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Residents of nursing homes often have a very limited access to natural daylight,
which is the main environmental cue for circadian entrainment that usually cannot
be compensated by standard indoor lighting. For the development of adequate
modernization strategies with regard to a more human-centred lighting approach,
reliable field measurements of the circadian effectiveness of the prevalent lighting
conditions are required. To ease the task for the lighting practitioner, our lab re-
cently developed a simplified method of estimating the biologically meaningful
circadian stimulus (CS) metric using standard measurement equipment. In this
work, the proposed method is applied for the first time in field measurements to
assess the circadian effectiveness of the indoor light conditions including daylight
entry of a nursing home in the Frankfurt Rhine-Main area. Reference thresholds for
low, moderate and high circadian stimuli derived from the literature were used for
subsequent data analysis. Mostly, moderate to rather low CS values were found. It
is concluded that the amount of circadian-effective light is insufficient to provoke
proper circadian stimulation, which may lead to progressive circadian disruptions
manifesting in adverse effects on the residents’ health and well-being. Further
evidence is provided that the insufficient-lighting-situation in nursing homes is a
serious problem in long-term care and needs urgent consideration in health policy.

1. Introduction

Persons with Alzheimer’s disease and related
dementias (ADRD) often suffer from severe
functional disorders of their circadian sleep—wake
rhythms, which, for example, manifests in form
of excessive daytime sleepiness, nighttime rest-
lessness, agitated behaviour, irritability, erratic
mood swings and additionally reduced cognitive
functioning.' When living in the institutional-
ized environment of a nursing home, their
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symptoms may further aggravate due to an in-
creased physical inactivity compared to persons
with dementia still living in their own households
and, as a consequence thereof, an often insuffi-
cient exposure to natural daylight conditions.*™®

Natural daylight is the main environmental cue
for the daily entrainment of the brain’s master
clock located in the suprachiasmatic nucleus
(SCN) to the 24 h light—dark cycle caused by the
earth’s rotation to regulate and coordinate bio-
logical rhythms and metabolism in the human
organism. A lack of exposure to a regular, daily
light—dark pattern, usually caused by the absence
of natural daylight in combination with insuffi-
cient artificial light conditions, thus leads to a
desynchronization of the SCN, which basically
results in a permanent jet lag compromising
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health and well-being in humans.” Disturbed
circadian rhythms, sleep disorders and related
dysfunctions are the consequences.

For the elderly, being exposed to insufficient
lighting conditions is the rule rather than the
exception.”*>* 1% In a review article summa-
rizing the literature on sleep disturbances in
nursing home settings, Neikrug and Ancoli-Is-
rael'! reported that 4% of institutionalized ADRD
patients hardly ever experienced light levels of
more than 500 Ix. Bright light exposure above
10001x was in fact observed in 53% of the
subjects, but only for a median of 10.5 minutes
per day resulting in a reported median daytime
light exposure of just 54 1x. In institutionalized
settings, this lack of sufficient exposure to bright
light is considered as one of the main causes of
circadian disruption.'?

Youngstedt et al.,'* who investigated the re-
lationship between the time spent at high levels
of illumination and indicated sleep disturbances
in a group of community-dwelling older adults
with symptoms of depression, reported de-
creased illumination levels to be associated with
increased night-time wakefulness and longer
sleep-onset latency. Similarly, Sakurai and Sa-
saki,'* who studied sleep-wake patterns in a
group of community-dwelling elderly, found that
almost half of the subjects that showed poor
rhythms also experienced insufficient levels of
light exposure.

In a nursing home study intended to compare
sleep, circadian rest-activity behaviour and light
exposure between residents with severe dementia
and those showing only mild, moderate or no
symptoms of dementia, Ancoli-Israel et al”
found that the former suffered from more
blunted activity rhythms, showed an increased
daytime sleep and spent significantly less time in
bright light conditions than the latter. In addition,
those individuals who had more light exposure
during the day showed a less fragmented, more
consolidated sleep at night. Based on these results
in combination with previous data,'>"' they have
concluded that extreme sleep fragmentation,
frequently observed in nursing home residents,
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may partly be due to low levels of daytime light-
exposure.

In this context, light therapy to promote cir-
cadian entrainment has proven to be a promising
non-pharmacological treatment method to con-
solidate sleep-activity patterns, attenuate cogni-
tive deterioration and reduce depression and
agitated behaviour in persons with ADRD living
in long-term care facilities.'’~** The effectiveness
of such interventions, on the other hand, can be
understood as an indicator of the poorness and
inadequacy of existing lighting installations to
appropriately stimulate the residents’ circadian
system during daytime.”® Indeed, the greatest
positive effects on sleep, mood and behaviour in
persons with ADRD were observed in tailored-
lighting intervention studies, in which all-day
light conditions were optimized for a maximum
stimulation of the circadian system”>*’ by using
the circadian stimulus (CS) metric.*®

Being based on fundamental reflections on
human circadian phototransduction (i.e. how the
retina converts light information into neural
signals for the circadian system?®), CS is con-
sidered as a biologically meaningful measure to
evaluate the circadian effectiveness of a light
source. Research in various fields of application,
including lighting design for nursing homes and
long-term care facilities, has shown that an ex-
posure of at least 1 h to a CS of 0.3 or greater at
eye level preferably in the moming hours may
effectively stimulate the circadian system,
eventually leading to better sleep as well as im-
proved mood and behaviour.?* 72!

In the light of the ongoing COVID-19 pan-
demic, entailing strict lockdowns of nursing
homes to protect their vulnerable residents from
infections, and with regard to the discussed
general lack of sufficiently bright light conditions
in institutionalized settings, the urgent need for
action to overcome the state of ‘biological
darkness’ many of our beloved ones are living in
is more pressuring than ever. This situation, of
course, has not been caused by the Corona virus,
but the latter certainly aggravates it as lockdown-
induced restrictions on getting outside further
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limit the residents’ chance to compensate their
bright light deficiency with natural daylight.
Adequate modernization strategies for a better
and more human-centred indoor lighting in
nursing homes are required and demand for re-
liable field measurements to assess and evaluate
the current situation.

