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Abstract: Most people with dementia live at home supported by informal caregivers, but disturbed
sleep patterns may induce a heavy burden of care. The beneficial effects of bright light on their sleep,
health, and well-being have been demonstrated in clinical settings, but not in a home situation. We
evaluated a dynamic lighting system in a real-life longitudinal single-case experimental design (SCED)
with people with dementia living at home. Eleven people with dementia and their informal caregivers
were included in this study with four 4-week periods of alternating exposure and nonexposure in an
introduction-withdrawal setup (ABAB). Objective light exposure data were collected and analyzed.
The used study design seems applicable for this population and suitable for home use. Participant
dropout did occur, but was due to health conditions rather than participant burden. The lighting
system led to more light in the homes of the participants, as well as to higher actual individual light
exposures, although the latter increased only moderately and not consistently across all participants,
seasons, and times of day. The participants appreciated the lighting system even after 6 months.
We reflect on individual differences, seasonal and daypart influences, and differential light effects.
Recommendations and lessons learned are discussed.

Keywords: dementia; home; dynamic light; study protocol

1. Introduction

Due to age-related changes in the eye, ageing comes with an increasing demand
for higher light levels that support good vision and help synchronize one’s biological
clock [1-3]. Extra bright light is needed for daily activities and to prevent people from
falling. In addition, exposure to daylight or artificial light at the right time of day is
a strong and crucial cue for synchronizing the biological clock. This biological clock
plays an important role in the timing and coordination of physiological and psychological
processes with a circadian (24 h) rhythm, including our sleep—wake rhythm and well-being.
Dementia can disturb the biological clock more strongly compared with healthy ageing,
which is especially problematic during the darker seasons, such as fall and winter [4].
This can result in the manifestation of symptoms, such as nightly wandering, restlessness,
and agitation [5,6]. These symptoms form a high burden for informal caregivers (e.g.,
spouses, children, and relatives) and are the main reasons for institutionalization. In
fact, the prevalence of these symptoms increases the chances of institutionalization by
10 times [7,8]. Because of their ageing eyes and their neural deterioration, persons with
dementia would substantially benefit from extra bright light exposure in their home
environment. Daylight is a natural source of well-timed and very bright light, yet indoor
daylight entrance is limited and persons with dementia tend to spend less time outside
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than people without dementia [9]. Spending significantly less time outside causes further
understimulation of their biological clock, and this increases the risk of loss of healthy
circadian entrainment [8-12].

Daylight naturally offers contrasting light and dark conditions over the 24 h day that
our biological clock requires for healthy entrainment. The exact natural light dynamics are,
of course, dependent on geographical location, time of day, and season. The illuminance
and spectral composition of natural light are additionally influenced by weather conditions,
such as haze and overcast [13,14]. In addition, there are indications that, depending on the
time of day and the individual’s affective and /or mental state, different lighting conditions
across the day are needed to optimally support human functioning [15,16]. Particularly
for persons who have older eyes, a diminished functioning of the internal clock, and who
receive little direct exposure to daylight, dynamic artificial lighting that mimics the natural
rhythm of night and day may stimulate physical and mental health and generate a positive
experience. As the biological system is differentially sensitive to different wavelengths,
dynamics in both light intensity and the light spectrum have an impact on physiological
and psychological processes in the human body [17,18].

In recent years, the use of dynamic lighting for people with dementia has become
increasingly popular, and several care facilities have purchased dynamic lighting with the
intention of improving the well-being and day—night rhythm of persons with dementia.
However, these lighting systems are in most cases not suitable for people with dementia still
living at home, mostly due to the purchase and installation costs and practical implications,
such as actual usability and the personal preferences of people with dementia and their
caregivers [10,19]. Moreover, older adults best appreciate a lighting intensity level around
1000 Ix, and due to age-related macular degeneration, their eyes are more sensitive to direct
and, therefore, indirect light; thus lighting in which the light emitted by a source is diffusely
reflected is often more appreciated [20,21]. Standard light therapy boxes are therefore
unsuitable for people with dementia as these offer direct light of very high intensity
illuminance levels (Ix) and, sometimes, of high correlated color temperature (CCT).

Previous studies have demonstrated the beneficial effects of bright or dynamic light
exposure on the sleep quality cognition and well-being of persons with dementia [22-25].
Most studies on this subject have, however, been performed in nursing and care homes.
Studies focusing on persons with dementia still living at home are extremely scarce [21,26,27].
Kinnunen [27] concluded in a review article on interventions for people with dementia
at home that light therapy is a promising strategy to alleviate the circadian disturbances
and improve the well-being of people with dementia. It is important to note, though,
that these studies used a variety of light therapy approaches and do not always report
explicitly how the light doses received by the participants were measured or monitored.
As Figueiro et al. [21] concluded, it is one of the biggest future challenges to find a suitable
and practical method for effectively delivering brighter daytime light to the eyes of people
with dementia still living at home.

