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Abstract: The advent of the exposome concept, the advancement of mobile technology, sensors, and
the “internet of things” bring exciting opportunities to exposure science. Smartphone apps, wireless
devices, the downsizing of monitoring technologies, along with lower costs for such equipment makes
it possible for various aspects of exposure to be measured more easily and frequently. We discuss
possibilities and lay out several criteria for using smart technologies for external exposome studies.
Smart technologies are evolving quickly, and while they provide great promise for advancing
exposure science, many are still in developmental stages and their use in epidemiology and risk
studies must be carefully considered. The most useable technologies for exposure studies at this
time relate to gathering exposure-factor data, such as location and activities. Development of some
environmental sensors (e.g., for some air pollutants, noise, UV) is moving towards making the
use of these more reliable and accessible to research studies. The possibility of accessing such
an unprecedented amount of personal data also comes with various limitations and challenges, which
are discussed. The advantage of improving the collection of long term exposure factor data is that
this can be combined with more “traditional” measurement data to model exposures to numerous
environmental factors.
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1. Introduction

Most non-communicable diseases are a result of a complex combination of genetic susceptibilities
and environmental exposure, however, environmental factors have not been comprehensively
considered in disease aetiology at the individual level [1]. The exposome represents the totality
of human exposures from conception to death [2,3]. It is, therefore, both longitudinal and multi-faceted.
A major challenge in the coming decades will be to better define how the combination of the genome
and exposome contribute to the risk of disease.

Wild [4] defines three broad and related spheres in the exposome: internal, general external,
and specific external (Figure 1). Ideally, quantification of the external exposome would include all
pathways of external exposure (e.g., inhalation, ingestion, and dermal contact) and relevant stressors,
such as air pollutants, contaminants in food and water, soil and dust, radiation, temperature, light,
and noise. In addition, exposure factors (e.g., inhalation rate, consumption amounts and frequencies,
and location) should be characterised. Physical, social, and individual factors such as diet, physical
activity, and stress are also important when accounting for the relationship between environment and
health. This breadth of exposures and risk factors vary over many temporal and spatial scales, creating
an extensive and challenging task for monitoring.
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As personal smart technologies become more prevalent there is the promise of portable, lower
cost sensor systems that would enable wider-scale and longer-term monitoring of either personal
exposure or the external environment close to the person. The increasing popularity of small sensors,
open-source programs, microcontrollers, wireless technology, and cloud computing has allowed for
the collection and integration of many types of personal level data. There is even a “quantified self”
movement, a community of people interested in using technology to gather data such as location,
activities, diet, sleep, etc. in the interest of better understanding one’s own habits and their impact
on their health. Such a “quantified self” would be of interest for exposome research. The question
then, is what technologies may best serve researcher needs and how can these best be incorporated
into studies?

A central concept that we propose for using sensors in external exposome assessment is in
assessing location and activities longitudinally (Figure 1), which are key influencing factors for all
three spheres in the exposome [5,6]. Location determines the amount of a hazard present and behavior
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determines duration of exposure to a hazard (e.g., air pollution). Location is an important determinant
of the social environment of the individual, the climate, and other aspects of the general external
exposome. Furthermore, location and behavior (including diet) can influence a person’s microbiome,
and other aspects of their internal exposome [7]. The concept of assessing location and matching this
with environmental data collected from either other instruments or sources is fundamental to exposure
science. Furthermore, sensors may help push the frontier with their potential to allow for collection of
detailed location and activity data over a much longer term than typically done in exposure studies.
In effect, this is a “time-geographical” approach [8–10], using the tracking of daily location (via phone
Global Positioning System (GPS)), long-term location (via questionnaire on residential and job history),
and activities and behaviour (via questionnaires, sensors, and smartphone apps). These can serve as a
basis for developing models which will help us examine the factors in a person’s physical and social
environment that influence their exposome. In this manuscript, we explore features of sensors which
would facilitate their use in this “time-geographical” approach.

2. Sensor Criteria

Most personal exposure studies require participants to carry a backpack or bag that holds
monitoring equipment as they go about their daily activities [11–14]. This limits the duration for
which exposures can be assessed, and requires participants to carry an often heavy and possibly noisy
package around with them. Due to expense and logistics, detailed exposure studies have often been
limited in the time scale covered. For example, personal air pollution studies were often panels of a few
tens of participants, and limited to 24–48 h of monitoring at a time. Similarly, dietary exposure studies
also captured a relatively small window of time. If we want to cover the breadth of the exposome—not
only in terms of number of exposures but also length—we must find a way to incorporate monitoring
into everyday life.

There is a wide range of research development of sensors, apps, and other smart technologies
for mobile health and environmental monitoring. Research instruments, however, often suffer from
a lack of friendly user interfaces. As we are interested in longer term monitoring, we examine the
feasibility of using “off-the-shelf” commercial devices aimed at the lay person in a European context,
to integrate monitoring more effectively into a person’s lifestyle. These instruments are often less
costly than research grade instruments, and therefore allow for the possibility for greater numbers to
be deployed. We define several criteria that should be met by sensor and smart technologies:

1. Unobtrusive to the user. Unobtrusive means that the item is easily worn/carried/placed.
2. “Cost-effective”, i.e., such that widespread deployment of sensors is a practical proposition for

the purpose and context of the study. Most research grade instruments are too expensive for
large scale personal monitoring, either due to the expense of the equipment, and/or the cost of
proprietary software licenses.

3. Able to collect, store and transmit real-time and high temporal resolution data.
4. Useable by a lay person.
5. Ability to connect to the internet so that collected data can be remotely accessed by researchers

and users, or, the ability to store collected data for download.
6. Meets predefined quality assurance and quality control (QA/QC) specifications as defined for

devices of a particular type, including: (i) Sufficient sensitivity and specificity or detection limits
that allow environmental concentrations or other factors to be measured; (ii) Low failure rate;
(iii) Adequate precision and accuracy to assess the relevant exposure; and (iv) Stability over time.

The last criterion requires further definition as to our tolerance. Every instrument entails some
degree of error in terms of accuracy and precision. Reference instruments for regulatory monitoring, for
example, for air or water quality, have predefined criteria set by governments, and are often considered
a gold standard. Researchers must define the tolerance limits for their studies. Any instrument to be
deployed in numbers must have demonstrable precision with respect to each other and stability over
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time. Accuracy must be known—any biases should be understood and correctable. However, we must
also ask what the purpose of the sensor use is—do we want to just be able to rank people and separate
them into differential exposure groups? In that case, sensors need to be able to provide stable relative
measurements, but the accuracy of these is less important. On the other hand, do we need to know the
exact exposure value? In that case, sensors must be demonstrated to reliably reflect gold standards and
to be carefully calibrated. Either way, it is important to clearly characterise the errors and uncertainties
entailed in using sensor instruments.

3. Exposure Parameters and Sensors

Several exposure-related parameters lend themselves especially well to evaluation using consumer
smart technologies. They are generally parameters that people have a personal interest in logging,
and there has been enough market appeal for there to be several devices available to the public.
These include location, physical activity, diet, and indoor environmental quality. There is also a large
and growing interest in air quality sensors, both by researchers and the general public, particularly in
urban areas. We discuss these briefly.

3.1. Location

Personal location data can be collected using a GPS device or a GPS-enabled mobile phone.
The information provided by a GPS can reduce personal exposure measurement error [15,16], which
could lead to a substantial misclassification of exposure to environmental factors.