To ease this task for the lighting practitioner,
Truong et al.*? recently developed a simplified
method to estimate the circadian effectiveness of
the indoor light conditions in terms of CS using
standard measurement equipment. The present
study is the first to apply their proposed method in
field measurements to report on the amount of
circadian-effective light (including daylight en-
try) that is received indoors by the residents of a
senior care facility in the Frankfurt Rhine-Main
area. Based on the assessment of CS as a bio-
logically meaningful quantity, this work adds
further evidence to the findings of two recently
published studies of Konis** and Kolberg et al.,*
who both confirmed the general inadequacy of
lighting conditions in nursing homes in terms of
equivalent melanopic lux>* and melanopic
equivalent daylight illuminance,® respectively.
Even without the pandemic, the insufficient-
lighting-situation in nursing homes is a serious
problem in long-term care that should urgently be
addressed by national health policy.

2. Method

The following sections are intended to provide an
overview on the measurement and data collection
procedures adopted for this work. In particular, a
brief discussion on the theoretical background of
the CS quantity and its measurement using
standard instrumentation will be given. In addi-
tion, the applied measurement protocol and data
analysis procedure will be presented.

2.1 Estimation of the Circadian Stimulus
The hormone melatonin has proven to be an

excellent biomarker to assess the spectral sensi-

tivity of the human circadian system. In two
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independent studies conducted by Brainard
et al.*® and Thapan et al.,’” nocturnal melatonin
suppression in humans was shown to peak at
460 nm with an approximately 110 nm wide
absorption band at half-maximum sensitivity.
From these empirical data, it was clear that no
single photoreceptor of the human retina, in-
cluding the intrinsically photosensitive retinal
ganglion cells (ipRGCs),*** which constitute the
main conduit of light signals to the SCN,**** is
capable of describing the observations made on
circadian phototransduction. Instead, as stated by
Rea and Figueiro,”® all retinal photoreceptors
must be taken into account as ipRGCs, even
though being intrinsically photosensitive, also
receive indirect light information from the rod
and cone photoreceptors of the outer retina.**
Thus, by explicitly considering the neuroana-
tomical, neurophysiological and operational
characteristics of the human retina and brain, Rea
et al.*® developed the most complete model of the
spectral sensitivity of the human circadian system
based on the nocturnal melatonin suppression
data. To characterize the circadian-effectiveness
of an arbitrary light source, they further defined
the CS metric, providing the functional relation-
ship between the light source’s model-weighted
irradiance and the theoretically provoked mela-
tonin suppression in percent.

Other popular metrics for assessing the non-
visual effects of light, such as the a-opic quan-
tities recommended by the CIE*>**° or the
equivalent melanopic lux*’ adopted for the
WELL standard,** are basically tied to single
receptor sensitivity functions. While this might be
beneficial for certain aspects in the context of
non-visual research, evaluating the contributions
of each photoreceptor separately appears to be
inconsistent with scientific evidence indicating
that all three kinds of photoreceptors (i.e. rods,
cones and ipRGCs) considerably contribute to
human circadian phototransduction.*®* As a
consequence, these single photopigment-based
quantities have been concluded to be incapable
of adequately describing compound effects of
lighting in relation to circadian responses.’”
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The CS metric, on the contrary, features this
consistency as it complies with the neuroanatomy
and neurophysiology of the circadian system and
explicitly considers the contributions of all
photoreceptors.?®'>3 Although it has not been
sanctioned by any national or international
lighting standard yet, the CS metric and its
physiological relevance have been validated in
many field studies.>*2"*°!%" In particular, it
has been applied successfully for designing tai-
lored lighting interventions to promote circadian
entrainment and improve sleep and behaviour in
persons with ADRD living in the institutionalized
environment of a nursing home.?**%?” This
previous field research provides evidence for the
suitability and biologically meaningfulness of the
CS metric to be used in the present work for
assessing the circadian effectiveness of indoor
light conditions with regard to the needs of the
elderly.

Due to its complexity, the determination of CS
in field measurements imposes a challenging
task on the lighting practitioner as it usually
requires a spectroradiometer or some other
dedicated device,’®>® both of which must be
considered as being non-standard equipment. In
two recent articles published by our lab, Truong
et al>*® therefore developed a family of
computational approximation methods that can
be used to calculate CS values from well-known
photometric and colorimetric quantities that are
easily available using standard instrumentation.
The first method models CS as a function of
photopic illuminance E, in lux and the colori-
metric 2° chromaticity coordinate z, both mea-
sured vertically at eye level, while the second
method makes use of the correlated colour
temperature (CCT) instead of the z coordinate.
Although CCT is a widely used and standardized
feature in lighting design and measurement,
which was the main reason for developing the
second approximation method, CS model pre-
dictions based on this quantity become signifi-
cantly inaccurate for light sources ranging from
3220 K to 3710 K. Thus, the CCT-based ap-
proximation method should not be applied in this
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range.®° Instead, the first method should be used
which allows for predicting sufficiently accurate
CS values for white light sources of arbitrary
CCTs in an illuminance range of 101x to
100001x. Compared to Rea et al.’s original
model, a maximal prediction error of |ACS|,.x =
0.058 has been reported.>?

As many of the subsequent measurements of
the nursing home’s indoor light conditions fall
into the prohibited CCT range, the second method
was disregarded, and only the first one was used
to determine CS from standardized quantities.
The corresponding model expression reads

CS(z,E,)
( 0.7
0.7 — 2.263904
14+0.016781- (Z.E34509265) .

if z>0.195

0.7
0.7 - 1.109998
140.011376 - (z- E,)

if z<0.195

)

