the words of
Koglin and Rye (2014), exposing that the theoretical bases for the planning of bike paths
are not extensively developed compared to that for motorised vehicles. Many studies (n =
12) propose studying the actual and potential itineraries for cyclists in the city in order to
reduce their exposure. Hertel, Hvidberg, Ketzel, Storm, and Stausgaard (2008)’s initial idea
is quite simple. By estimating the concentrations of many atmospheric pollutants on
different segments of the road and bicycle network in a city, it is possible to calculate a
travel cost on these segments representing approximately the quantity of atmospheric
pollutants inhaled. Based on these data, Hertel et al. (2008) proposed a comparison
between fictional itineraries minimising time on the route (MTP) and those minimising
the dose of atmospheric pollutants cumulated (MDC). This first study on the city of Copen-
hagen found the average difference of 15% for the accumulated doses of MTP and MDC.
This approach has been reproduced and enhanced. Thus, Ribeiro and Mendes (2013)
included exposure to noise, Hatzopoulou et al. (2013a) used trips from an origin-destina-
tion survey. Wang, Dirks, Ehrgott, Pearce, and Cheung (2018) used a shortest path algor-
ithm with dual objective, aiming to minimise both the time needed for the trip and the
dose of pollutants accumulated, leading to multiple solutions and allowing for a final arbi-
tration. Gimenez-Gaydou, dos Santos, Mendes, Frade, and Ribeiro (2019) proposed a more
detailed method introducing in their estimation cyclists’ exposure to atmospheric pollu-
tants, ventilation, and the physical effort induced by different routes. As an aside, let us
mention the work of Doorley, Pakrashi, Szeto, and Ghosh (2019), exclusively theoretical,
proposing a mathematical model to identify the axes on the road network where the
installation of a cycling structure would maximise the societal benefits (cost of transpor-
tation, of the infrastructure, of health, environmental risks and impacts). This research has
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two main benefits. First of all, increasing cyclists’ awareness about their exposures and the
alternatives available to them tominimise that exposure. Among others, this is often done
with the creation of web applications (Hatzopoulou et al., 2013a; Su, Winters, Nunes, &
Brauer, 2010). Second, the identification of axes to be prioritised or avoided by planners,
with the perspective of developing a cycling network reducing exposure for these users.
However, this work is not sufficiently advanced to fulfil this last function and should be
integrated within a multidimensional framework, more particularly by including the con-
nectivity needs of the cycling network, cyclists’ actual trips, safety, or once again noise
exposure. The work of Tran et al. (2020) is a step in that direction. They propose a bike-
ability index taking into account air quality (PM2.5, BC), accessibility (potential desti-
nations), suitability (slope, infrastructure), and perceptibility (greenery, crowdedness,
enclosure).

Perception studies and cyclists’ behaviours

The common objective of these studies (n = 21) is to evaluate cyclists’ perceptions of
atmospheric and/or noise pollution, and understand how they impact their mobility prac-
tices (resorting to other modes, avoidance strategies, preferred routes, etc.). They are
based on and add to a vast literature on preferences and perceptions of cyclists
(Buehler & Dill, 2016).

Most of these articles use surveys and thus provide stated preferences rather than
revealed preferences. The formers are easier to obtain since they do not require data col-
lection apart from the survey. This constitutes a major asset considering the difficulty of
data collection on cyclists’ exposure to atmospheric and noise pollution. However, these
data are limited by the biases associated with the participants (e.g. sensitivity toward the
topic, capacity to represent for themselves the options proposed, improper estimations).
It should be mentioned that the study of Gossling, Humpe, Litman, and Metzler (2019) is a
interesting attempt using mixed approach (survey and semi-directed interview) to further
interpretation of their results. A limited number of papers study revealed preferences and
use databases provided by STRAVA (Sun, Moshfeghi, & Liu, 2017) or bike share systems
(Morton, 2020).