In terms of our six sensor selection criteria, GPS units and mobile phones are generally high
scoring in terms of being portable and unobtrusive. Although GPS units suffer from data loss or lack
of accuracy when signals are lost or reflected due to their presence in concrete and steel buildings or
among many high rise buildings, signal losses have been used as a means of determining whether
a person is in- or outdoors [17,18]. The accuracy of GPS units tends to be in the range of a 5 m or
greater buffer, and data need to be processed before they can be used in exposure studies [18–20].

GPS-enabled mobile phones have also been found to be acceptable to subjects as a means
of location tracking and display similar tracking capabilities to non-phone GPS units [18,21,22].
Smartphone location apps are generally free for those who already own such a phone. Mobile phones
have an added advantage that most people carry them anyway, and therefore there is no need for an
additional instrument. Smartphone apps allow for remote access, thus facilitating the ease of collection
by researchers. Location data collected by smartphones, however, may have greater issues with data
loss (e.g., from phones being off or not being carried) [20] and accuracy [22]. Tracking apps have also
been developed for research studies, and demonstrated as successful means of logging location and
activities [23,24]. Smartphone location apps are particularly popular for tracking exercise, however
these are not as feasible for exposure studies, due to the drain on battery life from the constant use of
the GPS. On the other hand, background tracking apps such as MOVES and Google location services
read location at periodic intervals, also using internet wireless signals to gauge location. These have
been relatively successful when used in exposure studies [23,25].

In addition to geographic location, presence indoors, outdoors, and in-transit is of particular
importance for exposure. Indoor/outdoor presence may also be estimated using data classification
algorithms [26–28]. GPS units also measure velocity, allowing assessment of transportation mode with
reasonably high accuracy (>95%), depending on the velocity classification parameters chosen [27,28].
Phone apps can also estimate transportation mode, although there has not been a rigorous evaluation
of accuracy for these activity apportionments of smartphone apps. Various studies have used
measurement of additional variables such as temperature and light to attempt to improve GPS
location data and indoor/outdoor presence. Although, the use of temperature needs to be examined
across a wide range of climate settings and it is not certain that additional concurrently measured
variables add much value to the classification accuracy [17,27,28]. In addition, the recently developed
Indoor/Outdoor Detector (IO Detector) for Android operating systems uses three types of lightweight
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smartphone sensors (i.e., light sensor, cellular module, and magnetism sensor) to detect whether one is
indoors, outdoors, or semi-outdoors (e.g., in a covered outdoor area). Developers showed a prompt
and accurate detection in various time and environments [29]. However, others have found an accuracy
of as low as 35%, due to difficulty with new environments or use on devices not used during the
training period, which may be improved using a supervised machine learning method [30]. At this
time, there has not been a demonstrably reliable means of apportioning indoors/outdoors presence
beyond the use of classification models for GPS data collected by either stand-alone units or phones as
described above. The collected location data can be matched with pollution data to better determine
predictors of personal exposure. For example, this can be used in tandem with a personal monitor, or,
through modelling, can reconstruct a person’s exposure [20,31,32].

3.2. Physical Activity

Physical activity is both a risk factor for disease and modifier of environmental exposures.
Measuring physical activity is important for estimating exposure variables such as inhalation and
metabolism. Measures of energy expenditure can be used to estimate breathing rates, which can
then be used to estimate inhalation of air pollutants. Additionally, lack of activity may be linked to
risk factors (e.g., obesity or diabetes) which can modify environmental impacts on health. There are
numerous types of physical activity sensors available, both designed for research purposes and for
public consumption [33,34]. These sensors are generally based on triaxial accelerometers, which
measure acceleration along three orthogonal axes, and can be complemented by gyroscopes, which
measure angular motion. Measurement around several axes allows estimation of both movement and
posture. Sensors may be worn on a single area of the body (e.g., wrist or waist), or on several areas of
the body. The waist is often a default location as it is close to the centre of mass of the body, although for
constant long-term use, the wrist may be more convenient for the user. The accelerometer output needs
to be transformed into a meaningful unit for interpretation, such as steps or metabolic equivalents
(METS). The activity counts recorded by the accelerometer can be related to energy expenditure using
regression equations or other models [33]. Several types of activity sensors have been developed
for use in research studies. The Actigraph instruments (ActiGraph, Pensacola, FL, USA), has been
used in various studies, including in the US National Human and Nutrition Examination Survey
(NHANES) [35]. IDEEA® (MiniSun, LLC, Fresno, CA, USA) and SenseWear (BodyMedia, Pittsburgh,
PA, USA) also have been used in population studies [34]. CalFit, a software application for Android
systems, was used in Barcelona (Spain) to estimate inhalation doses [20,23]. Sensors are also of interest
in sport performance, and have been used to measure heart rate, R–R interval, breathing rate, posture,
activity level, acceleration, speed, distance, and location [36].

Commercially available activity monitors are becoming more common for people interested in
tracking their activity, sleep, and diet, providing motivation to live a healthier lifestyle. Some of
these have been evaluated against “gold standard”, and/or research grade or research grade activity
monitors [33–35].

Evaluations of a number of fitness trackers, including several models of Fitbit (San Francisco, CA,
USA), Jawbone (San Francisco, CA, USA), Nike Fuelband (Nike, Beaverton, OR, USA), Withings Pulse
(Withings, Nokia, Issy-les-Moulineaux, France), Basis Peak (Basis Science Inc., San Francisco, CA, USA),
Microsoft Band (Microsoft Corp., Redmond, WA, USA), and Apple Watch (Apple, Cupertino, CA, USA)
have found varying degrees of concordance with either research grade trackers (e.g., ActiGraph or
Actical (Philips, The Netherlands)) or other reference methods of energy expenditure such as indirect
calorimetry or doubly labelled water [37–45]. Fitbit, for example, an extremely popular fitness tracker,
has been found to have low percent error compared with reference methods for energy expenditure
estimation and step counting in some studies [39,45–47], but could be more biased in others [40].

Additionally, smartphone apps are available that can track a person’s location using the phone’s
GPS system along with movement via the phone’s accelerometer. Phone apps alone, however, require
the user to carry the phone with them at all times, the app be switched on at all times, often with GPS
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and Bluetooth active, all of which increase battery drain. User behaviour, such as forgetting to carry
their phone with them or not charging it, may result in loss of exposure data [20]. Use of a separate
fitness tracker is recommended, and wrist-based ones are generally more convenient for the wearer
than body worn ones. If respiration is of particular interest, an activity sensor that is specifically
calibrated to respiration may be more useful [36,48,49].

3.3. Diet

Computerized questionnaires, especially online and on mobile devices, have an added advantage
of convenience for the user, as they may complete the questionnaires after meals or at some other
convenient time. Many smartphone apps have been developed as tools for people to track their dietary
intake for weight loss or fitness purposes [50]. However, little validation of these apps for estimating
dietary intake or related parameters such as energy or nutrient intake has been undertaken [51].
Epidemiology studies have used food frequency questionnaires (FFQ), 24 h dietary recall (24-HDR),
and dietary records (DR) to assess people’s food intake. A combination of FFQ and one of the latter
methods have been found to be feasible options for epidemiology studies [52,53]. Studies have also
used online questionnaires as a means of gathering data, with somewhat mixed but promising results
for the use of web-based FFQ or 24-HDR for assessing dietary data compared with non-web-based
methods [54–59]. Dietary assessments are laborious for participants, but more passive methods, such
as wearable cameras, have not yet successfully been implemented on a wide scale. More work is
needed to understand the utility of diet apps for exposure assessment needs.