where the discontinuity at z = 0.195 represents an
essential feature of the circadian g)hoto—
transduction known as spectral opponency.”*-*!-¢>
Depending on the blue versus yellow (b — y)
opponent receptor signal, given by the difference
between the S-cone response and the sum of the
L- and M-cone responses (i.e. (1)), contributions
from this b — y mechanism add to the response of
the ipRGCs if the spectral power distribution
(SPD) of the light source causes it to signal
*blue’,?® that is, for b — y > 0. However, no such
contribution is added if the SPD causes the b — y
mechanism to signal zero or ’yellow’, that is, for
b — y < 0. In this latter case, the spectral sen-
sitivity of the circadian system is solely defined
by the sensitivity of the ipRGCs. It should be
noted that the previously discussed alternative
models for assessing the non-visual characteris-
tics of light fail to model this important feature of
human circadian phototransduction.
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For a better visualization of the opponency
effect, Figure 1 illustrates the resulting behaviour
for a Planckian radiator as a function of its CCT
using equation (1) to estimate the corresponding
CS values at three different vertical illuminance
levels of 2501x, 400 1x and 600 Ix, respectively.
As can be seen, the discontinuity at z = 0.195,
which corresponds to a CCT of 3395 K, yields to
a sudden drop of the circadian effectiveness of the
Planckian radiator. As shown by Rea and Fig-
ueiro,”® this is due to the fact that the spectral
opponency translates to a subadditive component
in the spectral sensitivity function where the
accordingly weighted light spectrum subtracts
from the overall response of the circadian system.
At this swap point, it is even possible that higher
illuminance values for slightly larger CCTs may
result in a reduced CS compared to lower illu-
minance levels for slightly smaller CCTs. How-
ever, it should also be noted that CCT is not an
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accurate characterization of whether spectral
opponency shows an effect or not. The drop in CS
at 3395 K only holds for the Planckian radiator.
For other light sources, specifically for those
whose chromaticity coordinates are not lying on
the Planckian locus, the swap points may occur at
significantly different CCTs. Nonetheless, it is
very important for the lighting practitioner to be
aware of this pitfall when attempting to optimize
light conditions for an enhanced circadian ef-
fectiveness. In this context, equation (1) provides
an easy-to-use CS approximation method based
on well-known quantities that can facilitate the
circadian lighting design process accordingly.
Concerning the present work, a standard
measurement protocol using a conventional
photometer was eventually applied to conduct
fast and accurate field measurements of the cir-
cadian effectiveness of the indoor light conditions
in the nursing home environment based on the
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Figure 1. Circadian stimulus as a function of correlated colour temperature for the Planckian radiator calculated by using
equation (1) at different vertical illuminance levels. The discontinuity at z=0.195 representing the spectral opponency of
human circadian phototransduction corresponds to a correlated colour temperature value of 3395 K
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discussed approximation method. No additional
spectral measurements have been performed. The
reason for this was mainly twofold: (i) Due to
rigorous lockdown regulations, the permit to stay
in the nursing home to perform the data acqui-
sition was extremely time-limited. It was there-
fore decided to capture only those quantities that
were required for the application of equation (1)
using a simple photometer approach that offered
fast integration times without any additional time-
consuming preparation steps. (ii) Apart from the
lighting community, this work should also ad-
dress healthcare policy stakeholders as well as
the health and nursing management of long-
term care facilities. Using inexpensive mea-
surement equipment in combination with an
easy-to-implement method of data acquisition
may therefore provide a valuable tool for as-
sessing and improving the actual lighting situa-
tions in nursing homes that can be applied easily
in the field also by non-lighting practitioners.

2.2 Data Collection and Analysis

Data collection was performed during the
COVID-19 December 2020 lockdown in Ger-
many for a single nursing home in the Frankfurt
Rhine-Main area. It was built in 2014 and
comprises four structurally identical senior living
communities on two floors (1st and 2nd floor).
Each community consists of 10 private rooms for
10 residents and one large shared space that
serves as the kitchen area and dining hall. Two of
these communities — one on the 1st, the other on
the 2nd floor — were selected as adequate ex-
amples to obtain a valid estimate of the nursing
home’s indoor light conditions. Measurements
were performed on a sunny day (8 Dec. 2020)
around noon (i.e. between 11 a.m. and 1 p.m.) to
assess the circadian effectiveness experienced by
the nursing home’s residents under the assump-
tion that natural daylight entry through windows
maximally (relative to the time of the year)
supplemented the artificial indoor lighting.

Figure 2 documents the visual conditions at the
different measurement locations of the nursing
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home’s Ist floor community. All test rooms in-
cluding the common living area, the residents’
rooms and the ensuite bathrooms were lit by the
same type of fluorescent ceiling lamps (Lightnet
GmbH, BX1ASER-122-40). Each of these non-
dimmable, surface-mounted luminaires had a
diameter of 40 cm and used microprismatic optics
diffusers to achieve a homogeneously diffuse
direct-indirect illumination, see Figure 2(a). For
the direct component, they were equipped with an
Osram FC 22 W/830-Warm White TR-5 fluo-
rescent tube with a CCT of 3000 K, whereas an
Osram FC 40 W/830-Warm White fluorescent
tube of the same form factor and CCT but with a
higher wattage was used for the indirect compo-
nent. In the bathroom, an additional fluorescent-
tube-based lamp was installed above the mirror,
see Figure 2(c). An Osram HO 24 W/830 was used
as the corresponding light source. The residents’
bedside was equipped with an examination lamp,
see Figure 2(b), that comprised a single E27
halogen light bulb. Besides these standard lighting
installations that were defined by the nursing
home’s architecture and management, each res-
ident was encouraged to bring their own floor and
bedside lamps to their rooms, which resulted in
a certain variety of each room’s artificial light
conditions, reflected in the corresponding CS
measurement data.

With the exception of the bathrooms, which
were painted in an orange colour, see Figure 2(c),
most of the nursing home’s walls and all ceilings
were painted in a standard matte white. Accents
of colour were only used in the common living
area on the structure pillars and for some of the
furniture, see Figure 2(a). The floors in the
hallways and the common living area were
made of medium-gray matte linoleum, while a
brownish linoleum floor with wood optics was
chosen for the residents’ rooms. Dark-gray tiles
covered the bathroom floors. The window areas
in the different test rooms were relatively large
and extended in all cases from the floor to the
ceiling. The exact amount of daylight entry was
not measured explicitly. It can be stated, though,
that the nursing home’s architecture complies
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Figure 2. Image representations of the different test rooms of the nursing home selected for performing field
measurements of the circadian effectiveness of their lighting conditions including daylight entry. (a) Common living area.
(b) Resident’s room. (c) Ensuite bathroom. ©Caritasverband Darmstadt e.V. (available in colour in online version)

with the ASR A3.4 guideline for workplace de-
sign,®® which demands a daylight factor of at least
2% for the indoor environment.

Figure 3 shows the simplified floor plan and
illustrates the different measurement locations
and directions of measurement used for data
acquisition. Note that the same measurement
layout was applied on both floors. Some of the
rooms were not accessible due to an acute
COVID-19 infection of their residents. None-
theless, with all the rooms being mostly identical,
in particular with regard to their fixed lighting
installations, the current data set is assumed to be
a representative cross-section of the circadian
effectiveness that can be expected to be en-
countered indoors by the residents of this specific
nursing home.

With the permit to stay in the nursing home for
non-medical purposes being very limited in time,
the individual measurement locations and direc-
tions for the residents’ rooms were chosen
carefully with the intention of getting an average
estimate (centre of the room) of the maximal
(measurement direction pointing towards the
windows) and minimal (measurement direction
pointing towards the bed) values for the circadian
effectiveness with as few measurements as pos-
sible. In addition, the residents’ typical light

exposure when staying in bed or using the
bathroom should be assessed. Corresponding
measurements were added accordingly. Follow-
ing a similar argumentation, the minimum and
maximum estimates for the common living area
were complemented by measurements in the
directions of view of the residents when having
their meals.