It is difficult to conduct light research on people with dementia living at home because
of the heterogeneous population, living circumstances, diffuse nature of the disease, and
practical objections, such as being proficient in the use of devices. In addition, to measure
the effect of a lighting intervention, participants need to be followed over a long period
of time. A longitudinal study design is difficult—in this population—and many variables
may influence data collection. For example, a recent field investigation in an office context
demonstrated that light interventions may be far less effective than hoped in terms of
increasing personal light exposure, and that this effectiveness is substantially influenced
by contextual and behavioral factors [28]. It is therefore essential to take into account the
individual user and his or her context. The individual characteristics, living situation,
and dementia stage may all play a role in the practical feasibility of implementing light
innovations in a home situation. Randomized placebo-controlled trials (RCTs) are still
considered the gold standard in medical research, but naturally, they also have limitations.
RCTs have strong internal validity, but their external validity often remains inadequate.
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The generalization of findings outside of the study group is, by no means, always justified.
There is little “real-life evidence”, and the transition from group evidence to evidence
relevant to the treatment of individuals cannot be made. There is no focus within an RCT
on the influence of individual patient characteristics, and a heterogeneous group, such as
patients with dementia, is hard to study properly using this design. A disadvantage of
other study designs, however, is that without randomization in daily practice, it is difficult
to reliably link positive effects to an intervention. In addition, researchers would like to be
able to compare new interventions with existing ones.

Field studies on dementia are challenging. However, to determine what functional
specifications an innovation requires to support patients with dementia and to find out
in practice whether this system is experienced as effective, real-life or field studies are
necessary and valuable. In several real-life studies [20,25,28-39], caregivers of patients with
dementia have pointed out the need for support. Technological systems could be a solution
to the problems they encounter, such as getting lost and wandering behavior at night due
to circadian disruption. It seems that patients who are in an early stage of dementia would
profit the most from these technological devices [33-36].

Therefore, in the current study a real-life single-case experimental design (SCED)
was chosen in which the results were analyzed by randomization testing. In doing so, a
combination of the advantages of an RCT and the advantages of a real-life field study was
attempted. The ecological validity of this study design is high as lessons are learned and
shared in the design of a sustainable research protocol. It is necessary to evaluate whether
the applied SCED and the methods of data collection and data analysis are applicable for
measuring the effect of dynamic lighting on people with dementia living at home.

The current study served two primary research aims: First, we tested whether the used
study protocol is applicable and feasible, and by reporting our lessons learned, we aim to
provide recommendations for developing a suitable measurement protocol to investigate
light interventions for home use. Second, we investigated whether people with dementia
living at home would be exposed to substantially brighter light when the dynamic lighting
system was present in their home compared with regular lighting. Due to various external
factors, such as participants not spending a whole day sitting under a lighting system
and participants going outside into daylight during the intervention condition, whether
a relatively limited set of off-the-shelf luminaires would result in a measurably different
exposure is a relevant question. In addition, we explored differences in light exposure at
different dayparts and assessed whether differences were moderated by season. Finally,
the subjective experience of the participants on the light system was evaluated.

2. Materials and Methods
2.1. Design

A longitudinal study was performed among people suffering from dementia living at
home to measure the effectiveness of a dynamic light intervention on persons’ personal
light exposure. A SCED design was used [31-34] to include individual differences, such as
living situation, phase, and progression of dementia. The results were evaluated at both
the individual and group levels.

In SCEDs, patients are followed by means of repeated measurements during a baseline
and an intervention phase and, as such, provide insight into the effects of an interven-
tion [29-31]. In this study, a repeated introduction-withdrawal A;B;A;B, design was used
to evaluate (1) differences in the light supply in the A vs. B; conditions, (2) the reversal
effect of the removal of the lighting system during A;, and (3) light differences of the
reintroduction during phase B,.