3.4. Indoor Climate

Several smart and wireless sensor based devices, e.g., NetAtmo (NetAtmo, Boulogne-Billancourt,
France), Foobot (Airboxlab, San Francisco, CA, USA) are available for people to monitor their indoor
climate, allowing them to access their home data remotely. Various aspects of the indoor environment
influence the comfort of residents and are predictors of levels of indoor stressors such as air quality,
dampness, and mould. These parameters include temperature, relative humidity, and ventilation rate.
Temperature in itself is a risk factor, and the home environment plays a moderating role when it comes
to extreme temperature events. Relative humidity and temperature are important determinants of dust
mite, mould and other microbial growth, and also impact the chemical reactions that occur indoors to
produce secondary pollutants (e.g., formaldehyde). Ventilation rates can be used to mechanistically
model the levels of indoor pollutants derived from indoor source emissions and infiltration from the
outdoors. The latter can be approximated using carbon dioxide measurements.

3.5. Air Quality

In recent years, there has been a lot of interest in a new generation of air sensors, which show
promise in their small size, ability to monitor in real time, and relatively lower cost than reference
methods. They have been explored as a means of improving the spatial resolution of air pollution
data beyond the existing monitoring network and for personal sampling [60,61]. At this time,
however, there are still issues of quality assurance for many of these devices when used in the
field, particularly for mobile or personal monitoring [62]. Gas sensors, in particular suffer from cross
sensitivities and interferences by external conditions such as humidity, and can be subject to drift
and decreased sensitivity over time [63]. The most commonly used ambient gas sensors at this time
are metal oxide (MOS) and electrochemical (EC) sensors, available for carbon monoxide (CO), ozone
(O3), nitrogen dioxide (NO2), ammonia, hydrogen sulphide, and total volatile organic compounds
(TVOCs). In MOS sensors, gas diffuses into the porous material, changing the conductivity upon
reaction with an oxidizing or reducing gas [64]. This change can be measured and related to the
gas concentration. Humidity can interfere with the sensitivity of metal oxide sensors [65] and air
temperature can also affect the sensor response. In electrochemical cells, reaction with a gas produces
an electrical current that is proportional to the gas concentration. These sensors also suffer from
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cross sensitivities to other gases; in particular, NO2, while EC sensors can be quite sensitive to ozone
interference. Ozone scrubbers or applying a correction factor for NO2 using O3 are potential solutions
to this interference [61,66]. Sensors’ performances can be quite variable between instruments and
their long-term reliability is unknown. Sensitivity to rapid changes in temperature and humidity
make MOS and EC sensors more suitable to stationary area monitoring, rather than mobile personal
monitoring, where movement between indoors and outdoors can result in fast changes in these
conditions. Although temperature and humidity corrections could be done, these must be measured
such that the response times correspond with the gas sensors.

Particulate matter sensors, on the other hand, may provide more promise for the current day,
considering that these usually use an optical method, including a laser in higher-end sensors. This is
similar to the optical methods used by many research-grade sensors. Particle sensors generally count
the number of individual particles passing through a sensing volume using light scattering or some
other metric, such as the time particles are detected in the sensing volume. The light source is either
provided by a photodiode or a laser, with the former being less sensitive [67]. These instruments
may be effective for indoor monitoring, particularly when a strong source is present, such as cigarette
smoke [68,69]. Conversion of the particle counts into a concentration of mass per volume requires either
calibration with a gravimetric device, or estimation using assumed particle density. Some particle
sensing devices, such as the Dylos (Riverside, CA, USA), have been demonstrated as having equivalent
utility to a conventional device of a similar sensing mechanism [69,70]. The Dylos is commonly
used in exposure studies, thanks to its relative cost-effectiveness, reasonable QA/QC and ease of
use. However, it is limited in the amount of data it can store and is not remotely accessible without
customization. Numerous particle sensors using an optical particle counter are growing in popularity,
but costs are still relatively high once development costs are considered. A recent development of
a relatively inexpensive integrated particle sampler [71] is another possibility although it does not
provide real-time sensing as optical methods do. At this time, however, air sensing devices are more
likely to be conducive to stationary than portable monitoring, although advances are being made in the
personal monitoring sector, where monitoring over several months has been demonstrated in a study
of chronic obstructive pulmonary disease (COPD) patients [72]. Costs are still relatively high for air
sensing devices compared to the other types of sensors described in this manuscript (several hundred
Euros compared to less than 200 euros or free, in the case of apps).

3.6. Noise

Noise levels can be measured in occupational and environmental settings using hand-held sound
meters, which measure noise at fixed locations, and noise dosimeters, which are worn on a person to
measure personal noise exposure. International standards for both types of instruments are available,
specifying performance standards such as frequency weighting requirements and tolerances at various
frequencies. Smartphone noise measurement apps are available, many for free, although these may
not comply with the standard specifications. Some apps state that most microphones in phones are
aligned to the human voice (300–3400 Hz, 40–60 dB) rather than standard specifications, therefore may
not effectively measure very loud sounds or sounds outside that frequency spectrum

Due to variability between different brands and models of phones and phone microphones,
these apps do not perform similarly with different hardware, especially outside the human voice
range [73]. Other issues include a lack of calibration for many versions, although some allow for
the user to do their own calibration (e.g., the iPhone apps SPLnFFT Noise Meter and SoundMeter);
not all apps use the recommended A-weighting, or provide any weighting options; and they lack
frequency analysis capability. Nonetheless, these apps have proved useful for citizen science projects
such as Noisetube, which used phones for participatory noise mapping [74]. Smartphone noise apps
are not usually calibrated. In an evaluation of 10 iOS apps and four Android apps, Kardous and
Shaw [73] found several iPhone apps that met secondary occupational relevancy criteria (according to
the American National Standards Institute (ANSI) requirements), while Murphy and King found that
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iPhone apps tended to measure on average 2.93 dB(A) above generated noise levels in a reverberation
room. On the other hand, Android apps were much more variable and tended to under measure by
2.79 dB(A) on average [75]. Kardous and Shaw also found that these apps were consistent between
iPhones of the same generation, although they performed differently depending on the microphone
type. The variability in performance of Android apps across the different tested phones are likely
because Android phones are made by different manufacturers, while iPhones are all made to the
same specification. Characterization of noise (e.g., frequency analysis) is missing in most apps.
The type of noise (caused by e.g., music, traffic) and people’s noise sensitivity influence potential health
outcomes [76]. Another disadvantage is that noise apps on smartphones only allow measurement
while the app is in the foreground, and only a few allow exporting of data or calibration with a sound
level meter.

4. Discussion

There are numerous other potential sensors but we are still far from being able to do
a comprehensive monitoring of the external environment with sensing technology. Wearable sensors,
mobile apps, and other devices provide new possibilities for assessing aspects of the external
exposome, but there are still challenges to be overcome in using these technologies for scientific
study. An exposome monitoring system built around a smaller set of sensors, supplemented by data
from stationary or publically available sources is much more feasible at this time. Sensors can be placed
in homes and other locations, where climate conditions are less variable, to provide information on
indoor exposures. Personal exposures can be estimated by integrating various data sets. For example,
short-term location data (GPS) on people’s trajectories can be combined with hazard levels at these
locations (e.g., air pollution, noise, and UV). Exposure to dietary contaminants or nutrients can be
modelled by using the dietary intake data collected via the app with national market basket databases
of various food contaminants. Smartphones have been used for Ecological Momentary Assessment
(EMA), a method of ascertaining a subject’s current or recent state-of-being, via questions that the
subjects are periodically notified to answer [77]. EMA is often used in psychology studies, for example,
to study addiction or stress [78].