For each measurement location and direction
of measurement, photopic illuminance £, and the
chromaticity coordinate z were measured verti-
cally at eye level using an HCT-99D handheld
photometer (Gigahertz-Optik GmbH, Tiirkenfeld,
Germany). The eye level for the measurements
performed in the common living area and at the
central locations of the residents’ rooms was
defined in relation to an average-sized elderly
person with a height of 165 cm (approx. mean
value of people at the age of eighty-two®?) sitting
in a wheel chair. For the bathroom measurements,
the same dummy person was assumed, but this
time in an upright position facing the mirror. The
bedside measurements, on the other hand, should
imitate the residents’ view when lying in bed on
their backs in a slightly erected position, for
example, for watching TV or reading a book.

Curtains were opened and all lights were
switched on. All measurements were performed

Lighting Res. Technol. 2022; 54: 459-473
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Figure 3. lllustration of the nursing home’s floor plan and measurement layout. Measurement locations and directions of
measurement are marked by solid dots and arrows, respectively. Existing lighting installations in the residents’ rooms
and the shared spaces are explicitly indicated by corresponding symbols explained in the legend. ©Caritasverband

Darmstadt e.V. (available in colour in online version)

twice, and the data were subsequently averaged.
Data analysis was then performed by using
equation (1) to convert from photometric and
colorimetric quantities to corresponding CS
values. In order to evaluate the different light
conditions in terms of their circadian effective-
ness, the following reference thresholds were
defined based on the literature®*>'°: For CS >
0.3, which represents a large CS, positive effects
on sleep quality, mood and behaviour are ex-
pected; for moderate stimuli with 0.15 <CS <0.3,
neither positive nor severe negative effects are
assumed; for CS < 0.15, insufficient circadian
stimulation must be concluded, which may
eventually lead to progressive circadian disrup-
tions and severe negative effects on well-being
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and behaviour. Results were categorized ac-
cordingly with a summary being given in the
following section.

3. Results and Discussion

Table 1 summarizes the cross-sectional mea-
surement results and CS calculations obtained for
the measurement layout shown in Figure 3. In all
cases, measurements pointing towards the win-
dows (labeled with an ’a’) show slightly larger z
values and CCTs than obtained for the remaining
measurements in the same room, which repre-
sents the daylight influence. Relatively small z
values and CCTs, on the other hand, are observed
for the measurements performed in the ensuite
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Table 1. Cross-sectional measurement results and CS calculations obtained for the measurement layout shown in
Figure 3 for the 1st and 2nd floor of the nursing home. Light grey (green in online version) and dark grey (red in online
version) shaded table entries indicate high (CS = 0.3) and low (CS < 0.15) circadian stimuli, respectively, whereas non-
shaded (non-coloured) CS entries represent moderate values (0.15 < CS < 0.3)

1st floor 2nd floor
E, in lux CCT inK z value CS value E, in lux CCTin K z value CS value
Room 1 a 248.6 4973 0.291 0.261 347.0 5345 0.306 0.348
Room 1 b 180.4 3784 0.216 0.121 133.9 3743 0.212 0.087
Room 1¢ 245.1 3795 0.218 0.163 195.8 3784 0.215 0.130
Room 2 a 202.5 4131 0.246 0.170 284.0 5415 0.311 0.314
Room 2 b 116.7 3630 0.200 0.067 242.1 3833 0.222 0.167
Room 2 ¢ 143.2 3735 0.216 0.097 215.1 3916 0.228 0.157
Room 2 d 201.1 2535 0.093 0.159 227.6 2713 0.118 0.213
Room 3 a 260.5 4551 0.268 0.241 318.5 5796 0.327 0.356
Room 3 b 269.7 3582 0.199 0.151 152.5 3916 0.227 0.113
Room 3 ¢ 210.2 3619 0.202 0.123 209.6 4006 0.235 0.162
Room 4 a 269.6 4161 0.240 0.209 343.2 4836 0.281 0.311
Room 4 b 171.8 3597 0.200 0.100 148.6 3562 0.199 0.085
Room 4 ¢ 179.4 3632 0.203 0.107 200.5 3679 0.205 0.122
Room 5 a 502.0 3838 0.227 0.303 525.7 4431 0.261 0.368
Room 5 b 355.7 3633 0.203 0.200 390.1 3702 0.205 0.219
Room 5 ¢ 302.3 2883 0.144 0.299 411.1 3220 0.171 0.393
Room 5d 341.7 3612 0.197 0.184 474.6 3795 0.214 0.270
Average 2471 3747 0.209 0.174 283.5 4100 0.231 0.224

bathrooms on the first and second floor (labeled
by ’room 2 d’), which, as can been seen from
Figure 2(c), is caused by the impact of the light
reflected from the orange-painted walls. Overall,
the results clearly emphasize the low amount of
circadian-effective light that is typically received
indoors by the nursing home residents. In fact,
even on a sunny day with all indoor light sources
being additionally switched on, our measure-
ments revealed that the resulting light conditions
rarely exceed the threshold of 0.3 in CS to ade-
quately stimulate the residents’ circadian system
during daytime.

As can be seen, a large CS is only achieved in
20% of the cases and is primarily limited to
measurement locations on the 2nd floor close to
windows with the measurement device pointing
towards them. That is, a sufficient amount of
circadian-effective light is only perceived by the
2nd floor’s nursing home residents when standing
or sitting near the windows with their gaze being
oriented straight to the outside to benefit from the
additional amount of natural daylight falling into

the room. In most of the other cases, and in
particular for the residents of the Ist floor, only
moderate to rather low stimuli are observed.
The sample means + standard deviations of CS
values are 0.174 £ 0.071 for the 1st floor and
0.224 £ 0.106 for the 2nd floor, respectively. As
these values were collected in such a way (cur-
tains open; all lights turned on) that they represent
a cross-sectional estimate for the maximum in
circadian effectiveness (relative to the time of the
year) of the light conditions experienced by the
nursing home residents, an even lower effec-
tiveness can be assumed under deviating pre-
conditions, such as, for example, on a cloudy day
or when the indoor light sources are switched on
only partly. Thus, from the measurements re-
ported here and the findings of Konis*® and
Kolberg et al.,> it seems clear that the light
conditions typically found in nursing homes and
senior care facilities rarely meet the requirements
for good and healthy circadian lighting. Instead,
the rather low amount of circadian effectiveness
observed in all these studies is likely to result in a

Lighting Res. Technol. 2022; 54: 459-473
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progressive disruption of the residents’ circadian
rhythms — a situation which is further exacerbated
by the strict COVID-19 lockdown conditions as
they massively limit the nursing home residents’
access to natural daylight for compensation.

