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Abstract

Background: Light exposure is an important driver and modulator of human physiology, behavior and overall health, includ-
ing the biological clock, sleep-wake cycles, mood and alertness. Light can also be used as a directed intervention, e.g., in the
form of light therapy in seasonal affective disorder (SAD), jetlag prevention and treatment, or to treat circadian disorders.
Recently, a system of quantities and units related to the physiological effects of light was standardized by the International
Commission on Illumination (CIE S 026/E:2018). At the same time, biometric monitoring technologies (BioMeTs) to capture
personalized light exposure were developed. However, because there are currently no standard approaches to evaluate the
digital dosimeters, the need to provide a firm framework for the characterization, calibration, and reporting for these digital
sensors is urgent.

Objective: This article provides such a framework by applying the principles of verification, analytic validation and clinical
validation (V3) as a state-of-the-art approach for tools and standards in digital medicine to light dosimetry.

Results: This article describes opportunities for the use of digital dosimeters for basic research, for monitoring light expos-
ure, and for measuring adherence in both clinical and non-clinical populations to light-based interventions in clinical trials.
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Introduction

The importance of light for human health and
well-being

Exposure to light has a powerful impact on human health
and well-being.'** This impact is mediated by a range of
physiological responses to ocular light exposure. By
illuminating the world around us, light enables us to
see and perceive the world, contributing to visual per-
formance, inducing visual experiences and affecting
visual comfort. Beyond vision, light is crucial for every-
day function: It is the main time cue for the circadian
system, which for example regulates the phase and amp-
litude of an individual’s daily sleep-wake pattern® but
also, basic physiological functions such as immune
function®* and metabolism.> In addition, a well-
functioning circadian system is important for healthy
sleep and optimal functioning during wakefulness.
Disturbances in sleep-wake patterns due to the absence
of a strong time cue or an ill-timed signal for the circa-
dian system can result in a lack of energy, cognitive def-
icits, reduced self-control and a negative mood.®™® Light
can also induce more instantaneous changes in alertness,
mood, and performance,’ % independently of the crucial
role of light in sleep and circadian functioning. Through
these acute effects, light can — depending on its strength
and timing — benefit or challenge our daytime function-
ing and overall physiology. Recently, consensus-based
recommendations for healthy light exposure patterns
were put forward by an international group of
experts'® — further highlighting the currently under-
recognized potential of light for human health.
Building regulations and recommendations have been
developed to address specifically the requirements of
illumination vis-a-vis the physiological effects of
light'*'® (reviewed by Ref.!”).

Light exposure needs to be measured in a
personalized fashion

With light playing such an important role in controlling
and modifying various aspects of our physiology, behav-
ior, and long-term health, the measurement of light is of
great importance. The measurement of light — called
optical radiation metrology — is a very mature field, with
many commercially available high-quality instruments
for stationary measurements, such as those of a specific
light source. However, humans are not stationary,
moving around in and between different environments
that are illuminated by diverse light sources, including
electric light, daylight and self-emitting displays such as
computer monitors or smartphones, which are themselves
not constant due to weather conditions and daylight avail-
ability.'®'? Rather than measuring light in a location-

specific or source-centric view, there is therefore the
need to characterize light exposure in an personalized
fashion.”® Importantly, such characterization is not
limited to the physiological “non-visual” responses to
light, but can equally include the characterization of the
“visual diet”, i.e., which types of colors and illuminances
people are exposed to.?!

Various research groups and commercial manufacturers
have developed measurement or sensor solutions that are
person-based, as they are worn on different parts of the
body (e.g., as a brooch, wrist-worn watch-like device, on
a pair of glasses, etc.), and allow for prolonged monitoring
of light exposure in free-living conditions.*' ~°

Critical factors influencing the measurements include the
position of the sensor (and e.g., the possibility of the sensor
being covered by clothing such as sleeves or scarves), the
vulnerability of the sensor (e.g., waterproof grading, rug-
gedness, position on the body and variability of that pos-
ition>' %), battery life, primary function of the sensor
(e.g., is it a primary actigraphy monitor, optical monitor,
or a light sensor designed to capture different dimensions
of environmental light exposure), and acquisition-related
parameters such as the recording interval. Systematic
in-laboratory comparisons of the optical performance of
light-logging sensors show large differences in their
ability to capture biologically relevant light in commonly
used sensors, =440