At this time, sensors are best suited for assessing location and activities, which are key influencing
factors for all three spheres in the exposome (Figure 1) [5,6]. They are less well suited to reliably
measure actual hazards, such as air pollution or noise, however this may change in the future. Given
that sensors are well placed to incorporate monitoring of everyday places visited, movements and
habits, and are currently being used by the general public, not just public health study participants, they
can provide a useful means of improving long-term estimates of exposure, when used in conjunction
with environmental samples or modelled data.

One advantage of data gathering from smartphones and sensor-based technologies is that
information from different wireless devices and apps can be gathered in the field and stored with less
need for researcher intervention, unlike conventional forms of exposure assessment. Most wireless
devices which consumers use have an app or webpage from which data can be accessed and viewed or
downloaded. Sometimes, the developers of the consumer product provide the user access to the data
collected via an application programming interface (API), a set of routines, protocols, and tools for
building software applications. The API specifies how software components should interact. If an API
is available for an app, this data (if permitted by the data creator, i.e., study participant) can be accessed
in an internet portal to securely access and store data. This portal could be a method for data storage
and management, but also a possibility for interacting with the participants. The portal also allows
researchers to check that data is being uploaded during the study, so if there are any difficulties it is
possible to contact the participants during the study period to remind them to collect/upload data, or
check how things are operating. This helps reduce the potential for loss of data.

Another key issue in sensor based exposome studies is related to storage, processing, and analysis
of the huge amount of data which can be collected with these sensors with long term deployment.
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Considering the multitude of exposures to be measured to characterise the exposome, it is critical
to have a system that can store, manage, and integrate a large amount of data. The data acquired
by individual sensors will need processing and interpretation (e.g., human behavior recognition).
This requires statistical advances, sophisticated data mining techniques, computing power, and
a careful sharing of data sources while also maintaining privacy protection for personal data. Without
significant advances in this area, the analysis of the wealth of data threatens to become the new limiting
factor in further progress [79].

At this time, sensors are unlikely to meet reference instrument or “gold standard” criteria, but it is
possible to set secondary data quality objectives that are more easily attainable, which allows sensors
to be used as complementary data collectors and thereby increase data quantity. A key question
that needs to be answered in this context is what is the overall uncertainty introduced by the use
of ubiquitous personal sensors, against the uncertainty resulting from the temporally and spatially
deficient regulatory monitoring networks?

The use of wireless devices and storage of information on the internet also leads to potential
security concerns. Furthermore, privacy and ethical issues are raised when these technologies are
applied for assessing exposure to environmental stressors. Issues of data ownership and data protection
need to be clarified and structured to allow ubiquitous environmental health monitoring to become
an everyday reality. Many devices and apps identified in this article are available to the public,
and people must agree to terms and conditions regarding their privacy associated with use of these
products. By participating in a study using such items, they are also agreeing to the same terms
and conditions, along with agreement to provide researchers access to the information collected.
Researchers must make these conditions clear to the participants as part of the informed consent
process, and note that a participant not only agrees to allow researchers access to their information, but
that the company whose product is being used may also have access to the same data. In the “world
of data ownership” much is still unclear. Companies are generally able to decide how they wish to
deal with data privacy, without consulting users. Data protection laws vary between countries, but
the data collected by apps and smart devices are international. European studies, for example, may
want to ensure that devices used comply with European data protection laws or use devices whose
data are stored in Europe rather than the United States. There is also a trend of larger companies
purchasing smaller ones, which means that data ownership may change, although the consumer may
not always be aware of such changes. Furthermore, there is the possibility that sensor-gathered data
could be requested for use in court proceedings or by insurance companies [80]. These issues should
be considered in the selection of devices and apps for studies or the development of apps specifically
for studies. In particular, when using a third party device, researchers must be aware and understand
the details of device privacy policies so that they can inform their participants. Wherever possible, the
least amount of personal data needed should be provided, anonymous user accounts used, and the
account should be deleted after a defined amount of time. The latter request may need to be directly
made to the company which makes the device, although researchers need to make participants aware
that sometimes companies may delete an account but retain the right to use “anonymised” data [81].

Researchers are required to ensure safe storage and encryption of participant data. However,
one of the advantages we mentioned with sensors and apps is the use of cloud computing. Data are
relayed via Bluetooth to an internet enabled device (e.g., smartphone or tablet) and stored via the
cloud. Most sensors developed for the public market do not have on-board storage and are reliant on
cloud storage. Secure peer-to-peer encryption is needed for signal transmission, and the databases
must be securely encrypted. Passwords given to participant accounts should also have a certain level
of complexity to ensure security. Still, unless researchers develop and manage the devices and data
collected, they can only control the security of downloaded data, and those collected by devices such as
Fitbit or NetAtmo will be subject to the data owners’ security procedures. As with all wireless devices
and cloud storage, there are concerns that unauthorized parties may hack into systems and access the
data. Again, researchers will need to consider all these issues when deciding to use smart technologies,
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using appropriate safeguards, and informing participants. Harmonization of data handling and
standardization of data privacy and confidentiality procedures are needed to support the wider use of
personal sensors in this context.

5. Conclusions

The exposome, or the “totality” of a person’s lifetime exposure, is a vast concept which exposure
science is still trying to resolve. The rapid advance of sensing and wireless technology has opened
up a new and exciting frontier for exposure science, by providing means to measure across time and
space, and perhaps in the future across many different aspects of the exposome. These possibilities also
open up new questions as to whether and how sensor based data can be used for better understanding
the health impacts of the environment, while assuring the privacy of the participants. There are
still challenges for sensing devices in terms of data quality, form and function, cost, management,
and analysis of the amount of data that could potentially be collected. As research and development
progress, scientists, product developers, computer scientists, human interaction designers, and ethicists
will need to work together to push forward and manage this era of sensor technology and big data.
In the meantime, exposome projects will need to balance the possibilities of new sensor technologies
with more conventional and well-tested methods of data collection. A practical approach is to
document spatial time–activity profiles of subjects, and to integrate these data with other existing
datasets, such as air and water quality, to generate modelled estimates of a person’s external exposome.

Acknowledgments: This project (HEALS) has received funding from the European Union’s Seventh Programme
for research, technological development, and demonstration under grant agreement No. 603946. All sources of
funding of the study should be disclosed. Please clearly indicate grants that you have received in support of your
research work. Clearly state if you received funds for covering the costs to publish in open access.

Author Contributions: Miranda Loh, John Cherrie, Dimosthenis Sarigiannis and Isabella Annesi-Maesano
conceived the review concept. Miranda Loh led the review. Anjoeka Pronk, Eelco Kuijpers, Alberto Gotti and
Spyros Karakitsios provided technical review contributions. Eduardo Oliveira Fernandes, Joana Madureira,
Nour Baiz and Michael Jerrett provided additional information and insight to the overall article.

Conflicts of Interest: The authors declare no conflict of interest. The funding source has had no involvement in
the design, writing of this article, or decision to publish.

References

1. World Health Organization. Health and Environment in Europe: Progress Assessment; WHO Regional Office for
Europe: Copenhagen, Denmark, 2010.