If a significant difference in lighting conditions was present in the first exposure
condition (A; vs. Byp), this effect was expected again in the second exposure condition
(Ap vs. By), indicating a strong effect of the intervention. To minimize carry-over effects,
the first 2 weeks of each condition were marked as washout and adjustment periods, and
only the last week (4th week) was used for data collection [35,36].
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2.2. Participants

Thirteen participants and their informal caregivers (n = 13) received information
about the research project and were willing to participate. Written informed consent was
obtained from all the participants and their caregivers. One couple decided to stop before
data collection started, and 1 couple decided to stop on the 1st week of data collection due
to changes in their health conditions (pp06). Therefore, the total sample size of this study
was 11 participants. One participant, ppl1, completed two of the four phases and decided
not to complete the other two phases due to sudden deterioration of the condition, which
required full attention. We obtained complete data of four phases of 10 participants. The
participants were recruited by formal caregivers of the Innovate Dementia network [37] and
through posts via social media and Alzheimer Café meetings in the Netherlands within the
period of September 2019 to June 2020. The study protocol was approved (23 April 2015)
by the Institutional Review Board of the mental health care institute Eindhoven (GGzE)
and by the Medical Ethics Committee (METC) of Noord-Brabant (29 August 2018, P1826),
the Netherlands. Both participants and their informal caregivers signed a written informed
consent form, in accordance with the Declaration of Helsinki (Seoul Revision, 2008) [38]
and the General Data Protection Regulation (AVG; www.eugdpr.org) (as applied in 2018).

The inclusion criteria for the study were: (1) having a primary diagnosis of dementia,
diagnosed by a geriatrician, neurologist, or psychiatrist, based on the criteria of the Diag-
nostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V) [39]; (2) living in a
home situation; (3) having sleeping problems based on the Neuropsychiatric Inventory
Questionnaire; (4) having sufficient cognitive ability to participate in this study, a score of 24
or above on the Mini-Mental State Exam (MMSE), and being mentally competent to decide
for themselves to participate; (5) no visual disabilities or wheelchair dependence; and
(6) having an actively involved informal caregiver who frequently checks the well-being of
the participant. Patients were excluded from the study if any other neurological disorders
or a serious eye disease, such as retinitis pigmentosa, was diagnosed, which makes light
intervention incompatible.

As Table 1 shows, the study population included 11 participants (5 women and 6 men)
with a mean age of 78.1 years. The mean score on the Mini-Mental State Exam (MMSE), a
questionnaire to measure cognitive impairment, was 24.6. A score below 24 can indicate
mild to severe cognitive impairment and possible mental incompetence to participate in
the study. For 8 participants, the informal caregiver was their spouse, while for the other
3 participants, it was their daughter (in-law). The mean age of the informal caregivers was
68.2 years. Eight participants were diagnosed with Alzheimer’s dementia, 2 participants
with Lewy body dementia, and 1 participant with frontotemporal dementia. All the
participants experienced sleeping problems.

Table 1. Participant and caregiver demographic variables at baseline (1 = 11).

Gender Participants Caregivers
Male 6 3
Female 5 8
Dementia type

Alzheimer’s 8

Lewy body 2

Frontotemporal 1

Relationship with participant

Spouse 8
Daughter (in-law) 3
Mean age (SD) 78.1 (8.56) 68.2 (11.59)

Mean MMSE score (SD) 24.55 (2.3)



www.eugdpr.org

Appl. Sci. 2021, 11, 10221

5o0f22

2.3. Procedure

A transportable dynamic lighting system was used in our study, which was designed
for the home setting. It consisted of three high-intensity lamps that exposed people to
indirect and direct dynamic light in their own home. The lighting system roughly follows a
strong daylight curve in intensity, with an extra strong contribution of shorter wavelengths
in the morning and lower contribution in the evening, as this is hypothesized to optimally
support a healthy circadian rhythm (e.g., [40]). We placed one lamp in the living room,
one in the kitchen, and one in the bedroom of the participants. As different kinds of
light may have differential effects on people, we distinguished between light intensity (Ix)
and correlated color temperature (CCT; the color appearance of white LEDs). Where full
spectral data were available, we also reported the melanopic equivalent daylight intensity
(EDI), given its relevance to the circadian effects of light. In addition, we explored whether
there were differences in light exposure at different dayparts (morning, afternoon, and
evening) in the control and test conditions. We also assessed whether differences were
moderated by season: the dynamic lighting system might be more appropriate in darker
seasons (i.e., fall and winter) than in seasons with more natural light as is often the case in
spring and summer.

To prevent the participants from adjusting the offered lighting scenario, a timer switch
was connected to all the three systems, which enabled the systems to turn on and off in
a program tailored to their preferred day rhythm. The light switches on the lamps were
covered so that the participants could not turn them on and off themselves. The SCED
design enables the incorporation of personal preferences. Personal lighting scenarios were
programmed, and the researcher installed the app on a smartphone or tablet and provided
the participant instructions on how to use the app. The participants received a wearable
light sensor button that was connected to the app and needed to be placed as close to the
eyes as possible, usually on the collar. Each condition lasted 4 weeks. The dynamic lighting
system was removed from the home during the regular lighting condition. On the last
week of every condition, the participants wore the light sensor button from the moment
they woke up until the moment they went to bed. The charger of the light sensor was
placed on the bedside table. Both the caregivers and participants received the instructions
of the study protocol at the same time. During the study, a help desk was offered to resolve
technical problems with the lighting system or light sensors. In consultation with the
informal caregivers, manual control of the lighting system was disabled. The lighting
system was stable and solid, and damage and destruction did not take place.