A recent comprehensive review on light-dosimetry
studies showed that in the published literature, there is
a large variability of parameters used in these studies.*®
The authors found a total of 25 unique device types
used in the literature. In more than 70% of the surveyed
studies, there was no mention of the dosimeter’s calibra-
tion. Device placement was found to vary widely
between studies, with the wrist location being the most
commonly used one (64% of the surveyed studies). The
recording interval also varied, with 1-minute intervals
being the most commonly used one (49% of the surveyed
studies). Given this diversity, it is clear that a framework
is needed to understand the choice of different parameters
systematically.

Typical workflow for measuring personalized light
exposure

Figure 1 visualizes the general workflow of personalized
light-dosimetry measurements. The world contains
scenes that are illuminated by different light sources,
including daylight, electric light of various types, and
mixtures thereof. Scenes contain materials that reflect
light in potentially spectrally biased ways.
Consequently, the light reaching the eye — ocular light
exposure — is a complex combination of light sources,
illumination geometry, and materials, all of which may
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Figure 1. Overview of the light-dosimetry and light-logging pipeline.

be changing over time. Ocular light exposure itself is
modified by dynamic parameters, such as head and eye
movements, and individual-level parameters, such as
facial features.

The quantity that drives the physiological effects of
light — and the associated health outcomes — is the irradi-
ance reaching the retina in the back of the eye, after
passing through the pupil and being filtered by the
ocular media. As retinal irradiance is not measurable
by external tools — only the retina can “measure” it*'
proxy measurements using irradiance sensors in, near
or outside of the corneal plane are used to approximate
retinal irradiance. Most commonly, wrist-worn devices
with build-in light-logging facilities are used (64% of
the surveyed studies in Ref.?’). When worn continu-
ously, these measurement sensors yield time series of
personalized light exposure. For research purposes,
these are then typically summarized using level- (e.g.,
mean or median) or time-based (e.g., time above thresh-
old) metrics and related to health-related outcomes by
way of statistical association.

Of course, at the start of each investigation using
personalized light exposure measurements is a research
question. Different research questions will prioritize
different methodological choices and outcomes: Some
research questions may not require a measurement
device to be accurate. In the following, we approach
the question of light dosimetry from a device-
dependent perspective, rather than considering the
many idiosyncrasies that could arise in different
research questions.

Applications of measuring personalized light
exposure in medicine and health

There are broadly four distinct modes of using light dosim-
etry for investigating health-related outcomes:

Monitoring light exposure in observational studies

Light exposure patterns among free-living subjects have been
captured in a number of studies. This includes research primar-
ily describing and characterizing the patterns of light exposure
across seasons and in different populations,”**** as well as
studies associating light exposure and health-related out-
comes.**® The biological rationale for hypothesized associa-
tions between light exposure and health-related outcomes is
clearly established through in-laboratory findings in humans
and animals.*"?

Monitoring light exposure as an outcome or
mediator in clinical trials

In some cases, light exposure can represent the primary or sec-
ondary outcome of a specific clinical trial, such as in studies
attempting to modify lifestyle to alter light exposure and
visual behavior in myopia control (e.g., Ref.30), or studies
aimed to optimize light exposure in order to support sleep
and/or daytime functioning (e.g., Ref.>). In these studies, per-
sonalized light exposure is the study outcome, and therefore
measurements need to be sensitive enough to capture change
in light patterns in response to the trial intervention.
Similarly, studies that focus on lifestyle interventions to
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improve sleep might affect light exposure (e.g., an increase in
physical activity outdoors might be the behavioral interven-
tion), and the potential increase in light exposure may affect
sleep. Measuring the direct and indirect effects of an interven-
tion, in turn, informs our causal models of disease, and enables
us to maximize impact in future study designs.

