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Abstract

Incandescent and halogen light bulbs for general lighting do not meet new energy efficiency
requirements and are gradually being phased out. Newer artificial light sources such as
compact fluorescent lights and light emitting diodes (LEDs) provide more energy-efficient
alternatives. A question that is sometimes raised is whether exposure to light from new
artificial sources could lead to adverse health outcomes. Various studies into the
photochemically-induced retinal damage due to extended exposures to blue light have been
conducted under very high irradiances.

In our study, we have examined the level of light exposure in everyday working lives. Average
indoor and outdoor blue-light irradiance and illuminance of day working hospital employees
show that exposure conditions in studies mentioned above cannot be instructive in
determining health risks from long-term light exposure from artificial sources for general
lighting.

Keywords: light exposure, blue-light hazard, blue-light irradiance, light emitting diodes (LEDs)

1 Introduction

With the aim of reducing energy cost of lighting, incandescent and halogen light bulbs for
domestic, office and industrial general lighting in the European Union (EU), and many other
countries, are being phased out in favour of other types of energy-efficient electric lighting
alternatives, such as compact fluorescent lights and light emitting diodes (LEDs). The
introduction of LEDs as light sources has prompted questions about their photobiological
safety and concerns about the possibility of retinal damage due to the blue-light hazard.

The term “blue light hazard” describes acute photochemical damage to the retina. The
damage mechanism has an action spectrum known for more than 40 years — the blue-light
hazard function B(A) that peaks in the blue region of the visible spectrum at approximately
440 nm (Ham and Mueller, 1976). The International Commission on Non-lonizing Radiation
Protection (ICNIRP) publishes guidelines recommending exposure limits for the blue-light
hazard and various other optical radiation hazards. These limits are deliberately set
significantly below the thresholds for tissue damage. The exposure limit values (ELVs) in the
Artificial Optical Radiation Directive (AORD, 2006), intended to protect workers from the blue-
light hazard and other risks to health from hazardous sources of artificial optical radiation, are
based on the ICNIRP guidelines published in 1997 (ICNIRP, 1997) and 2004 (ICNIRP, 2004).
In the new ICNIRP guidelines published in 2013 (ICNIRP, 2013), the recommended blue-light
hazard exposure limits have not been changed.

In order to assess the exposure, the measured spectral radiance L(1) of a light source at an
exposure location has to be weighted by the blue-light hazard function B(4) and summed to
give a blue-light effective radiance Lp (expressed in W-m-2.sr'). Multiplying Lg by the
exposure duration gives the blue-light effective radiance dose, Dg, which should not exceed
108 J-m2.sr'! within a total continuous viewing time of up to 10 000 s. If the viewing duration
might be longer than 10 000 s, the blue-light effective radiance L should not exceed
100 W-m-2.sr'.
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For comparison with retinal exposures, the blue-light effective radiance dose limit DggLv can
be transformed into a radiant exposure limit Hg gy by the multiplication with the solid angle
that is subtended by the pupil of the eye, Q = 0,024 sr (using a pupil diameter of 3 mm and an
effective distance between the pupil of the eye and the human retina of 17 mm; Sliney, 1984).
Assuming no transmission loss, the blue-light effective radiant exposure Hg at any given point
on the retina should not exceed 24 000 J-m=2 (ICNIRP, 2013). Also, for exposure durations of
10 000 s and above, the blue-light effective radiance limit Lg gy of 100 W-m=2.sr' can be
transformed into the blue-light effective irradiance limit Eg gLy of 2,4 W-m2.

Lending support to the concerns about the blue-light hazard caused by the artificial light
sources are mechanistic studies reporting retinal damage in cell cultures or animal models
exposed to high irradiances. However, it is easily shown in the introduction below that the
exposures in these studies exceeded the ELVs, and further the data collected in this study for
hourly average blue light levels in artificial lighting at work are not comparable to the high
irradiances used.

For instance, Chamorro et al. (2013), exposed human retinal pigment epithelial (RPE) cells in
vitro to the LED light and showed a decrease in cellular viability and increases in cellular
apoptosis, production of reactive oxygen species (ROS) and DNA damage. The RPE cells
were exposed to 12h/12h LED light-darkness cycles using blue, green, red and white LEDs.
Light exposure for all LEDs is reported as unweighted irradiance” of 5 mW-cm2 (equivalent to
50 W-m2). The important information on the blue-light effective irradiance is lacking, so by the
way of example we have calculated it for one of the light sources used in the study, the blue
LED (peak wavelength 468 nm, full width at half maximum (FWHM) 30 nm). Spectral
measurements of a blue LED (peak wavelength 467 nm, FWHM 30 nm) in the Optical
Laboratory of the Federal Institute for Occupational Safety and Health gave the ratio between
the unweighted irradiance and the blue-light effective irradiance of approximately 1,5.
Therefore, the unweighted irradiance of 50 W-m reported in the study of Chamorro et al. was
divided by 1,5 to give 33 W-m? as the blue-light effective irradiance of a blue LED used in this
study. Finally, since the radiant exposure equals irradiance multiplied with exposure duration
(Hs = Ep - t), permitted exposure duration can be calculated, showing that in the case of the
blue LED, the ELV was exceed in only 12 min. The exposure lasted 12 h, i.e. longer than
10 000 s, and also here the ELV was exceeded by a factor of 14 (the blue-light effective
irradiance of 33 W-m divided by the blue-light effective irradiance limit which is for exposure
duration of 10 000 s and above constant, Eg gLy = 2,4 W-m2).