Immediately after finishing the study, the users were asked questions about their
experiences in their participation and the study protocol. The subjective experiences of
the people were evaluated, as their (positive) experiences will ultimately determine the
usefulness of the lighting system. Six months after finishing the study, the users were asked
via an evaluation form to answer questions about whether they experienced the lighting
system as pleasant, disturbing, or too bright; if they believed it had had an impact on their
health; and if they would recommend or purchase the system.

2.4. Lighting Intervention

In this study, a Waldmann VIVAA Free Visual Timing Light lamp (VIL-lamp) and a
LIFX-A60 light bulb, both shown in Figure 1, were used in the dynamic lighting system.
The VTL-lamps were placed in the kitchen and in the living room near those seats where the
participants spent most of the daytime. The free-floor standing luminaires provided both
direct and indirect lighting via the ceiling. The illuminance level and color temperature of
the light varied dynamically across the day. From 7:00 a.m. onward, the light increased
quite fast across 30 min to medium level, and then more slowly from 7:30 to 9:30 a.m. until
its peak value. There, it remained until 3:30 p.m., when it gradually started to decline
to reach 0 Ix at 9:00 p.m. The CCT started high (6000 K, quite cool, blueish light) in the
morning (7:00-9:00 a.m.) to boost the circadian rhythm. Then CCT gradually decreased to
4000 K (normal white light) and stayed there until 4:00 p.m. In the late afternoon and early
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evening, the CCT was lowered to 3000 K, and from 7:00 p.m. onward, it slowly lowered
from 2500 K to 2250 K (warm yellowish light) until it was dimmed completely. The exact
intensity levels depended on the exact seating position of the person, ceiling height and
coloring, and shape and texture of the furniture, but were estimated as indicated in Table 2.
Spectral distributions of the light varied constantly. Figure 2 visualizes the spectra in the
middle of each phase described in Table 2. Full stimulus specification tables and spectra
are publicly available via the Open Science Framework [41]. Measurements were taken
horizontally, approximately at the lap level of a seated person, and vertically, approximately
at eye level of a seated person. Both photometric illuminance and melanopic equivalent
daylight (D65) illuminance (EDI,,]) are reported. The first measure is most relevant to
the visual system, while EDI .| is more indicative of the activation of the photoreceptors
that project to the biological clock. There was a low risk of blue light hazard, the Unified
Glare Rating was below 16, and there was no exposure to UV radiance. The color rendering
index (Ra) was >80.

8510

1650

| om

Figure 1. The used lighting system: (left) Waldmann VTL-lamp; (right) LIFX dynamic light bulb.

Table 2. Estimated illuminance and equivalent daylight (D65) illuminance (EDI) based on the task/lap and eye levels of the

free-floor standing luminaire.

. Task Lighting Personal Exposure
Phase Description ccr (Enorizontal at Lap Level) (Evertical at Eye Level)
. Illuminance EDI, e Illuminance EDI
From To Intensity Color (%) ) (%) (%)
7:00am. 7:30am. Fastincrease Cool white 6000 K 0-1000 0-1100 0-350 0-370
730am. 9:30am. Slowincrease Regular white  6000-4000 K 10002600 1100-2300 350-850 370-770
9:30am.  3:30 p.m. Stable Regular white 4000 K 2600 2300 850 770
330 p.m.  5:30 p.m. .SIOW Warm white 4000-3000 K 2600-1300 1700-700 850430 580-250
dimming
530pm.  730pm. oy slow Warm white 3000 K 1300650 800-300  430-220  270-100
dimming
730pm.  900pm.  oyslow Very warm 5500 9250 K 350-0 115-0 115-0 40-0
dimming white

Note: Estimates based on measurements performed in a small white room without daylight, with a spectrometer fixed at the average
estimated lap position to measure horizontal task illuminance and at the estimated eye position to measure vertical illuminance. This table
reports the beginning and end states of dynamic phases. Numbers have been rounded off for readability.
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Figure 2. (a) Spectral distributions measured in the middle of dynamic phases as reported in Table 2: measured at 07:15 a.m.,
08:30 a.m., and 12:30 p.m. (b) Spectral distributions measured in the middle of dynamic phases as reported in Table 2:
measured at 16:30 p.m., 18:30 p.m., and 20:15 p.m. Note: Full stimulus specification tables and spectra are publicly available
via the OSF [41]. Graphs and stimulus specifications were generated with the Luox platform [42], companion paper [43].