2. Rappaport, S.M.; Smith, M.T. Epidemiology. Environment and disease risks. Science 2010, 330, 460–461.
[CrossRef] [PubMed]

3. Wild, C.P. Complementing the genome with an “exposome”: The outstanding challenge of environmental
exposure measurement in molecular epidemiology. Cancer Epidemiol. Biomark. Prev. 2005, 14, 1847–1850.
[CrossRef] [PubMed]

4. Wild, C.P. The exposome: From concept to utility. Int. J. Epidemiol. 2012, 41, 24–32. [CrossRef] [PubMed]
5. Jacquez, G.M.; Sabel, C.E.; Shi, C. Genetic GIScience: Toward a place-based synthesis of the genome,

exposome, and behavome. Ann. Assoc. Am. Geogr. 2015, 105, 454–472. [CrossRef] [PubMed]
6. Richardson, D.B.; Volkow, N.D.; Kwan, M.P.; Kaplan, R.M.; Goodchild, M.F.; Croyle, R.T. Spatial turn in

health research. Science 2013, 339, 1390–1392. [CrossRef] [PubMed]
7. Yatsunenko, T.; Rey, F.E.; Manary, M.J.; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.;

Hidalgo, G.; Baldassano, R.N.; Anokhin, A.P.; et al. Human gut microbiome viewed across age and
geography. Nature 2012, 486, 222–227. [CrossRef] [PubMed]

8. Kwan, M.-P. Gender differences in space-time constraints. Area 2000, 32, 145–156. [CrossRef]
9. Miller, H.J. A measurement theory for time geography. Geogr. Anal. 2005, 37, 17–45. [CrossRef]
10. Schaerstrom, A. The potential for time geography in medical geography. Geogr. Health Inserm. Paris 2003,

195–207.

http://dx.doi.org/10.1126/science.1192603
http://www.ncbi.nlm.nih.gov/pubmed/20966241
http://dx.doi.org/10.1158/1055-9965.EPI-05-0456
http://www.ncbi.nlm.nih.gov/pubmed/16103423
http://dx.doi.org/10.1093/ije/dyr236
http://www.ncbi.nlm.nih.gov/pubmed/22296988
http://dx.doi.org/10.1080/00045608.2015.1018777
http://www.ncbi.nlm.nih.gov/pubmed/26339073
http://dx.doi.org/10.1126/science.1232257
http://www.ncbi.nlm.nih.gov/pubmed/23520099
http://dx.doi.org/10.1038/nature11053
http://www.ncbi.nlm.nih.gov/pubmed/22699611
http://dx.doi.org/10.1111/j.1475-4762.2000.tb00125.x
http://dx.doi.org/10.1111/j.1538-4632.2005.00575.x


Int. J. Environ. Res. Public Health 2017, 14, 434 11 of 14

11. Jantunen, M.J.; Hanninen, O.; Katsouyanni, K.; Knoppel, H.; Kuenzli, N.; Lebret, E.; Maroni, M.; Saarela, K.;
Sram, R.J.; Zmirou, D. Air pollution exposure in European cities: The “EXPOLIS” study. J. Expo. Anal.
Environ. Epidemiol. 1998, 8, 495–518.

12. Nieuwenhuijsen, M.J.; Donaire-Gonzalez, D.; Foraster, M.; Martinez, D.; Cisneros, A. Using personal sensors
to assess the exposome and acute health effects. Int. J. Environ. Res. Public Health 2014, 11, 7805–7819.
[CrossRef] [PubMed]

13. Sax, S.N. Evaluation of Exposures and Cancer Risks from Volatile Organic Compounds among Inner-City
Teenagers. Ph.D. Thesis, Harvard School of Public Health, Boston, MA, USA, 2003.

14. Steinle, S.; Reis, S.; Sabel, C. Quantifying human exposure to air pollution-Moving from static monitoring to
spatio-temporally resolved personal exposure assessment. Sci. Total Environ. 2013, 443, 184–193. [CrossRef]
[PubMed]

15. Sadler, R.C.; Gilliland, J.A. Comparing children’s GPS tracks with geospatial proxies for exposure to junk food.
Spat. Spatio-Temporal Epidemiol. 2015, 14–15, 55–61. [CrossRef] [PubMed]

16. Elgethun, K.; Yost, M.G.; Fitzpatrick, C.T.E.; Nyerges, T.L.; Fenske, R.A. Comparison of global positioning
system (GPS) tracking and parent-report diaries to characterize children’s time-location patterns. J. Expo. Sci.
Environ. Epidemiol. 2006, 17, 196–206. [CrossRef] [PubMed]

17. Adams, C.; Riggs, P.; Volckens, J. Development of a method for personal, spatiotemporal exposure assessment.
J. Environ. Monit. 2009, 11, 1331. [CrossRef] [PubMed]

18. Wu, J.; Jiang, C.; Liu, Z.; Houston, D.; Jaimes, G.; McConnell, R. Performances of different global positioning
system devices for time-location tracking in air pollution epidemiological studies. Environ. Health Insights
2010, 4, 93–108. [PubMed]

19. Beekhuizen, J.; Kromhout, H.; Huss, A.; Vermeulen, R. Performance of GPS-devices for environmental
exposure assessment. J. Expo. Sci. Environ. Epidemiol. 2013, 23, 498–505. [CrossRef] [PubMed]

20. De Nazelle, A.; Seto, E.; Donaire-Gonzalez, D.; Mendez, M.; Matamala, J.; Nieuwenhuijsen, M.J.; Jerrett, M.
Improving estimates of air pollution exposure through ubiquitous sensing technologies. Environ. Pollut.
2013, 176, 92–99. [CrossRef] [PubMed]

21. Wiehe, S.E.; Carroll, A.E.; Liu, G.C.; Haberkorn, K.L.; Hoch, S.C.; Wilson, J.S.; Jerrett, M. Using GPS-enabled
cell phones to track the travel patterns of adolescents. Int. J. Health Geogr. 2008, 7, 22. [CrossRef] [PubMed]

22. Zandbergen, P.A.; Barbeau, S.J. Positional accuracy of assisted GPS data from high-sensitivity GPS-enabled
mobile phones. J. Navig. 2011, 64, 381–399. [CrossRef]

23. Donaire-Gonzalez, D.; Valentín, A.; de Nazelle, A.; Ambros, A.; Carrasco-Turigas, G.; Seto, E.; Jerrett, M.;
Nieuwenhuijsen, M.J. Benefits of Mobile Phone Technology for Personal Environmental Monitoring.
JMIR mHealth uHealth 2016, 4, e126. [CrossRef] [PubMed]

24. Hurvitz, P.M.; Moudon, A.V.; Kang, B.; Saelens, B.E.; Duncan, G.E. Emerging technologies for assessing
physical activity behaviors in space and time. Front. Public Health 2014, 2, 2. [CrossRef] [PubMed]

25. Su, J.G.; Jerrett, M.; Meng, Y.-Y.; Pickett, M.; Ritz, B. Integrating smart-phone based momentary location
tracking with fixed site air quality monitoring for personal exposure assessment. Sci. Total Environ. 2015,
506–507, 518–526. [CrossRef] [PubMed]

26. Wan, N.; Lin, G. Classifying human activity patterns from smartphone collected GPS data: A fuzzy
classification and aggregation approach. Trans. GIS 2016, 20, 869–886. [CrossRef]

27. Hu, M.; Li, W.; Li, L.; Houston, D.; Wu, J. Refining time-activity classification of human subjects using the
global positioning system. PLoS ONE 2016, 11, e0148875. [CrossRef] [PubMed]

28. Breen, M.S.; Long, T.C.; Schultz, B.D.; Crooks, J.; Breen, M.; Langstaff, J.E.; Isaacs, K.K.; Tan, Y.M.;
Williams, R.W. GPS-based microenvironment tracker (MicroTrac) model to estimate time–location of
individuals for air pollution exposure assessments: Model evaluation in central North Carolina. J. Expo. Sci.
Environ. Epidemiol. 2014, 24, 412–420. [CrossRef] [PubMed]

29. Zhou, P.; Zheng, Y.; Li, Z.; Li, M.; Shen, G. IODetector: A generic service for indoor outdoor detection.
In Proceedings of the 10th ACM Conference on Embedded Network Sensor Systems, Toronto, ON, Canada,
6–9 November 2012.