Monitoring light exposure to confirm compliance in
clinical trials and in-laboratory studies

Light is used as an intervention in a range of disorders and
syndromes, including depression,®® postpartum depres-
sion,®! cancer,>** dementia® and delayed phase sleep dis-
order.®® Typically, these interventions involve the
application and exposure to bright light sources in an ambu-
latory or stationary setting. For participants and patients
who can freely move around, light dosimetry can therefore
be used for confirming the actual effective dose (and thereby
adherence to the intervention). Similarly, light exposure can
be measured prior to laboratory sessions to estimate the
effective dose in in-laboratory interventional studies.®’

Monitoring light exposure for diagnostic purposes

There are wide reaching consequences of environmental
light exposure,’® some of which have been the focus of
large-scale epidemiological studies where light exposure
is measured using either stationary sensors (e.g., to assess
light at night in a bedroom) or at an ecological level (e.g.,
using satellite data for certain geographical location, often
averaged across time). These studies have provided some
evidence that exposure to ambient light at night is asso-
ciated with an increased risk of diabetes,69 breast
cancer,’”’% depression’” and obesity.”*’*"7 Effect sizes
are generally small, and replication of longitudinal studies
using incident disease outcomes is scarce. In addition, bio-
logical research clearly shows that the neural responses
caused by light exposure are tracked and summed over time
and that physiological responses depend on prior light
so non-personalized light exposure measure-
ments, especially over a short timeframe, are likely to misesti-
mate the true impact of light exposure on long-term health.

The V3 framework: verification, analytical validation
and clinical validation

The main goal of this article is to outline the steps required to
advance personalized light exposure assessment to become
fit-for-purpose as a medical intervention and health-related
outcome and predictor in (digital) clinical trials. To do so,
we have adopted the V3 framework (Box 1) which was devel-
oped to enhance reliable and robust usage of biometric mon-
itoring technologies (or BioMeTs) in clinical research.®* This
framework includes verification (Figure 2A), analytical

validation (Figure 2B) and clinical validation, which we
apply to the use of light dosimeters (Figure 2).

Box 1: V3 framework

The V3 evaluation framework®® is a three-component process
intended to provide guidance on evaluating biometric
monitoring technologies (BioMeTs) as fit-for-purpose. BioMeTs
are connected digital medicine products that process data
captured by mobile sensors using algorithms to generate
measures of behavioral and/or physiological function.

The framework includes (1) verification, (2) analytical
validation, and (3) clinical validation, described in turn below.
The V3 evaluation framework was developed by the Digital
Medicine Society to synthesize the various definitions and
standards that had already been in use within engineering,
regulatory, and clinical fields.

Verification refers to the evaluation of a sensor(s) within a
BioMeTs and the sample-level data it generates. Verification is
typically performed during bench top testing and aims to
determine whether the sensor output data captures the physical
property (light, in this case) within an acceptable level of accuracy,
precision, consistency, and uniformity for the intended purpose.

Analytical validation is the evaluation of the performance of
the algorithm that processes the sample-level data captured by
a sensor, and its ability to measure, detect, or predict
physiological or behavioral metrics. Analytical validation is
typically conducted in research or clinical studies with human
participants.

Clinical validation refers to the evaluation of whether the
output of the algorithm acceptably identifies, measures, or
predicts a meaningful clinical or functional experience in the
stated context of use and in the specified population. Clinical
validation typically occurs in the environment where the digital
tool will be used. Clinical validation is generally not ‘achieved’
with a single clinical study; instead, clinical validation typically
involves the evaluation of a body of work conducted over several
years.

Put simply, the V3 process aims to answer the following
questions in turn:

* To what extent does the output of the sensor measure the
physical concept of interest within acceptable performance
criteria (i.e., is the sensor contained within the device/
product adequately capturing light exposure)?

* To what extent does the output of the algorithm capture the
relevant behavioral or physiological phenomenon it claims to
measure (e.g., is the output data an accurate measurement of
physiologically relevant light exposure)?

* Is the behavioral or physiological phenomenon clinically
relevant for the population of interest and context of use (e.g.,
does circadian phase estimated with light sensor data predict
a relevant downstream health consequence)?