Similar analysis could show that the ELV for exposure duration shorter than 10 000 s was
also exceeded in the study of Sparrow et al. (2004). In this study the RPE cells in vitro were
exposed to blue and green light of wavelengths 430 nm and 550 nm, respectively, as well as
to white light for 20 min. The unweighted irradiance of both blue and green light was
8 mW-cm (equivalent to 80 W-m?), and of the white light 246 mW-cm2 or 2460 W-m-2.

In any given 24-hour period, people are exposed to both natural light and light from a range of
artificial sources, often simultaneously. The objective of this paper is to examine the level of
light exposure in everyday working lives: average indoor and outdoor blue-light irradiance and
illuminance levels from measurement data collected by day working hospital employees will
be presented. Light exposures presented in this contribution were measured within a joint
project of the Federal Institute for Occupational Safety and Health (BAuA) and the Public
Health England (PHE). The aim of the project was to determine light exposure from natural
and artificial sources with regard to circadian effects in shift-working employees; however light
data collected in this project can also be used to respond to other questions.

* Note that the use of unweighted irradiance or inappropriately weighted quantities such as illuminance is
uninformative, can be misleading and should be avoided.
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2 Methods

Light exposures were measured by nurses for a week in January 2015 (winter) and a further
week in June 2015 (summer) in Klinikum Dortmund (43 subjects) and, concurrently, at Kings
College Hospital in London (42 subjects).

24-hour light exposure data were recorded by a commercial actimetry research device
Actiwatch Spectrum (AWS, Fig. 1a) (Actiwatch Spectrum, Philips Respironics), discontinued
in 2016. The AWS device includes three solid-state photosensors (silicon photodiodes with
distinct optical filters). The photosensors detect irradiance (expressed in pW-cm2) in the red,
green and blue regions of the visible spectrum, between 350 nm and 750 nm, and the AWS
calculates an estimate of illuminance (expressed in Ix) using these measurements. Fig. 1b
depicts spectral sensitivities of Actiwatch Spectrum R-, G- und B-photosensors. The AWS
devices were calibrated in optical laboratories of the Public Health England and the Federal
Institute for Occupational Safety and Health (Price et al., 2013, Udovicic et al., 2016). The
blue-light hazard function B(4) was approximated by the signal of the B-photosensor (see
Fig. 1b).
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Figure 1 — a) An Actiwatch Spectrum device from Philips Respironics with three photo- sensors
for the red (R), green (G) and blue (B) portion of the visible spectrum, b) Spectral sensitivity of
Actiwatch Spectrum R-, G- und B-photosensors and action spectrum B(A)

The AWS devices were worn as a badge on the upper chest on the outer layer of clothing
(Fig. 2) continuously for seven days while awake. When in bed to sleep, they were placed on
the bed-side table in order to measure bedroom light levels. As an actimetry device, the AWS
also contains accelerometers to detect activity. The activity data were used to identify periods
when the device was not being worn and these periods were excluded on the presumption
that the personal exposure to light was not being measured.

Participants completed a lighting questionnaire giving information on the light sources in the
workplace and at home. Sleep and activity timing diaries were completed including data on
time spent indoors (at the workplace, at home) and outdoors (walking, doing sports). Subjects
provided written consent, and the data were stored and processed anonymously.
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Figure 2 — A chest-mounted Actiwatch Spectrum acquiring personal light exposure, as worn on
the outer layer of clothing

3 Results

Dortmund and London have the same latitude (51,5°) and the longitude difference is 7,5°; on
average sunrises and sunsets take place half-an-hour earlier in Dortmund in Coordinated
Universal Time, but half-an-hour later using local clocks. The day working times of the nurses
in Germany comprised two shifts (early and late shift from 6:30 to 14:30 and 14:30 to 22:30,
respectively) compared to two shifts in the UK (short and long day work in London from 09:00
to 17:00 and from 07:30 to 20:00, respectively).