30. Radu, V.; Katsikouli, P.; Sarkar, R.; Marina, M.K. A semi-supervised learning approach for robust
indoor-outdoor detection with smartphones. In Proceedings of the 12th ACM Conference on Embedded
Network Sensor Systems, Memphis, TN, USA, 3–6 November 2014.

http://dx.doi.org/10.3390/ijerph110807805
http://www.ncbi.nlm.nih.gov/pubmed/25101766
http://dx.doi.org/10.1016/j.scitotenv.2012.10.098
http://www.ncbi.nlm.nih.gov/pubmed/23183229
http://dx.doi.org/10.1016/j.sste.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26530823
http://dx.doi.org/10.1038/sj.jes.7500496
http://www.ncbi.nlm.nih.gov/pubmed/16773123
http://dx.doi.org/10.1039/b903841h
http://www.ncbi.nlm.nih.gov/pubmed/20449221
http://www.ncbi.nlm.nih.gov/pubmed/21151593
http://dx.doi.org/10.1038/jes.2012.81
http://www.ncbi.nlm.nih.gov/pubmed/22829049
http://dx.doi.org/10.1016/j.envpol.2012.12.032
http://www.ncbi.nlm.nih.gov/pubmed/23416743
http://dx.doi.org/10.1186/1476-072X-7-22
http://www.ncbi.nlm.nih.gov/pubmed/18495025
http://dx.doi.org/10.1017/S0373463311000051
http://dx.doi.org/10.2196/mhealth.5771
http://www.ncbi.nlm.nih.gov/pubmed/27833069
http://dx.doi.org/10.3389/fpubh.2014.00002
http://www.ncbi.nlm.nih.gov/pubmed/24479113
http://dx.doi.org/10.1016/j.scitotenv.2014.11.022
http://www.ncbi.nlm.nih.gov/pubmed/25437768
http://dx.doi.org/10.1111/tgis.12181
http://dx.doi.org/10.1371/journal.pone.0148875
http://www.ncbi.nlm.nih.gov/pubmed/26919723
http://dx.doi.org/10.1038/jes.2014.13
http://www.ncbi.nlm.nih.gov/pubmed/24619294


Int. J. Environ. Res. Public Health 2017, 14, 434 12 of 14

31. Gerharz, L.E.; Kruger, A.; Klemm, O. Applying indoor and outdoor modeling techniques to estimate
individual exposure to PM2.5 from personal GPS profiles and diaries: A pilot study. Sci. Total Environ. 2009,
407, 5184–5193. [CrossRef] [PubMed]

32. Glasgow, M.L.; Rudra, C.B.; Yoo, E-H.; Demirbas, M.; Merriman, J.; Nayak, P.; Crabtree-Ide, C.; Szpiro, A.A.;
Rudra, A.; Wactawski-Wende, J.; et al. Using smartphones to collect time–activity data for long-term
personal-level air pollution exposure assessment. J. Expo. Sci. Environ. Epidemiol. 2014, 26, 356–364.
[CrossRef] [PubMed]

33. Bassett, D.R. Device-based monitoring in physical activity and public health research. Physiol. Meas. 2012,
33, 1769–1783. [CrossRef] [PubMed]

34. Yang, C.-C.; Hsu, Y.-L. A Review of Accelerometry-Based Wearable Motion Detectors for Physical Activity
Monitoring. Sensors 2010, 10, 7772–7788. [CrossRef] [PubMed]

35. Loprinzi, P.D.; Lee, H.; Cardinal, B.J.; Crespo, C.J.; Andersen, R.E.; Smit, E. The relationship of actigraph
accelerometer cut-points for estimating physical activity with selected health outcomes. Res. Q. Exerc. Sport
2012, 83, 422–430. [CrossRef] [PubMed]

36. Hailstone, J.; Kilding, A.E. Reliability and Validity of the ZephyrTM BioHarnessTM to Measure Respiratory
Responses to Exercise. Meas. Phys. Educ. Exerc. Sci. 2011, 15, 293–300. [CrossRef]

37. Case, M.A.; Burwick, H.A.; Volpp, K.G.; Patel, M.S. Accuracy of smartphone applications and wearable
devices for tracking physical activity data. JAMA 2015, 313, 625–626. [CrossRef] [PubMed]

38. Adam Noah, J.; Spierer, D.K.; Gu, J.; Bronner, S. Comparison of steps and energy expenditure assessment
in adults of Fitbit Tracker and Ultra to the Actical and indirect calorimetry. J. Med. Eng. Technol. 2013, 37,
456–462. [CrossRef] [PubMed]

39. Chowdhury, E.A.; Western, M.J.; Nightingale, T.E.; Peacock, O.J.; Thompson, D. Assessment of laboratory
and daily energy expenditure estimates from consumer multi-sensor physical activity monitors. PLoS ONE
2017, 12, e0171720. [CrossRef] [PubMed]

40. Chu, A.H.Y.; Ng, S.H.X.; Paknezhad, M.; Gauterin, A.; Koh, D.; Brown, M.S.; Riemenschneider, F.M.
Comparison of wrist-worn Fitbit Flex and waist-worn ActiGraph for measuring steps in free-living adults.
PLoS ONE 2017, 12, e0172535. [CrossRef] [PubMed]

41. Evenson, K.R.; Goto, M.M.; Furberg, R.D. Systematic review of the validity and reliability of
consumer-wearable activity trackers. Int. J. Behav. Nutr. Phys. Act. 2015, 12, 159. [CrossRef] [PubMed]

42. Takacs, J.; Pollock, C.L.; Guenther, J.R.; Bahar, M.; Napier, C.; Hunt, M.A. Validation of the Fitbit One activity
monitor device during treadmill walking. J. Sci. Med. Sport 2014, 17, 496–500. [CrossRef] [PubMed]

43. Woodman, J.A.; Crouter, S.E.; Bassett, D.R.; Fitzhugh, E.C.; Boyer, W.R. Accuracy of Consumer Monitors
for Estimating Energy Expenditure and Activity Type. Med. Sci. Sports Exerc. 2017, 49, 371–377. [CrossRef]
[PubMed]

44. Kooiman, T.J.M.; Dontje, M.L.; Sprenger, S.R.; Krijnen, W.P.; van der Schans, C.P.; de Groot, M. Reliability and
validity of ten consumer activity trackers. BMC Sports Sci. Med. Rehabil. 2015, 7, 24. [CrossRef] [PubMed]

45. Lee, J.-M.; Kim, Y.; Welk, G.J. Validity of consumer-based physical activity monitors. Med. Sci. Sports Exerc.
2014, 46, 1840–1848. [CrossRef] [PubMed]

46. Mammen, G.; Gardiner, S.; Senthinathan, A.; McClemont, L.; Stone, M.; Faulkner, G. Is this bit fit? Measuring
the quality of the fitbit step-counter. Health Fit. J. Can. 2012, 5, 30–39.

47. Guo, F.; Li, Y.; Kankanhalli, M.S.; Brown, M.S. An Evaluation of Wearable Activity Monitoring Devices.
In Proceedings of the 1st ACM International Workshop on Personal Data Meets Distributed Multimedia,
New York, NY, USA, 21–25 October 2013.

48. Bates, A.; Ling, M.J.; Mann, J.; Arvind, D.K. Respiratory Rate and Flow Waveform Estimation from Tri-axial
Accelerometer Data. In Proceedings of the 2010 International Conference on Body Sensor Networks (BSN),
Los Alamitos, CA, USA, 7–9 June 2010; pp. 144–150.