Of course, the present study provides only a
pretty rough estimate of the true situation in terms
of CS as it reports on cross-sectional measure-
ments conducted in a single nursing home only
that cannot necessarily be considered to be rep-
resentative for all German long-term care facili-
ties. However, as this specific nursing home was
recently built and, thus, adheres to the latest ar-
chitectural directives, standards and guidelines
regarding the construction and design of living
spaces for the elderly, there is no need to cast
doubt on the significance of the present results.
Indeed, it is expected that the insufficient-
lighting-situation sketched as part of this work
in terms of the physiologically relevant CS
measure is even worse for older buildings, where
the implementation of the latest or updated
standards in architecture can be a very chal-
lenging and, sometimes, even an impossible task.
It is therefore believed that, when taking into
account all different kinds of nursing homes, the
true extent of the problem is even bigger than
indicated by the current numbers of Table 1.
Nonetheless, further field measurements are still
required and should be performed as part of future
work.

For the development of adequate moderniza-
tion strategies to introduce significantly enhanced
and human-centred lighting concepts into long-
term care, it will also be important to include the
aspect of the duration of light exposure. Circadian
effectiveness is not only a matter of intensity and
spectral composition but also determined by the
time spent under a certain illumination.®” In the
present case, it can, for example, be expected that
the nursing home residents spend most of their
day in the common living areas, where, compared
to the lighting conditions in their private rooms,
higher CS values were obtained on both floors.
However, from the latest field studies of Figueiro
et al.,***" it can be concluded that a long-term,
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all-day light exposure with CS > 0.3 is favorable
to observe positive outcomes in persons with
ADRD regarding the improvement of sleep
quality as well as the reduction of depressive
symptoms and agitated behaviour. Thus, it should
be ensured that the weighted-average CS as ob-
tained from the residents’ temporal daytime light
exposure profiles always exceeds this critical
value. With regard to the present data, this might
be the case for nursing home residents who spend
most of their day in the 2nd floor’s common living
area, but only if the preconditions discussed
above do not significantly change. On a cloudy
day, for example, the circadian effectiveness will
be reduced considerably so that, even when
temporally weighted, the average CS cannot be
expected to exceed the presumably required
threshold value.

4. Conclusion

Good lighting is one of the most important, but
least considered, design elements to create sup-
portive environments for the elderly. Particularly
in institutionalized settings, it is essential to
maximize independence, quality of life, health,
well-being and safety of their residents.®® Normal
age-related changes to vision as well as potential
changes induced by progressing eye diseases
must be addressed likewise in order to adequately
compensate for sensory loss and increasing
frailty.®” ¢’

However, as discussed in the introduction of
this paper, the lighting needs of older people are
not limited to vision aspects only, but also include
the biological effects of light on the human
organism, such as the regulation of sleep or the
stabilization of endocrine and metabolic cir-
cadian rhythms. Appropriate exposure to
natural daylight has been shown to mediate
entrainment and improve sleep quality in older
adults leading to increased physical and social
daytime activity.”®"!

Unfortunately, in many institutionalized set-
tings, the lack of appropriate lighting param-
eters and design in the built environment in
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conjunction with the current COVID-19 restric-
tions prevent most residents of nursing homes or
senior care facilities to compensate their need for
circadian-effective light. In this context, the
present work is the first study that reports on
field measurements in a long-term care setting
adopting the recently develoged CS approxima-
tion method of Truong et al.>* to assess the cir-
cadian effectiveness of the indoor light conditions
using a simple photometer approach. Corre-
sponding measurements were limited to a single
nursing home in the Frankfurt Rhine-Main area
and revealed the inadequacy of the existing
lighting installations to properly stimulate the
residents’ circadian system. In fact, mostly,
moderate to rather low values of the biologically
meaningful CS metric were found although the
building itself adheres to the latest construction
and design standards.

The present results comply with those reported
by Konis** and Kolberg ef al.,>* who both con-
firmed that the light conditions typically found in
nursing homes and senior care facilities rarely
meet the requirements for good and healthy cir-
cadian lighting. Instead, the rather low amount of
circadian effectiveness observed in all these
studies is likely to result in a progressive dis-
ruption of the residents’ circadian rhythms that
may lead to severe negative effects on well-being
and behaviour, especially when access to natural
daylight for compensation is further restricted,
like, for example, experienced during the
COVID-19-provoked lockdown in Germany.

But even without the burden of a pandemic,
many institutionalized people, ahead of all pa-
tients with ADRD living in long-term care,
generally suffer from this insufficient-lighting-
situation as they usually have only very limited
access to natural daylight. Thus, the present data,
supplementing previous findings, further em-
phasize the need for an improved lighting in
institutionalized settings that does not only pro-
vide an optimal visual support but should also
meet the non-visual requirements of the elderly.
To determine the optimal lighting design pa-
rameters required to create such healthy and
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supportive long-term care environments, further
evidence-based research is necessary and should
be provided as part of ongoing work.

Acknowledgements

The authors would like to thank Tina Creutz and
Michael Weber of the Caritasverband Darmstadt
e.V. for their much appreciated support during the
on-site data acquisition. Special thanks go to the
Caritasverband Darmstadt e.V. and the Car-
itaszentrum St. Vinzenz Einhausen for granting
permission to use the image content of Figures 2
and 3.

Declaration of conflicting interests

The authors declared no potential conflicts of
interest with respect to the research, authorship,
and/or publication of this article.

Funding

The authors received no financial support for the
research, authorship, and/or publication of this
article.

ORCID iDs

S Babilon
1220

S Beck
4370

https://orcid.org/0000-0001-8002-

https://orcid.org/0000-0001-9530-

References

1 Bliwise DL, Carroll JS, Lee KA, Nekich JC,
Dement WC. Sleep and “sundowning” in nursing
home patients with dementia. Psychiatry Research
1993; 48: 277-292. DOI: 10.1016/0165-1781(93)
90078-u.

Lighting Res. Technol. 2022; 54: 459-473



470

10

S Babilon et al.

Ancoli-Israel S, Klauber MR, Jones DW, Kripke
DF, Martin J, Mason W, et al. Variations in cir-
cadian rhythms of activity, sleep, and light ex-
posure related to dementia in nursing-home
patients. Sleep 1997; 20: 18-23. DOI: 10.1093/
sleep/20.1.18.