Verification of light dosimeters

The goal of verification is to determine if the light sensor
is accurate with respect to a reference standard, precise
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Figure 2. Mapping the V3 model onto light dosimetry and light logging.
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(intra-sensor assessment over short time periods), con-
sistent (intra-sensor assessment over longer time
periods), and uniform (inter-sensor assessment). In the
case of light sensors, the International Commission on
Illumination (CIE), the standards body for light-related
quantities, has yet to release a standard characterizing
the properties of light sensors for personalized light
exposure. For illuminance meters, the international
standard ISO/CIE 19476:2014 - Characterization of
the performance of illuminance meters and luminance
meters®® considers a range of properties when determin-
ing the performance of illuminance meters. Though this
standard focuses specifically on measurements of pho-
topic illuminance, its general principles of calibration
are useful and can be applied to light sensors capturing
biologically relevant light exposure (Figure 2A). We
consider here the most important points:

e Spectral properties: Sensors have specific spectral
sensitivity profiles, i.e., they sense light in a
wavelength-dependent manner. The spectral sensitiv-
ity properties of sensors need to be characterized. The
gold standard for such a characterization is to
measure the response of the sensor to different mono-
chromatic or narrowband lights, to characterize the
per-wavelength response of the sensor. This requires
a monochromator or a digitally tunable light source
that generates single-wavelength light. For a sensor
to be useful in the quantification of physiological
responses, it is necessary to also characterize the
extent to which the a-opic spectral sensitivities (see
Box 2) can be reconstructed from the individual
channel responses.

e UV and IR response: It is conceivable that sensor
channels respond to light outside of the visible
range, namely in the ultraviolet (UV) and infrared
(IR) range. If sensor channels also respond to non-
visible light, scenarios with significant UV or IR
components may lead to an overestimation of the cap-
tured quantities in the visible range. As a conse-
quence, if there is substantial UV or IR radiation
that is picked up by the sensor channels, the measure-
ments are inaccurate. To ensure that the sensors only
register light that they purport to measure, it is
important to confirm this.

¢ Directional response: Irradiance sensors capture light
in a spatially integrated fashion, by integrating over the
hemisphere in a cosine-corrected fashion. Rather than
capturing just a single point or area in front of the
sensor, it weights light coming from the center most
strongly, with light coming from more acute angles
carrying less weight. Whether or not a sensor and its
measurement optics follow a cosine response must be
carefully characterized.

Box 2:
light

Metrology for the visual and non-visual responses of

When discussing light, it is important to understand that the
measurement and characterization of light is intimately linked to
human physiology and behavior. llluminance [lux] and
luminance [cd/m?] are photometric quantities that imply a
human observer, as they represented the spectral irradiance or
radiance as weighted by the photopic luminous efficiency
function V(A). V(1) was derived in 1924 by the International
Commission on lllumination (CIE; Commission Internationale de
I'Eclairage) from psychophysical measurements in a group of
human observers, and generally V(1) can be modeled as a
weighted sum of the long-wavelength-sensitive (L) and
middle-wavelength-sensitive (M) cone spectral sensitivities. In
1931, the CIE developed a system of colorimetry to describe color
objectively, resulting in the CIE 1931 XYZ system (in which V(1) is
included as the (1) function).

In 2018, a novel system of metrology was developed by the
CIE to quantify the activation of all human photoreceptors with
specific relevance to the physiological and behavioral effects of
light, incorporating also the melanopsin-containing ipRGCs in
addition to the long-wavelength-sensitive (L),
medium-wavelength-sensitive (M) and
short-wavelength-sensitive (S) cones and the rods. This system
proposes a set of five spectral sensitivities to calculate the o-opic
(ir)radiance, which is the (ir)radiance for a specific retinal
photoreceptor class (S cone, M cone, L cone, rhodopsin and
melanopsin-encoded photoreception of ipRGCs). It is possible to
convert the a-opic values into a colorimetric system like the

previously described CIE 1931 XYZ system.

o Linearity: The linearity of a sensor refers to whether the
sensors respond to linear changes in incident irradiance
in a proportional manner. Generally, it is possible to
take measurements of spectral sensitivity and linearity
in the same set of measurements, if the measurement
system allows for both changes in wavelength of mono-
chromatic light and its excitant irradiance.

o Fatigue: Fatigue refers to any unpredicted responses in
the sensor following prolonged exposure to light. This
has so far, at least to our knowledge, not been character-
ized in wearable light sensors.

e Dependence on temperature and humidity: Depending
on how the sensors are designed and driven, they may be
sensitive to temperature and humidity. Therefore, making
generalizable measurements requires establishing that the
sensor response is independent of temperature and/or
humidity, or to derive correction factors that are tempera-
ture and humidity-dependent. This aspect is even more
relevant in the context of wearables.