49. Mann, J.; Rabinovich, R.; Bates, A.; Giavedoni, S.; MacNee, W.; Arvind, D.K. Simultaneous Activity and
Respiratory Monitoring Using an Accelerometer. In Proceedings of the 8th International Conference on Body
Sensor Networks, Dallas, TX, USA, 23–25 May 2011.

50. Rusin, M.; Arsand, E.; Hartvigsen, G. Functionalities and input methods for recording food intake:
A systematic review. Int. J. Med. Inf. 2013, 82, 653–664. [CrossRef] [PubMed]

51. Cade, J. Measuring diet in the 21st century: Use of new technologies. Proc. Nutr. Soc. 2016, 1–7. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.scitotenv.2009.06.006
http://www.ncbi.nlm.nih.gov/pubmed/19577794
http://dx.doi.org/10.1038/jes.2014.78
http://www.ncbi.nlm.nih.gov/pubmed/25425137
http://dx.doi.org/10.1088/0967-3334/33/11/1769
http://www.ncbi.nlm.nih.gov/pubmed/23110847
http://dx.doi.org/10.3390/s100807772
http://www.ncbi.nlm.nih.gov/pubmed/22163626
http://dx.doi.org/10.1080/02701367.2012.10599877
http://www.ncbi.nlm.nih.gov/pubmed/22978192
http://dx.doi.org/10.1080/1091367X.2011.615671
http://dx.doi.org/10.1001/jama.2014.17841
http://www.ncbi.nlm.nih.gov/pubmed/25668268
http://dx.doi.org/10.3109/03091902.2013.831135
http://www.ncbi.nlm.nih.gov/pubmed/24007317
http://dx.doi.org/10.1371/journal.pone.0171720
http://www.ncbi.nlm.nih.gov/pubmed/28234979
http://dx.doi.org/10.1371/journal.pone.0172535
http://www.ncbi.nlm.nih.gov/pubmed/28234953
http://dx.doi.org/10.1186/s12966-015-0314-1
http://www.ncbi.nlm.nih.gov/pubmed/26684758
http://dx.doi.org/10.1016/j.jsams.2013.10.241
http://www.ncbi.nlm.nih.gov/pubmed/24268570
http://dx.doi.org/10.1249/MSS.0000000000001090
http://www.ncbi.nlm.nih.gov/pubmed/27580155
http://dx.doi.org/10.1186/s13102-015-0018-5
http://www.ncbi.nlm.nih.gov/pubmed/26464801
http://dx.doi.org/10.1249/MSS.0000000000000287
http://www.ncbi.nlm.nih.gov/pubmed/24777201
http://dx.doi.org/10.1016/j.ijmedinf.2013.01.007
http://www.ncbi.nlm.nih.gov/pubmed/23415822
http://dx.doi.org/10.1017/S0029665116002883
http://www.ncbi.nlm.nih.gov/pubmed/27976605


Int. J. Environ. Res. Public Health 2017, 14, 434 13 of 14

52. Illner, A.K.; Harttig, U.; Tognon, G.; Palli, D.; Salvini, S.; Bower, E.; Amiano, P.; Kassik, T.; Metspalu, A.;
Engeset, D.; et al. Feasibility of innovative dietary assessment in epidemiological studies using the approach
of combining different assessment instruments. Public Health Nutr. 2011, 14, 1055–1063. [CrossRef] [PubMed]

53. Shim, J.S.; Oh, K.; Kim, H.C. Dietary assessment methods in epidemiologic studies. Epidemiol. Health 2014,
36. [CrossRef] [PubMed]

54. Forster, H.; Fallaize, R.; Gallagher, C.; O’Donovan, C.B.; Woolhead, C.; Walsh, M.C.; Macready, A.L.;
Lovegrove, J.A.; Mathers, J.C.; Gibney, M.J.; et al. Online dietary intake estimation: The food4Me Food
frequency questionnaire. J. Med. Internet Res. 2014, 16, e150. [CrossRef] [PubMed]

55. Liu, B.; Young, H.; Crowe, F.L.; Benson, V.S.; Spencer, E.A.; Key, T.J.; Appleby, P.N.; Beral, V. Development
and evaluation of the Oxford WebQ, a low-cost, web-based method for assessment of previous 24 h dietary
intakes in large-scale prospective studies. Public Health Nutr. 2011, 14, 1998–2005. [CrossRef] [PubMed]

56. Matthys, C.; Pynaert, I.; De Keyzer, W.; De Henauw, S. Validity and reproducibility of an adolescent
web-based food frequency questionnaire. J. Am. Diet. Assoc. 2007, 107, 605–610. [CrossRef] [PubMed]

57. Ngo, J.; Engelen, A.; Molag, M.; Roesle, J.; García-Segovia, P.; Serra-Majem, L. A review of the use of
information and communication technologies for dietary assessment. Br. J. Nutr. 2009, 101 (Suppl. 2),
S102–S112. [CrossRef] [PubMed]

58. Touvier, M.; Kesse-Guyot, E.; Méjean, C.; Pollet, C.; Malon, A.; Castetbon, K.; Hercberg, S. Comparison
between an interactive web-based self-administered 24 h dietary record and an interview by a dietitian for
large-scale epidemiological studies. Br. J. Nutr. 2011, 105, 1055–1064. [CrossRef] [PubMed]

59. Vereecken, C.A.; Covents, M.; Sichert-Hellert, W.; Alvira, J.M.F.; Le Donne, C.; De Henauw, S.; De Vriendt, T.;
Phillipp, M.K.; Béghin, L.; Manios, Y.; et al. Development and evaluation of a self-administered computerized
24-h dietary recall method for adolescents in Europe. Int. J. Obes. 2008, 32 (Suppl. 5), S26–S34. [CrossRef]
[PubMed]

60. Kumar, P.; Morawska, L.; Martani, C.; Biskos, G.; Neophytou, M.; Di Sabatino, S.; Bell, M.; Norford, L.;
Britter, R. The rise of low-cost sensing for managing air pollution in cities. Environ. Int. 2015, 75, 199–205.
[CrossRef] [PubMed]

61. Mead, M.I.; Popoola, O.A.M.; Stewart, G.B.; Landshoff, P.; Calleja, M.; Hayes, M.; Baldoví, J.; McLeod, M.W.;
Hodgson, T.F.; Dicks, J.; et al. The use of electrochemical sensors for monitoring urban air quality in low-cost,
high-density networks. Atmos. Environ. 2013, 70, 186–203. [CrossRef]

62. Williams, R.; Long, R.; Beaver, M.; Kaufman, A.; Zeiger, F.; Heimbinder, M.; Hang, I.; Yap, R.; Acharya, B.;
Ginwald, B.; et al. Sensor Evaluation Report; Report EPA/600/R-14/143; Environmental Protection Agency:
Washington, DC, USA, 2014.