In most of these studies, atmospheric pollution and noise do not seem to constitute a
major obstacle to the use of the bicycle although a significant number of cyclists feel
strongly exposed and state that they experience symptoms (such as respiratory track irri-
tation and cough) after their travel (Tom, Lidia, & Colin, 2015; Ueberham, Schlink, Dijst, &
Weiland, 2019). On the basis of a survey with 1402 cyclists in Vancouver (Canada), Winters,
Davidson, Kao, and Teschke (2011) discovered that distance from atmospheric and noise
pollution constitutes a major motivator for cycling, and this applies to regular, frequent, or
occasional cyclists.

A substantial number of cyclists state that they are ready to modify their itineraries to
reduce their exposure (Anowar et al., 2017; Bigazzi & Gehrke, 2018; Dey, Anowar, Eluru, &
Hatzopoulou, 2018; Gossling et al., 2019; Tom et al., 2015). The tendency to resort to
detours varies depending on the gain expected regarding exposure and the sensitivity
of the cyclists surveyed. As an example, Anowar et al. (2017) reported that on average,
their respondents (695 cyclists) stated they were ready to lengthen their trip by 4 min
if this provided for a reduction in the average exposure to NO2 of 5 ppb (about 9.4 µg/m3).
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This tendency to want to reduce their exposure to atmospheric and noise pollution
was also observed by Bigazzi, Broach, and Dill (2016) and Broach and Bigazzi (2017) by
using actual trips by cyclists. However, these authors also emphasise that cyclists’ prefer-
ence for cycling infrastructure can also lead to an increase in their exposure. The prefer-
ence for a bike lane on a main street could almost double the dose of inhaled pollutants
during a trip compared to the alternative minimising this dose but with no cycling
infrastructure.

The perceptions and mitigation strategies vary among cyclists and allow to distinguish
between many user profiles. Being a woman, the level of education, and age would be
factors associated with the degree of sensitivity to the issue of exposure and the tendency
to adopt mitigation strategies (Bigazzi & Gehrke, 2018; Dey et al., 2018; Tom et al., 2015).
The role of cyclists’ levels of experience is still uncertain. According to Anowar et al. (2017),
the less experienced cyclists would have more of a tendency to reduce their exposure.
Conversely, according to Bigazzi and Gehrke (2018) and Tom et al. (2015), experienced
cyclists would be more sensitive to the issue of air quality. Zhao et al. (2018) suggest
that during episodes of heavy pollution, some people (low – income individuals,
women, those living in outlying areas) are more inclined to continue to use their
bicycle compared to wealthier and more educated populations. The latter would be
both sensitive to and more informed about issues of air quality and would have the
additional resources to modify their transportation mode during episodes of pollution.

Finally, Ueberham et al. (2019)’s study constitutes a unique case that is particularly
interesting since it combines objective measures (sensors) and subjective measures
(post-trip self-evaluation) for exposure to noise and fine particles for 66 cyclists. The
authors conclude that 80% of participants under-estimate their exposure to fine particles
and noise, and that no correlation seems to exist between cyclists’ perceptions and actual
exposure to these two pollutants. These findings can be linked to the conclusion of
Chaney et al. (2019) indicating a mismatch between general public assumptions and
reality regarding exposure to PM2.5 in different transport micro-environments.

Conclusion

This literature review provided a portrait of the field of research on cyclists’ exposure to
atmospheric and noise pollution. We have identified six main subfields: the observation of
cyclists’ exposure, the intermodal comparison of exposures, the modelling of the
exposure, the impacts on health, planning of itineraries, and the perceptions about the
exposures.

Four main gaps are common to these different subfields of research. First, the cities in
the global South are clearly less studied than the cities of the global North. This constitu-
tes an important issue since the levels of atmospheric and noise pollution are often high
in these cities. The bicycle also remains a widely used transport mode, especially by a
captive population (Joshi & Joseph, 2015). Finally, data collection on cyclists’ exposure
also constitutes an opportunity for obtaining unprecedented information on the levels
of exposure for individuals in cities where the networks for measuring atmospheric and
noise pollution are still underdeveloped.