Fig. 3 shows an example of the B-photosensor irradiance (blue-light irradiance) and
illuminance measured by a nurse in Germany who worked between January 23 and 29, 2015,
only day shifts (two early and one late shift). Measured blue-light irradiance and illuminance
have been averaged over an hour. Average hourly blue-light irradiances measured in
Germany and the UK in January and June 2015 for different day shifts are shown in Figs. 4
and 5.
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Figure 3 — An example for the blue-light irradiance (blue) and illuminance (yellow) measured by
a nurse who worked two early shifts and one late shift between January 23 and 29, 2015 in
Dortmund.
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Figure 4 — Average hourly blue-light irradiance measured in Germany in January and June
2015. The number of shifts n includes multiple shifts from some nurses.
a) Early shift in Dortmund, working time 06:30 — 14:30
b) Late shift in Dortmund, working time 14:30 — 22:30
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Figure 5 — Average hourly blue-light irradiance measured the UK in January and June 2015.
The number of shifts n includes multiple shifts from some nurses.
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a) Short day work in London, working time 09:00 — 17:00
b) Long day shift in London, working time 07:30 — 20:00
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Table 1 — Average hourly blue-light irradiance and illuminance measured in Dortmund (early
shift) and London (short day work) in winter and summer for selected times of a day.

Winter Summer
Average Average Average Average
irradiance / |illuminance /|irradiance / |illuminance /
W-m-2 Ix W-m-2 Ix
At home,
00:30 — 04:30 0,0005 1,6 0,0017 3,0
At work,
1030 — 1130 0,0513 64,3 0,1188 528,7
. Commuting
Early shift, i i 0,0989 186,4 0,8147 1037,0
Dortmund 14:30 — 15:30
Outdoor*
(commuting 0,3637 639,6 2,8528 5074,7
14:30 — 15:30)
At home,
20:30 — 22:30 0,0015 7,2 0,0194 35,6
At home,
00:30 — 04:30 0,0001 0,4 0,0001 0,2
Commuting
08:30 0,0767 125,4 0,8180 700,7
Short day
work, f‘éf’;grk 130 0,0467 94,0 0,2241 265,4
London v
Commuting
17:30 0,0098 31,0 0,4406 731,1
At home,
20:30 — 22:30 0,0027 8,8 0,0101 24 .1

* Qutdoor values in Dortmund measured on January 14, 15 and 16, 2015; n = 20.

The average levels of the blue-light irradiance and the illuminance show the effects of

e season (winter, summer),

e selected times of day (night, afternoon, evening),

e Dbeing indoors / outdoors, and

e Dbeing at workplace / at home.

In general, the average indoor levels of blue-light irradiance measured close to the eyes,
including light due to artificial sources, are approximately 200 times lower than the light levels
applied in the animal experiments mentioned earlier. As might be expected, the same indoor

levels of light exposure are also significantly lower compared with the natural daylight
outdoors.

4 Conclusion
Average levels of indoor blue-light irradiance from artificial light sources are much lower than

the light levels used in some studies aiming to prove that long-term exposure to LED light
causes retinal damage. 24-hour exposures (excluding sleep) to indoor blue-light irradiance
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from artificial light sources are also much lower than relatively short exposures to natural
daylight outdoor levels. Therefore, we conclude that these studies do not support the
hypothesis that long-term exposure from blue light in modern artificial light sources, such as
LEDs, used everyday life can cause retinal damage. The dosimetry data add to the evidence
in support the Opinion of the Scientific Committee on Health, Environmental and Emerging
Risks (SCHEER, 2018) and latest CIE position statement on the Blue Light Hazard
(CIE, 2019).

A third paper using animal models (Jaadane et al., 2015) investigated the blue-light hazard
using with Wistar rats in vivo exposed to white, green and three different blue LEDs (473 nm,
467 nm and 449 nm) and reported a damage of the photoreceptors layer after 18 h of
exposure (the dose reported for one of three blue LEDs was 34,2 J.cm™, equivalent to
3,42-10% J-m?). Rats are nocturnal and light averse, with eyes that are smaller and have a
much higher pre-retinal transmittance in the blue spectral region. As a result, the
interpretation in terms of effects in humans is complex, and Ham and Mueller (1976) explicitly
advise against making inter-species comparisons. We consider that when the conditions
reported are converted into equivalent human exposures, it is likely that these would also
exceed the ELVs.

Indeed, modern general purpose lighting cannot be considered more blue than many
established lighting sources, or else the colour of the light emitted would not be visually
acceptable. In future, the emissions from sources using ultra-violet or violet LEDs below
440 nm where visual effects on colour become weaker may warrant further studies, but this
study adds further weight against concerns of retinal damage from everyday lighting
incorporating blue LEDs.

It is worth noting that the AWS does not measure radiance and the methodology applied is not
intended to be a substitute for the optical radiation hazard assessment required by EU
legislation concerning the protection of workers from adverse health effects (see
Udovicic and JanRen, 2019). It was occasionally observed that AWS saturate at high
irradiances. The data were also recorded at 30-second intervals (thought to be based on
sampling approximately every 5s to 10 s). It is therefore not possible with these data to rule
out short exposures that exceed the ELVs.

However, studies have been published that imply risks of adverse health effects under
extreme exposure conditions. Combined with measurement data relating to the radiance
levels in samples of modern LED lighting and screens (CIBSE, 2016; O’Hagan et al., 2016;
Udovicic and JanRen, 2019) the data presented confirm that the studies of the type mentioned
above cannot be instructive in determining present day health risks from long-term LED light
exposure.
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