Diem SJ, Blackwell TL, Stone KL, Yaffe K,
Tranah G, Cauley JA, et al. Measures of sleep-
wake patterns and risk of mild cognitive impair-
ment or dementia in older women. American
Journal of Geriatric Psychiatry 2016; 24:
248-258. DOI: 10.1016/j.jagp.2015.12.002.
Shochat T, Martin J, Marler M, Ancoli-Israel S.
[lumination levels in nursing home patients: Ef-
fects on sleep and activity rhythms. Journal of
Sleep Research 2000; 9: 373-379. DOI: 10.1046/j.
1365-2869.2000.00221 .x.

Figueiro MG, Hamner R, Higgins P, Hornick T,
Rea MS. Field measurements of light exposures
and circadian disruption in two populations of
older adults. Journal of Alzheimer s Disease 2012;
31: 711-715. DOI: 10.3233/JAD-2012-120484.
Sansoni J, Anderson KH, Varona LM, Varela G.
Caregivers of Alzheimer’s patients and factors
influencing institutionalization of loved ones:
Some considerations on existing literature. Annali
di Igiene 2013; 25: 235-246. DOI: 10.7416/ai.
2013.1926.

Carvalho-Bos SS, Riemersma-van der Lek RF,
Waterhouse J, Reilly T, Van Someren EJW. Strong
association of the rest-activity rhythm with well-
being in demented elderly women. American
Journal of Geriatric Psychiatry 2007; 15: 92—100.
DOI: 10.1097/01.jgp.0000236584.03432.dc.
Noell-Waggoner E. Lighting in nursing homes —
The unmet need. In: Proceedings of the 2nd In-
ternational CIE Expert Symposium on Lighting
and Human Health, Ottawa, Canada, 7-8 Sep-
tember 2006. CIE, pp. 7-8.

Delepeleire J, Bouwen A, Deconinck L, Buntinx F.
Insufficient lighting in nursing homes. Journal of
the American Medical Directors Association 2007,
8:314-317. DOI: 10.1016/j.jamda.2007.01.003.
Sinoo MM, Van Tilborg M, Schols JIMGA, Kort
HSM. Age related visual pathologies among
nursing home residents: An evaluation of light

Lighting Res. Technol. 2022; 54: 459-473

11

12

13

14

15

16

17

conditions and recording in client files. World
Journal of Social Science Research 2014; 1:
27-40. DOI: 10.22158/wjssr.vin2p136.

Neikrug AB, Ancoli-Israel S. Sleep disturbances
in nursing homes. The Journal of Nutrition, Health
& Aging 2010; 14: 207-211. DOI: 10.1007/
s12603-010-0051-8.

Day K, Carreon D, Stump C. The therapeutic
design of environments for people with dementia:
A review of the empirical research. The Geron-
tologist 2000; 40: 397—416. DOI: 10.1093/geront/
40.4.397.

Youngstedt SD, Kripke DF, Elliott JA, Baehr EK,
Sepulveda RS. Light exposure, sleep quality, and
depression in older adults. In: Holick MF, Jung EG
(eds). Biologic Effects of Light 1998. Boston, MA,
USA: Springer, pp. 427-435. DOI: 10.1007/978-
1-4615-5051-8_67.

Sakurai N, Sasaki M. An activity monitor study on
the sleep-wake rhythm of healthy aged people
residing in their homes. Psychiatry and Clinical
Neurosciences 1998; 52: 253-255. DOI: 10.1111/
j-1440-1819.1998.tb01060.x.

Ancoli-Israel S, Kripke DF. Now I lay me down to
sleep: The problem of sleep fragmentation in el-
derly and demented residents of nursing homes.
Bulletin of Clinical Neurosciences 1989; 54:
127-132.

Ancoli-Israel S, Jones DW, Hanger MA, Parker L,
Klauber MR, Kripke DF. Sleep in the nursing
home. In: Kuna ST, Suratt PM, Remmers JE (eds).
Sleep and Respiration in Ageing Adults. New
York, NY, USA: Elsevier Press, pp. 77-84.
Mishima K, Hishikawa Y, Okawa M. Random-
ized, dim light controlled, crossover test of
morning bright light therapy for rest-activity
rhythm disorders in patients with vascular de-
mentia and dementia of Alzheimer’s type. Amer-
ican Journal of Geriatric Psychiatry 1998; 15:
647-654. DOI: 10.3109/07420529808993200.
Lyketsos CG, Lindell Veiel L, Baker A, Steele C.
A randomized, controlled trial of bright light
therapy for agitated behaviors in dementia patients
residing in long-term care. International Journal
of Geriatric Psychiatry 1999; 14: 520-525. DOI:
10.1002/(SICI)1099-1166.



19

20

21

22

23

24

25

26

A simplified method of estimating circadian stimulus

Yamadera H, Ito T, Suzuki H, Asayama K, Ito R,
Endo S. Effects of bright light on cognitive and
sleep-wake (circadian) rhythm disturbances in
Alzheimer-type dementia. Psychiatry and Clinical
Neurosciences 2000; 54: 352-353. DOI: 10.1046/
j.1440-1819.2000.00711 .x.

Fetveit A, Skjerve A, Bjorvatn Br. Bright light
treatment improves sleep in institutionalized
elderly — An open trial. International Journal of
Geriatric Psychiatry 2003; 18: 520-526. DOI: 10.
1002/gps.852.

Ancoli-Israel S, Gehrman P, Martin JL, Shochat T,
Marler M, Corey-Bloom J, et al. Increased light
exposure consolidates sleep and strengthens cir-
cadian rhythms in severe Alzheimer’s disease
patients. Behavioral Sleep Medicine 2003; 1:
22-36. DOI: 10.1207/S15402010BSM0101 4.
Dowling GA, Hubbard EM, Mastick J, Luxenberg
JS, Burr RL, Van Someren EJW. Effect of morning
bright light treatment for rest-activity disruption in
institutionalized patients with severe Alzheimer’s
disease. International Psychogeriatrics 2005; 17:
221-236. DOI: 10.1017/s1041610205001584.
Konis K. Field evaluation of the circadian stimulus
potential of daylight and non-daylight spaces in
dementia care facilities. Building and Environment
2018; 135: 112-123. DOI: 10.1016/j.buildenv.
2018.03.007.