¢ Response to modulated light: Sensors may respond dif-
ferently to temporally varying or modulated light. The
temporal response of the sensor needs to be characterized.

e Resolution: The resolution and minimum resolvable
light step of the sensors must be characterized.
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Taken together, the verification process and the data gener-
ated in this process is often opaque in the context of
BioMeTs, and certainly so for wearable personal light
sensors. This article provides recommendations for the evalu-
ation of light sensors, especially when employed in clinical
research settings. While it may not be straightforward to
perform these characterizations, the V3 framework and its
explicit call upon verification of BioMeTs for clinical
research will support the development of a consensus and/
or community-driven standards and guidelines.

Analytical validation of light dosimeters

The analytical validation of light dosimeters refers to the
validation of light measurements under well-controlled
lighting scenarios made with the dosimeters (Figure 2B).
This is most convenient under laboratory conditions,
where lighting conditions can be held constant and accur-
ately calibrated using high-specification research-grade sta-
tionary spectrometers, hyper-spectral cameras or luminance
cameras. If a BioMeTs under investigation generates light
measurements that inaccurately represents light exposure
under these parametric conditions, it is very unlikely that it
can also support measurements in the context of clinical
trials in real-world settings. Depending on the types of
sensor channels contained in a dosimeter, there are obvious
ways to check the (ecological) validity of the measurements.
For example, if a dosimeter has a UV channel, then under
typical indoors without any daylight condition, the UV
irradiance should be minimal. However, in outdoor light con-
ditions, measurements might be heavily affected. A relatively
weak but occasionally useful form of analytical validation is
the cross-calibration of BioMeTs to be used in a study. This
could involve subjecting the light dosimeters to the same set
of standard conditions — e.g., an overcast sky84 — and then
generating a correction factor to at least make devices used
within a study to yield comparable data.

Clinical validation of light dosimeters

The clinical validation of light dosimeters demonstrates their
usability in describing, predicting or explaining health or
clinically relevant outcomes (Figure 2C). As described
above, there are various studies that have described natural-
istic light exposure as a function of patient group, geograph-
ical location and season, and/or associated light exposure
with health outcomes. Moreover, light dosimeters have
been used to predict health-related outcome parameters in
both clinical and non-clinical populations, rendering mixed
findings (see, e.g., Ref.>?). The degree to which light dosi-
meters are useful for clinical contexts requires further
research over long periods of time, using sensors that have
been adequately assessed from verification and analytical
validation perspectives. A key consideration is that the

criteria used in characterizing a light dosimeter may differ
between different types of trials and outcomes used.

Open questions in digital dosimetry

While the V3 framework provides a framework for consid-
ering the key technical and technological challenges for
personalized sensor light dosimetry, there are additional
questions that require theoretical and practical clarification.

To what extent is corneal light exposure a
physiologically relevant quantity?

As stated earlier, retinal irradiance cannot be practically
measured. Even when an observer is stationary and the
scene constant, the light effectively reaching the eye and
retina will be modulated in time by individual-level charac-
teristics (such as head movements, eyelid closure, facial
features, and pupil size'®®®). Using some assumptions,
e.g., a parametric model of pupil size as a function of
corneal irradi21nce,86’87 the retinal irradiance could be recon-
structed from corneal irradiance, but not in a spectrally
selective way. In the limit, it is possible to conceive of two
spatially very distinct scenarios yielding the same spatially
integrated corneal irradiance: One very bright point light
source in an otherwise dark field and one homogenous
field. Importantly, the physiological effect of light varies
with the region of the illuminated retina.** > At present, spa-
tially resolved measurements are not generally available for
wearable dosimetry to incorporate these effects.