63. Piedrahita, R.; Xiang, Y.; Masson, N.; Ortega, J.; Collier, A.; Jiang, Y.; Li, K.; Dick, R.P.; Lv, Q.;
Hannigan, M.; et al. The next generation of low-cost personal air quality sensors for quantitative exposure
monitoring. Atmos. Meas. Tech. 2014, 7, 2425–2457. [CrossRef]

64. Fine, G.F.; Cavanagh, L.M.; Afonja, A.; Binions, R. Metal oxide semi-conductor gas sensors in environmental
monitoring. Sensors 2010, 10, 5469–5502. [CrossRef] [PubMed]

65. Wang, C.; Yin, L.; Zhang, L.; Xiang, D.; Gao, R. Metal oxide gas sensors: Sensitivity and influencing factors.
Sensors 2010, 10, 2088–2106. [CrossRef] [PubMed]

66. Lin, C.; Gillespie, J.; Schuder, M.D.; Duberstein, W.; Beverland, I.J.; Heal, M.R. Evaluation and calibration of
Aeroqual series 500 portable gas sensors for accurate measurement of ambient ozone and nitrogen dioxide.
Atmos. Environ. 2015, 100, 111–116. [CrossRef]

67. Holstius, D.M.; Pillarisetti, A.; Smith, K.R.; Seto, E. Field calibrations of a low-cost aerosol sensor at
a regulatory monitoring site in California. Atmos. Meas. Tech. 2014, 7, 605–632. [CrossRef]

68. Northcross, A.L.; Edwards, R.J.; Johnson, M.A.; Wang, Z.M.; Zhu, K.; Allen, T.; Smitha, K.R. A low-cost
particle counter as a realtime fine-particle mass monitor. Environ. Sci. Process. Impacts 2013, 15, 433. [CrossRef]
[PubMed]

69. Semple, S.; Ibrahim, A.E.; Apsley, A.; Steiner, M.; Turner, S. Using a new, low-cost air quality sensor to
quantify second-hand smoke (SHS) levels in homes. Tob. Control 2013, 24, 153–158. [CrossRef] [PubMed]

70. Manikonda, A.; Zíková, N.; Hopke, P.K.; Ferro, A.R. Laboratory assessment of low-cost PM monitors.
J. Aerosol. Sci. 2016, 102, 29–40. [CrossRef]

71. Volckens, J.; Quinn, C.; Leith, D.; Mehaffy, J.; Henry, C.S.; Miller-Lionberg, D. Development and evaluation
of an ultrasonic personal aerosol sampler. Indoor Air 2017, 27, 409–416. [CrossRef] [PubMed]

http://dx.doi.org/10.1017/S1368980010003587
http://www.ncbi.nlm.nih.gov/pubmed/21385523
http://dx.doi.org/10.4178/epih/e2014009
http://www.ncbi.nlm.nih.gov/pubmed/25078382
http://dx.doi.org/10.2196/jmir.3105
http://www.ncbi.nlm.nih.gov/pubmed/24911957
http://dx.doi.org/10.1017/S1368980011000942
http://www.ncbi.nlm.nih.gov/pubmed/21729481
http://dx.doi.org/10.1016/j.jada.2007.01.005
http://www.ncbi.nlm.nih.gov/pubmed/17383266
http://dx.doi.org/10.1017/S0007114509990638
http://www.ncbi.nlm.nih.gov/pubmed/19594959
http://dx.doi.org/10.1017/S0007114510004617
http://www.ncbi.nlm.nih.gov/pubmed/21080983
http://dx.doi.org/10.1038/ijo.2008.180
http://www.ncbi.nlm.nih.gov/pubmed/19011650
http://dx.doi.org/10.1016/j.envint.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25483836
http://dx.doi.org/10.1016/j.atmosenv.2012.11.060
http://dx.doi.org/10.5194/amtd-7-2425-2014
http://dx.doi.org/10.3390/s100605469
http://www.ncbi.nlm.nih.gov/pubmed/22219672
http://dx.doi.org/10.3390/s100302088
http://www.ncbi.nlm.nih.gov/pubmed/22294916
http://dx.doi.org/10.1016/j.atmosenv.2014.11.002
http://dx.doi.org/10.5194/amtd-7-605-2014
http://dx.doi.org/10.1039/C2EM30568B
http://www.ncbi.nlm.nih.gov/pubmed/25208708
http://dx.doi.org/10.1136/tobaccocontrol-2013-051188
http://www.ncbi.nlm.nih.gov/pubmed/24046213
http://dx.doi.org/10.1016/j.jaerosci.2016.08.010
http://dx.doi.org/10.1111/ina.12318
http://www.ncbi.nlm.nih.gov/pubmed/27354176


Int. J. Environ. Res. Public Health 2017, 14, 434 14 of 14

72. Moore, E.; Chatzidiakou, L.; Jones, R.L.; Smeeth, L.; Beevers, S.; Kelly, F.J.; Quint, J.K.; Barratt, B. Linking
e-health records, patient-reported symptoms and environmental exposure data to characterise and model
COPD exacerbations: Protocol for the COPE study. BMJ Open 2016, 6, e011330. [CrossRef] [PubMed]

73. Kardous, C.A.; Shaw, P.B. Evaluation of smartphone sound measurement applications. J. Acoust. Soc. Am.
2014, 135, EL186–EL192. [CrossRef] [PubMed]

74. Maisonneuve, N.; Stevens, M.; Niessen, M.E.; Steels, L. NoiseTube: Measuring and mapping noise pollution
with mobile phones. In Information Technologies in Environmental Engineering; Athanasiadis, I.N., Rizzoli, A.E.,
Mitkas, P.A., Gómez, J.M., Eds.; Springer: Berlin/Heidelberg, Germany, 2009; pp. 215–228.

75. Murphy, E.; King, E.A. Testing the accuracy of smartphones and sound level meter applications for measuring
environmental noise. Appl. Acoust. 2016, 106, 16–22. [CrossRef]

76. Schreckenberg, D.; Griefahn, B.; Meis, M. The associations between noise sensitivity, reported physical and
mental health, perceived environmental quality, and noise annoyance. Noise Health 2010, 12, 7. [CrossRef]
[PubMed]

77. Shiffman, S.; Stone, A.A.; Hufford, M.R. Ecological Momentary Assessment. Annu. Rev. Clin. Psychol. 2008,
4, 1–32. [CrossRef] [PubMed]

78. Stahler, G.J.; Baron, D.A. Geospatial technology and the “exposome”: New perspectives on addiction. Am. J.
Public Health 2013, 103, 1354–1356. [CrossRef] [PubMed]

79. Sarigiannis, D.; Gotti, A.; Cimino Reale, G.; Marafante, E. Reflections on new directions for risk assessment
of environmental chemical mixtures. Int. J. Risk Assess Manag. 2009, 13, 216–241. [CrossRef]

80. Armstrong, S. What happens to data gathered by health and wellness apps? BMJ 2016, 353, i3406. [CrossRef]
[PubMed]

81. Paul, G.; Irvine, J. Privacy Implications of wearable health devices. In Proceedings of the 7th International
Conference on Security of Information and Networks, New York, NY, USA, 9–11 September 2014.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1136/bmjopen-2016-011330
http://www.ncbi.nlm.nih.gov/pubmed/27412104
http://dx.doi.org/10.1121/1.4865269
http://www.ncbi.nlm.nih.gov/pubmed/25236152
http://dx.doi.org/10.1016/j.apacoust.2015.12.012
http://dx.doi.org/10.4103/1463-1741.59995
http://www.ncbi.nlm.nih.gov/pubmed/20160386
http://dx.doi.org/10.1146/annurev.clinpsy.3.022806.091415
http://www.ncbi.nlm.nih.gov/pubmed/18509902
http://dx.doi.org/10.2105/AJPH.2013.301306
http://www.ncbi.nlm.nih.gov/pubmed/23763413
http://dx.doi.org/10.1504/IJRAM.2009.030697
http://dx.doi.org/10.1136/bmj.i3406
http://www.ncbi.nlm.nih.gov/pubmed/27338775
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Sensor Criteria 
	Exposure Parameters and Sensors 
	Location 
	Physical Activity 
	Diet 
	Indoor Climate 
	Air Quality 
	Noise 

	Discussion 
	Conclusions 