Figueiro M, Plitnick B, Lok A, Jones G, Higgins P,
Hornick T, et al. Tailored lighting intervention
improves measures of sleep, depression, and ag-
itation in persons with Alzheimer’s disease and
related dementia living in long-term care facilities.
Clinical Interventions in Aging 2014; 9:
1527-1537. DOI: 10.2147/CIA.S68557.
Figueiro MG, Hunter CM, Higgins PA, Hornick
TR, Jones GE, Plitnick B, et al. Tailored lighting
intervention for persons with dementia and care-
givers living at home. Sleep Health 2015; 1:
322-330. DOI: 10.1016/j.s1eh.2015.09.003.
Figueiro MG, Plitnick B, Roohan C, Sahin L,
Kalsher M, Rea MS. Effects of a tailored lighting
intervention on sleep-quality, rest-activity, mood,
and behavior in older adults with Alzheimer dis-
ease and related dementias: A randomized clinical

27

28

29

30

31

32

33

34

35

471

trial. Journal of Clinical Sleep Medicine 2019; 15:
1757-1767. DOI: 10.5664/jcsm.8078.

Figueiro MG, Sahin L, Kalsher M, Plitnick B, Rea
MS. Long-term, all-day exposure to circadian-
effective light improves sleep, mood, and behavior
in persons with dementia. Journal of Alzheimer s
Disease Reports 2020; 4: 297-312. DOI: 10.3233/
ADR-200212.

Rea M, Figueiro M. Light as a circadian stimulus
for architectural lighting. Lighting Research and
Technology 2018; 50: 497-510. DOI: 10.1177/
1477153516682368.

Figueiro MG, Gonzales K, Pedler DR. Designing
with circadian stimulus. Lighting Design and
Applications (LD+A4) 2016; 8: 30-34.

Figueiro M, Rea M. Office lighting and personal
light exposures in two seasons: Impact on sleep
and mood. Lighting Research and Technology
2016; 48: 352-364. DOI: 10.1177/
1477153514564098.

Figueiro MG, Steverson B, Heerwagen J,
Kampschroer K, Hunter CM, Gonzales K, et al.
The impact of daytime light exposure on sleep and
mood in office workers. Sleep Health 2017; 3:
204-215. DOI: 10.1016/j.s1eh.2017.03.005.
Truong W, Trinh V, Khanh T. Circadian stimulus —
A computation model with photometric and col-
orimetric quantities. Lighting Research and
Technology 2020; 52: 751-762. DOI: 10.1177/
1477153519887423.

Kolberg E, Pallesen S, Hjetland GJ, Nordhus IH,
Thun E, Flo-Groeneboom E. Insufficient mela-
nopic equivalent daylight illuminance in nursing
home dementia units across seasons and gaze
directions. Lighting Research and Technology,
2021. OnlineFirst. DOI: 10.1177/
1477153521994539.

International WELL Building Institute pbc. The
WELL building standard, Version 2, 2020. URL.
https://v2.wellcertified.com/wellv2/en/overview.
Commission International de 1’Eclairage. CIE
system for metrology of optical radiation for
ipRGC-influenced responses to lightCIE S 026/E:
2018. Vienna, Austria: CIE, 2018. DOI: 10.25039/
S026.2018.

Lighting Res. Technol. 2022; 54: 459-473



472

36

37

38

39

40

41

42

43

44

45

S Babilon et al.

Brainard GC, Hanifin JP, Greeson JM., Byrne B,
Glickman G, Gerner E, et al. Action spectrum for
melatonin regulation in humans: Evidence for a
novel circadian photoreceptor. Journal of Neuro-
science 2001; 21: 6405-6412. DOI: 10.1523/
jneurosci.21-16-06405.2001.

Thapan K, Arendt J, Skene DJ. An action spectrum
for melatonin suppression: Evidence for a novel
non-rod, non-cone photoreceptor system in hu-
mans. Journal of Physiology 2001; 535: 261-267.
DOI: 10.1111/.1469-7793.2001.t01-1-00261.x.
Berson DM, Dunn FA, Takao M. Photo-
transduction by retinal ganglion cells that set the
circadian clock. Science 2002; 295: 1070-1073.
DOI: 10.1126/science.1067262.

Do MTH, Yau K-W. Intrinsically photosensitive
retinal ganglion cells. Physiological Reviews
2010; 90: 1547-1581. DOI: 10.1152/physrev.
00013.2010.

Gooley 1J, Lu J, Chou TC, Scammell TE, Saper
CB. Melanopsin in cells of origin of the reti-
nohypothalamic tract. Nature Neuroscience 2001,
4: 1165. DOI: 10.1038/nn768.

Hattar S, Lucas RJ, Mrosovsky N, Thompson S,
Douglas RH, Hankins MW, et al. Melanopsin and
rod-cone photoreceptive systems account for all
major accessory visual functions in mice. Nature
2003; 424: 75-81. DOI: 10.1038/nature01761.
Belenky MA, Smeraski CA, Provencio I, Sollars
PJ, Pickard GE. Melanopsin retinal ganglion cells
receive bipolar and amacrine cell synapses.
Journal of Comparative Neurology 2003; 460:
380-393. DOI: 10.1002/cne.10652.

Panda S, Provencio I, Tu DC, Pires SS, Rollag
MD, Castrucci AM, et al. Melanopsin is required
for non-image-forming photic responses in blind
mice. Science 2003; 301: 525-527. DOI: 10.1126/
science.1086179.

Gooley JJ, Saper CB. Anatomy of the mammalian
circadian system. In: Kryger M, Roth T, Dement WC
(eds). Principles and Practice of Sleep Medicine. 6th
ed.. Philadelphia, PA, USA: Elsevier, pp. 343-350.
DOI: 10.1016/B978-0-323-24288-2.00033-7.
Spitschan M, Stefani O, Blattner P, Gronfier C,
Lockley S, Lucas R. How to report light exposure
in human chronobiology and sleep research

Lighting Res. Technol. 2022; 54: 459-473

46

47

48

49

50

51

52

53

54

experiments. Clocks & Sleep 2019; 1: 280-289.
DOI: 10.3390/clockssleep1030024.

Commission International de I’Eclairage. What to
document and report in studies of ipRGC-
influenced responses to lightCIE TN 011:2020.
Vienna, Austria: CIE, 2020. DOI: 10.25039/TN.
011.2020.

Lucas RJ, Peirson SN, Berson DM, Brown TM,
Cooper HM, Czeisler CA, et al. Measuring and
using light in the melanopsin age. Trends in
Neurosciences 2014; 37: 1-9. DOI: 10.1016/j.tins.
2013.10.004.