The LIFX-A60 LED-based light bulb was placed on a bedside table in the bedroom
and offered a wake-up scenario of 30 min constant lighting in the morning. We used a light
intensity of 770 lumen and a color temperature of 7500 K.

2.5. Measurements

In order to obtain objective measurements of the received amount of light and color
temperature of each participant, lighting measures were collected using a spectrometer
and personal light buttons.

2.5.1. Baseline Light Measurements of the Home Situation Using a Spectrometer

In both the control condition and the exposure condition, in every individual’s home,
the light intensity in lux, the color temperature in Kelvin, and the EDI,,.}, based on the
visual color spectrum, were measured vertically at eye level in a baseline measurement in
the morning between 9:00 a.m. and 12:00 noon. The lighting measurements at home were
collected with a Sekonic C-700 spectrometer. The measurements also included contributions
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of daylight and additional lighting routinely used in the home. Vertical measurements at
eye level approach the real-life situation of light collected by the retina.

2.5.2. Personal Light Measurements during the Day Using a Sensor Button

To objectively measure the light received by each individual participant, a LYS button
1.0 sensor, app, and data services of LYS Technologies were used. This small device was
placed as close to the participants’ eyes as possible, mainly on their collar and sometimes
on their glasses. The button was placed in a charger on the bedside table during the night.
The button used a Bluetooth connection to connect with a smart device (Figure 3). The
spectral range from the LYS RGB sensor was from 350 to 750 nm. The illuminance range
of the button was 0-100,000 1x. The measurements of color temperature were in Kelvin.
Separate R, G, and B values were also recorded, but not analyzed or discussed in detail,
as these were used to estimate CCT. A summary table is included in the Supplemental
Materials (Tables S1-S3). The device also contained a three-axis accelerometer as a proxy
for activity. These data were used to indicate whether a lux value of (close to) 0 was valid,
as it was unlikely that the participants moved during daytime in complete darkness. Data
were sampled every 15 s.

A

:

Figure 3. The LYS button and a smartphone.

2.6. Statistical Analyses
2.6.1. Preparations

In order to analyze the light data, several steps were taken. First, for illuminance,
negative values and values close to 0 indicate that there is hardly any light, which is
unlikely since the sensor was only worn during daytime and evening. These values were
replaced for missing values as the most likely explanation is that people covered the sensor
with some clothes. Therefore, we assumed these close to 0 values to be invalid. When
people move, it is even less likely that they do this in complete darkness. Therefore, we
used different threshold criteria for movement vs. no movement. When the participants
moved, values below 10 were assumed to be invalid, but when they did not move, values
below 5 were assumed to be invalid. Second, for illuminance, an upper bound value of
1000 Ix was used. This was because the visual system likely saturates above this level.
Third, the illuminance and RGB levels were 1log10 transformed in order to make the data
less skewed. Finally, the data were aggregated to daypart level. That is, for each of the
7 days the sensor button was worn, there were three measurements that indicated the
average light measures during the morning, afternoon, and evening.

2.6.2. Randomization Tests

As the number of participants was small, the distributional assumptions of a para-
metric analysis, such as a mixed regression, could not be warranted. We therefore used a
randomization test procedure. This randomization test was used to compare the different
light measures for phases A; and By, B; and Ay, and A; and B, at the individual and
group levels.
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Randomization Test between Participants for the Spectrometer Data

For the spectrometer, there was one observation per light condition per participant at
baseline. For each room, we randomly resampled all illuminance, EDI,,¢;, and CCT values
of the A and B phases for all participants to create a randomized distribution. The observed
mean difference between the two phases of A and B was compared with the randomization
distribution, and the statistical significance was calculated by dividing the number of random
mean differences that were equal to or larger than the observed mean difference. A type 1
error rate of 0.05 was used as the criterion to reject the null hypothesis (HO).

Randomization Test within Participants for the Sensor Button Data

In the randomization test, the mean difference between the observations within
two phases was compared with a randomized distribution of random mean differences,
which were formed by randomly resampling, without replacement, all observations within
the two phases for a participant. The statistical significance could then be calculated by
dividing the number of random mean differences from the randomized distribution that
were equal to or larger (or smaller when the observed mean difference was negative) than
the observed mean difference. Note that because the randomized distribution was not
necessarily symmetric, the statistical test was one directional. In addition, HO was not—as
usual—that the mean difference between the two phases is 0, but instead that the observed
mean difference does not differ from a mean difference in which the observations were
randomly assigned to one of the two phases [44].