Additionally, even if it is possible to estimate the spa-
tially resolved and temporally defined pattern of a-opic
radiances at the level of the retina, it is the photoreceptor
signals that are relayed to targets in the brain that underlie
the physiological effects of light. These may be subject to
non-linearities, and may also be combined. For example,
the ipRGCs receive input from the cones and rods,”**° sug-
gesting a pathway for integration of photoreceptor signals at
the level of the retina already. For practical purposes, even
if there is a biological capacity for the cones and rods to
contribute to the physiological effects of light, there is con-
verging evidence that melanopic quantities may be suffi-
cient to predict them under most conditions.”®~'%

What is the usability and acceptability of digital
dosimeters?

Different form factors for dosimeters place different demands
on participants. Whether or not a portable sensor is usable
will modify the extent to which it is fit-for-purpose in the
field. While feasibility and acceptability concerns are typic-
ally considered during the planning phase of interventional
clinical trials, it is critical to assess the usability, acceptability
and equity of BioMeTs to be used in digital health and
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medicine. It is important to mention that there is typically a
tradeoff between usability of light sensors and their accuracy
in terms of approximation of corneal light exposure. For
instance, sensors worn at the wrist might be preferred by
users over the use of sensors mounted on a pair of glasses,
but at the same time these sensors might render less accurate
proxies of retinal light exposure as they capture light in a dif-
ferent plane and are more likely to be covered. Yet, usability
is crucial for users’ adherence to the required (long-term)
measurement protocol. Missing data, especially when sys-
tematic in specific contexts (such as when being in
company of others and/or when spending time outdoors),
might inhibit the collection of representative light exposure
profiles in everyday-life settings.

Which metrics should be used?

An important consideration is that there is currently no
standard set of metrics for summarizing time series data
obtained with light sensors. This is particularly relevant for
field assessments, with substantial inter- and intra-individual
variations in light exposure profiles as a function of season,
time of day and weather conditions and users’ location
(e.g., indoors or outdoors) and behavior.'”" The lack of a
standard set of metrics to quantify light exposure patterns
challenges comparison across studies.

Moreover, it is not clear whether reported significant asso-
ciations in the literature arose from a principled process, or
whether parameters were tweaked until a significant associ-
ation was found without statistical penalty. A potential solu-
tion is a multiverse approach,'® preferably employed in a
large data set, where a set of plausible choices of analytic
parameters are systematically investigated and the robustness
of a specific association is assessed. For studies reporting null
findings, it could also be the case that the used aggregation
missed important features of the light exposure profile that
are particularly determinant in light-induced moderations in
the outcome parameter.

How comparable are data from different groups and
populations?

Portable sensor dosimeters can generate large amounts of
data in different geographical locations or in groups with
different demographic make-up. The development of
common frameworks for storing and processing BioMeTs
data will be a key in facilitating “big data” analyses of
light dosimetry, and other types of data collected via
digital sensors.'3~10

How to handle non-wear periods and quality control?. The
assessment of rest-activity cycles with actigraphy is often
paired with the use of a sleep diary,'°'!" sometimes indi-
cating non-wear periods which can then be masked in later

analysis steps. For light dosimetry, there are currently no
standard instruments for capturing non-wear periods. In
cases when the light-logging is integrated in a wrist-worn
device also using actigraphy, the non-wear periods indi-
cated in a sleep diary may be used for determining the
periods on non-wear.

Quality control in general is an unsolved problem in light
dosimetry, as there is no objective method for determining
the congruency of corneal light exposure with measured
light exposure. For example, sleeves may cover wrist-worn
devices, and scarves may cover light dosimeters attached
near the neck of a participant. A standard method of asses-
sing the amount of invalid data needs to be developed.

Conclusion

Monitoring personalized light exposure through digital
sensors is a key growing area in a variety of applications,
ranging from its inclusion in associational studies, to light
exposure being used as a medical intervention to treat,
monitor or diagnose multiple conditions, or as a
health-related outcome, moderator, or mediator in clinical
trials. While there are now various light dosimeters avail-
able both for research use and commercially, it is not
clear how to validate and verify them, and standard frame-
works for the characterization of these light dosimeters do
not necessarily apply. This article described the verification,
analytic validation, and clinical validation (V3) framework
to digital light-dosimetry sensors and highlighted ongoing
challenges for portable digital dosimetry.
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