Giiler AD, Ecker JL, Lall GS, Haq S, Altimus CM,
Liao H-W, et al. Melanopsin cells are the principal
conduits for rod-cone input to none-image-
forming vision. Nature 2008; 453: 102—105. DOI:
10.1038/nature06829.

Altimus CM, Giiler AD, Villa KL, McNeill DS,
LeGates TA, Hattar S. Rods-cones and melanopsin
detect light and dark to modulate sleep indepen-
dent of image formation. Proceedings of the Na-
tional Academy of Sciences of the United States of
America 2008; 105: 19998-20003. DOI: 10.1073/
pnas.0808312105.

Figueiro MG, Bullough JD, Parsons RH, Rea MS.
Preliminary evidence for spectral opponency in the
suppression of melatonin by light in humans.
Neuroreport 2004; 15: 313-316. DOI: 10.1097/
00001756-200402090-00020.

Rea MS, Figueiro MG, Bullough JD, Bierman A.
A model of phototransduction by the human cir-
cadian system. Brain Research Reviews 2005; 50:
213-228. DOI: 10.1016/j.brainresrev.2005.07.
002.

Rea M, Figueiro M, Bierman A, Hamner R.
Modelling the spectral sensitivity of the human
circadian system. Lighting Research and Tech-
nology 2012; 44: 386-396. DOI: 10.1177/
1477153511430474.

Rea MS, Figueiro MG, Bierman A, Hamner R.
Corrigendum for “Modelling the spectral sensi-
tivity of the human circadian system”. Lighting
Research and Technology 2012; 44: 516. DOI: 10.
1177/1477153512467607.

Rea MS, Nagare R, Figueiro MG. Modeling cir-
cadian phototransduction: retinal neurophysiology



55

56

57

58

59

60

61

62

63

A simplified method of estimating circadian stimulus

and neuroanatomy. Frontiers in Neuroscience
2021; 14: 615305. DOI: 10.3389/fnins.2020.
615305.

Rea MS, Nagare R, Figueiro MG. Modeling cir-
cadian phototransduction: quantitative predictions
of psychophysical data. Frontiers in Neuroscience
2021; 15: 615322. DOI: 10.3389/fnins.2021.
615322.

Figueiro M, Kalsher M, Steverson B, Heerwagen
J, Kampschroer K, Rea M. Circadian-effective
light and its impact on alertness in office workers.
Lighting Research and Technology 2019; 51:
171-183. DOI: 10.1177/1477153517750006.
Sahin L, Wood BM, Plitnick B, Figueiro MG.
Daytime light exposure: effects on biomarkers,
measures of alertness, and performance. Behav-
ioural Brain Res 2014; 274: 176-185. DOI: 10.
1016/j.bbr.2014.08.017.

Rea MS, Figueiro MG, Bierman A, Bullough JD.
Circadian light. Journal of Circadian Rhythms
2010; 8: 2. DOI: 10.1186/1740-3391-8-2.
Figueiro M, Hamner R, Bierman A, Rea M.
Comparisons of three practical field devices used
to measure personal light exposures and activity
levels. Lighting Research and Technology 2013;
45: 421-434. DOL: 10.1177/1477153512450453.
Truong W, Zandi B, Trinh VQ, Khanh TQ. Cir-
cadian metric — Computation of circadian stimulus
using illuminance, correlated colour temperature
and colour rendering index. Building and Envi-
ronment 2020; 184: 107146. DOI: 10.1016/j.
buildenv.2020.107146.

Figueiro MG, Bullough JD, Bierman A, Rea MS.
Demonstration of additivity failure in human
circadian phototransduction. Neuroendocrinology
Letters 2005; 26: 493-498.

Figueiro MG, Bierman A, Rea MS. Retinal
mechanisms determine the subadditive response to
polychromatic light by the human circadian sys-
tem. Neuroscience Letters 2008; 438: 242-245.
DOLI: 10.1016/j.neulet.2008.04.055.
Bundesanstalt fiir Arbeitsschutz und Arbeitsme-
dizin. ASR A3.4 Beleuchtung — Technische Regel

64

65

66

67

68

69

70

7

—_—

473

fiir Arbeitsstdtten, 2011. URL, https://www.baua.
de/DE/Angebote/Rechtstexte-und-Technische-
Regeln/Regelwerk/ASR/pdf/ASR-A3-4.pdf?
__blob=publicationFile&v=2.

Dey D, Rothenberg E, Sundh V, Bosaeus I, Steen
B. Height and body weight in the elderly. I. A 25-
year longitudinal study of a population aged 70 to
95 years. European Journal of Clinical Nutrition
1999; 53: 905-914. DOI: 10.1038/sj.ejcn.
1600852.

Rea MS, Nagare R, Figueiro MG. Predictions of
melatonin suppression during the early biological
night and their implications for residential light
exposures prior to sleeping. Scientific Rep 2020;
10: 14114. DOI: 10.1038/s41598-020-70619-5.
Noell-Waggoner E. Lighting and the elderly. In:
Karlicek R, Sun CC, Zissis G, Ma R (eds).
Handbook of Advanced Lighting Technology.
Cham, Switzerland: Springer International Pub-
lishing, pp. 847-863. DOI: 10.1007/978-3-319-
00176-0_50.

van Dijk PTM, Meulenberg OGRM, van de Sande
HJ, Habbema JDF. Falls in dementia patients. The
Gerontologist 1993; 33: 200-204. DOI: 10.1093/
geront/33.2.200.

Coleman AL, Stone K, Ewing SK, Nevitt M,
Cummings S, Cauley JA, et al. Higher risk of
multiple falls among elderly women who lose
visual acuity. Ophthalmology 2004; 111: 857-862.
DOI: 10.1016/j.0phtha.2003.09.033.

Lu X, Park N-K, Ahrentzen S. Lighting effects on
older adults’ visual and nonvisual performance: A
systematic review. Journal of Housing for the
Elderly 2019; 33: 298-324. DOI: 10.1080/
02763893.2018.1562407.

Lin TC, Liao YC. The impact of sunlight exposure
on the health of older adults. Hu Li Za Zhi 2016;
63: 116-122. DOI: 10.6224/jn.63.4.116.
Diizgiin G, Durmaz Akyol A. Effect of natural
sunlight on sleep problems and sleep quality of the
elderly staying in the nursing home. Holistic
Nursing Practice 2017; 31: 295-302. DOI: 10.
1097/HNP.0000000000000206.

Lighting Res. Technol. 2022; 54: 459-473