Each individual p-value shows whether a statistically significant effect was found for
each individual. The power to find a significant effect for just one individual is low when
the number of measurements within an individual is relatively small (i.e., <20). Therefore,
we used a more lenient type 1 criterion of 0.1 to reject the null hypothesis at the individual
level. By combining the results at the individual level, we evaluated the group effect for all
the participants together using a replicated single-case design. The overall p-value for the
replicated single-case design can be calculated by using the property of p-values that they
are uniformly [0,1] distributed. When the overall null hypothesis is true, the sum of the
p-values is just a random draw from all possible sums of p-values.

Then, the overall p-value is the proportion of combinations of p-values that would
give a sum S as small as the observed sum S;:

S AL
p(s = ) = V(-0 ( ) B

n!

in which k are integers starting at 0 and with the maximum closest integer being smaller
than S. The use of this equation in randomization testing is explained by Onghena et al. [45].
This overall p-value from the replicated single-case design has much more power since it is
based on multiple participants. Therefore, a common type 1 error rate of 0.05 was used.

We used this randomization test procedure to compare the different light measures
for phases A; and By, By and Ay, and A; and B,.

2.6.3. User Experiences

As the aim of this study was to investigate whether the study protocol is suitable for
field studies in the home setting, it was also important to evaluate the subjective experience
of the participants in participating in such long-lasting intensive research. Immediately
upon completion of the study, the participants were asked about their experiences with
the study setup and the duration. In addition, 6 months after finishing the study, the
participants and caregivers received an evaluation form that included questions about
their experiences with the lighting system. These questions were about whether people
found the light pleasant, unpleasant, or distracting; whether they felt it had affected their
well-being; whether they would like to purchase the lighting system themselves; and
whether they missed the lighting system after the study.
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3. Results
3.1. Effectiveness of the Light Intervention
3.1.1. Spectrometer

The spectrometer collected data in one baseline measurement to compare the intensity
and CCT of the light in the three rooms of each participant’s home for phases A; and Bj.

For each of the three rooms, a randomization test was performed to test the significance
between the A (without lamp) and B phases (with lamp). The results for illuminance,
CCT, and EDI,,¢ are shown in Table 3. For the kitchen, the observed mean difference
in illuminance was 674 Ix, p < 0.001 (356 1x EDI,,j), with higher values in phase B. For
the bedroom, the observed mean difference in illuminance was 1261 Ix, p < 0.001 (653 1x
EDl, 1), with higher values in phase B. For the living room, the observed mean difference
in illuminance was 812.7 Ix, p = 0.03 (5659 1x EDI,,,1), with higher values again in phase B.

For the kitchen, CCT remained virtually unchanged (—28 K, p = 0.532). For the
bedroom, CCT was 567 K higher, though this difference was not statistically significant,
p = 0.169. The same holds for the living room, where the average CCT was lower (—431 K),
though not significantly so, p = 0.88.

The EDI,,¢ differences were substantial. The observed mean differences in the kitchen,
bedroom, and living room were 356, 653, and 559 1x, respectively, with significantly higher
values in phase B.

3.1.2. Spectrometer Conclusion

The results of the spectrometer data show that in the rooms in which the participants
lived, the amount of light was significantly and substantially higher in the intervention
condition, measured at the projected eye position of the participants. This is true for both
traditional illuminance measures and melanopic EDI, which accounts for both intensity and
spectrum changes with regard to melanopic activation of the photoreceptors that project to
the biological clock. For all individual participants, the vertical illuminance values were
higher in phase B than in phase A for all rooms with the exception of one kitchen of one
participant. There were no significant differences in CCT between the two phases.

3.1.3. Personal Light Exposure Measured with Wearable Sensors

To test the hypothesis of whether the participants received more light in phases
B; and B2, when the lighting system was present, compared with phases A; and A,
when the lighting system was absent, individual light data from the light sensors that the
participants wore were compared at the individual and group levels between phases. These
data included data on light intensity and the estimated correlated color temperature (CCT).
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Table 3. Results of the illuminance, CCT, and EDI . spectrometer values in phases A; and B; for the kitchen, bedroom, and living room measured vertically at eye level.