Secondly, exposure to noise is rarely studied. The few studies dealing with that lead to
believe that cyclists’ exposure to noise is superior to that of other road users, with a low
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correlation for their exposure to atmospheric pollution. These elements highlight the
importance of further studying cyclists’ exposure to noise.

Thirdly, exposure to gas pollutants (CO, CO2, NO, NO2, SO2, O3) is much less studied than
exposure to particulate pollutants (PM2.5, PM10, UFP, BC). Also, the few studies that have
measured many pollutants have shown that there is a limited correlation between them
(Hatzopoulou et al., 2013a; Kingham, Longley, Salmond, Pattinson, & Shrestha, 2013). It
would be appropriate to diversify the types of pollutants – and simultaneously measure
gas and particulate pollutants – in order to analyse cyclists’ exposure in all its complexity.

Fourthly, accounting for inhalation is still marginal in this field of study. It is too often
limited to a simplemultiplicationof theexposureby afixedventilation value, therefore ignor-
ing the effects of slope, speed of travel, type of road surface, and physiology of the cyclists.

The different subfields of research are characterised by levels of maturity that vary
greatly. Intermodal comparison studies therefore seem to be the main seminal work.
This has already been the object of many systematic literature reviews (Cepeda et al.,
2017; de Nazelle et al., 2017) and provides the following consensus: users of active
modes of transportation systematically inhale more atmospheric pollutants than those
that use motorised modes of transportation and this difference is far from negligible.

Modelling studies of cyclists’ exposure in the urban environment evaluate the role of
different factors (temporal, weather, environmental, road traffic, cycling infrastructure,
etc.). The types of models and their adjustment quality vary greatly. Also, it is surprising
to see that there are few models accounting for pseudo-replication and non-linear
relationships between dependent and independent variables. The results of these
studies are very heterogeneous. This can certainly be explained by scaling the uncertainty
through several parameters such as data collection method, pollutants measured, types
of models utilised, and control variables integrated.

As for health studies, their high level of methodological standardisation provides for
the emergence of consensus. Collectively (health impact assessment studies), the
benefits related to physical activity resulting from cycling largely offset the costs
induced by accidents and exposure to atmospheric pollution in terms of mortality and
morbidity. Individually (short-term exposure studies), short-term impacts of exposure to
atmospheric pollution on cyclists’ various physiological factors outdoors or in a controlled
environment are generally extremely low and not very significant for healthy individuals.
However, the question remains open for physiologically vulnerable persons (children,
seniors, and those with asthma), and in highly polluted urban environments.

The subfield of research on itinerary planning is a recent attempt to operationalise the
results obtained by previous studies. The central objective is to propose itineraries to
minimise cyclists’ exposure. The results may be used, either by individuals (through
online tools for itinerary planning), or by urban planners (to determine the best axes
for the extension of a cycling network). However, planning assistance tools are still in
their early stages since they do not integrate other dimensions such as connectivity to
the cycling network, cyclists’ actual trips, safety, and noise exposure. Nonetheless, they
constitute an interesting opportunity to establish the theoretical bases for the develop-
ment of a cyclable network, something still currently lacking (Koglin & Rye, 2014).

Finally, the studies on cyclists’ perceptions and behaviours regarding these pollutants
place the individual at the centre of the issue of exposure. If atmospheric pollution does
not seem to be a major obstacle to cycling, it is negatively perceived by the majority of
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cyclists, who develop strategies to minimise their exposure (alternate routes, masks, etc.).
However, the willingness to reduce their exposure conflicts with their preference for
direct itineraries and cycling infrastructure that may sometimes lead to situations of over-
exposure. Behaviours and perceptions vary greatly among the cycling population, illus-
trating the heterogeneity of individual profiles, particularly for gender, age, level of
aptitude, and confidence. Again, these studies have a direct interest in infrastructure prac-
tices since they provide us with information on the preferences of cyclists and the mech-
anisms involved in the choice of itineraries.
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