INluminance (in 1x) CCT (in 1xK) EDI,,¢ (in 1x)
Kitchen Bedroom Living Room Kitchen Bedroom Living Room Kitchen Bedroom Living Room
Aq By Aq By Aq B Aq By Aq By Aq B Aq By Aq By Aq By
ppl 41 777 41 194 16 540 5924 4465 4516 6704 3820 3152 40 556 32 195 27 263
pp2 195 818 24 919 3000 3550 3603 3909 4444 4456 4122 4104 121 520 19 659 2131 2496
pp3 847 724 3 2030 23 324 3149 3115 1600 6214 3507 4178 444 378 2 1829 18 192
pp4 48 1280 26 1320 50 2140 5029 4180 4057 4620 4300 4218 41 853 18 964 36 1413
ppS 48 577 2 2720 5 1300 3270 3884 1600 3424 2582 4181 28 371 0 1377 1 854
pp7 114 710 47 766 82 575 5085 4337 4782 3498 4874 4247 95 489 38 430 69 390
pp8 43 982 53 2120 110 1360 2894 4115 5368 3521 4086 4193 20 634 47 1165 72 892
pp9 37 745 15 2170 87 761 4386 4246 4814 3459 5653 4386 25 558 13 1172 81 528
pp10 11 972 20 766 95 1210 3786 4140 4690 3465 5629 4453 7 631 16 416 77 860
ppll 133 528 3 105 35 548 4388 3621 1600 3357 6018 3350 102 319 3 56 34 299
ppl12 8 584 11 1000 5 140 2661 3853 2429 3417 3594 2983 54 321 1 54 20 248
MeanDif 674 1261 813 —28 567 —431 356 653 599
Sig. <0.001 <0.001 0.03 0.532 0.169 0.88 0.002 0.004 <0.001
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3.1.4. Light Intensity (Ix)

Table 4 shows the results of the randomization tests for illuminance (in Ix, log10
transformed; see Supplementary Material Table 54 for the descriptives of lux values.). The
table shows that in phases A; and By, for most participants, the light intervention did not
result in illuminance values. Only participants 8 and 12 showed (marginally) significant
effects. The sum of the individual p-values was 3.612 and hence is not significant, p = 0.152,
indicating that no overall effect of the light intervention emerged in the replicated single-
case design. The overall mean difference was 0.039, and Cohen’s d was 0.14, indicating a
small effect size. For the comparison of phases B; and A, we expected the illuminance
values to decrease. Most participants indeed showed a decrease in mean illuminance value.
The randomization tests showed that there was a significant decrease for participants 1, 2, 4,
and 7. The sum of all individual p-values, 3.159, was significant, p = 0.02. The overall mean
difference was —0.111 (log10 of illuminance), and Cohen’s d was 0.355, indicating a small-
to-medium effect size. The comparison of the second baseline A, and the reintroduction
of the lamp in phase B, showed higher illuminance values for most of the participants,
except for participants 2 and 5. The randomization tests showed that these differences
were significant for participants 1, 3, 4, 6, and 10. The sum of all individual p-values, 2.046,
was significant, p < 0.001, indicating that there was an overall effect of the lighting system
intervention in the replicated single-case design model. The overall mean difference was
0.142, and Cohen’s d was 0.367, indicating a small-to-medium effect size.

Table 4. Mean Ix log10 values and mean differences and p-values for all phases.

Aq B, Ay B, B1-Aq Ar-B, B>-A;
Participant ! Mean My p? My p My p
ppl 1.40 1.21 1.35 —0.20 0.022 * 0.14 0.031*
pp2 2.29 1.84 1.50 —0.45 0.007 * —0.34 0.989
pp3 1.78 1.63 1.70 1.87 —-0.15 0.763 0.08 0.742 0.17 0.074 *
pp4 1.79 1.79 1.58 1.82 0.00 0.481 —0.21 0.035* 0.24 0.041*
PpP5 1.80 1.67 1.63 1.61 -0.13 0.853 —0.04 0.339 —0.02 0.551
pp7 1.96 1.92 1.65 2.07 —0.04 0.678 —-0.27 0.008 * 0.41 0.001 *
Pp8 1.54 1.83 1.72 1.84 0.29 0.003 * —0.12 0.127 0.12 0.152
pp9 1.44 1.55 1.65 1.77 0.11 0.151 0.11 0.816 0.12 0.161
pp10 1.49 1.52 1.58 1.74 0.02 0.368 0.07 0.795 0.16 0.044 *
ppll 2.28 2.35 0.07 0.247
ppl2 1.68 1.85 1.77 2.20 0.17 0.068 * —0.08 0.268 0.43 0.002
Overall Effects
Mean difference 3 0.039 —0.111 0.142
Cohen’s d 3 0.135 0.355 0.376
Sum p 3.612 3.159 2.046
Overall p 0.152 0.02 <0.001

! Participants 1 and 2 had no valid observations for phase Al. Participant 6 dropped out of the study. Participant 11 had no valid
observations for phases A2 and B2. 2 Individual p-values below 0.1 are marked with an asterisk.  Note that the overall mean difference
and Cohen’s d were not used in the randomization test.

Light Intensity Conclusion

The difference in the light intervention between the first control phase A; and the
intervention phase B; was not significant, but the light intensity was significantly higher
in phases By and B, than in phase A;. As full spectral data, unfortunately, could not be
acquired with these wearable sensors, similar analyses could not be performed for EDI,,;.

Correlated Color Temperature (CCT)

The mean differences between the CCT values in phases A; and B; showed significant
differences for participants 9, 11, and 12 in Table 5. The sum of all individual p-values was
4.41, which was not significant, p = 0.458. The overall mean difference was 39, and Cohen’s
d was 0.065, indicating a very small effect size.
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Table 5. Mean Kelvin values and mean differences and p-values for all phases.

Aq B, A, B, B1-Aq Ar-B, Bx-A,
Participant ! Mean My p? My p My p
ppl 3896 3208 3460 —687.93 0.01* 251.97 0.131
pp2 4512 4215 4300 —297.42 0.01* 85.29 0.244
pp3 3779 3687 3324 3566 —91.78 0.608 —362.91 0.03 241.96 0.059 *
pp4 4137 4259 3845 4179 121.77 0.274 —413.24 0.06 * 333.86 0.119
pPp5 4522 4249 3814 4069 —273.02 0.899 —435.08 0.01 254.69 0.096
pp7 4325 3898 3688 3880 —426.61 0.986 —210.23 0.06* 191.60 0.061 *
pp8 4010 3844 4358 4609 —165.99 0.806 514.08 0.99 250.51 0.187
pp9 3410 3847 3801 4370 437.29 0.01 —45.60 0.4 568.33 0.003
pp10 4060 3859 3918 4249 —201.08 0.759 58.74 0.59 331.45 0.111
ppll 3676 4006 330.16 0.058
pp12 3496 4115 4149 4319 619.53 0.007 * 33.55 0.53 170.52 0.179
Overall effects
Mean difference 3 39 —184 268
Cohen’s d 3 0.065 0.350 0.469
Sum p 441 2.68 1.19
Overall p 0.458 0.01* <0.001 *

! Participants 1 and 2 had no valid observations for phase A;. Participant 6 dropped out of the study. Participant 11 had no valid
observations for phases A, and B,. 2 Individual p-values below 0.1 are marked with an asterisk. 3 Note that the mean differences and
Cohen’s d were not used in the randomization test.

For the comparison of By and A, the randomization tests showed that there was a
significant decrease for participants 1, 2, 3, 4, 5, and 7. The sum of all individual p-values
was 2.68, which was significant, p = 0.005. The overall mean difference was —184 K, and
Cohen’s d was 0.350, indicating a small-to-medium effect size. The comparison of phases
A, and B; showed significantly higher CCT values for participants 3, 5, 7, and 9. The sum
of all individual p-values was 1.19, which was significant, p < 0.001. The overall mean
difference was 268 K, and Cohen’s d was 0.469, indicating a medium effect size.

CCT Light Conclusion

The CCT of the light was not significantly different between the first control phase
and the first intervention phase B1, but CCT was significantly higher in phases Bl and B2
than in phase A2.

3.1.5. Randomization Test per Daypart

In order to evaluate whether the effects of the intervention were different for the three
dayparts, we performed randomization tests per daypart for all the light measures. Table 6
shows the results, and Supplementary Material Table S5 displays the descriptives. For
the morning measurements, no significant differences were found between the phases.
Only for the CCT measures, the differences between phases A; and B; and A, and By
reached marginal significance. For the afternoon data, all light measures showed significant
differences between phases By and A; and A, and B;. For the evening data, there were
significant differences for all light measures between phases A; and B;. The difference
between B; and A; was significant for CCT in the evening.
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Table 6. Results of the randomization tests for morning, afternoon, and evening.
Morning Afternoon Evening
Mgy ! Sum_p p My Sum_p p My Sum_p p
Illuminance
B1-Aq 0.04 3.664 0.170 0.04 3.838 0.225 0.03 4.068 0.312
Bi-A; 0.11 4.532 0.307 0.20 2.952 0.012 * 0.16 3.288 0.082
By-A; 0.04 4.106 0.166 0.18 2.231 0.001 * 0.29 0.949 <0.001 *
CCT
Bi-Aq 257.66 3.181 0.065 —75.4 5.024 0.724 —43.88 4.496 0.498
B1-A; 160.08 3.945 0.126 191.62 2.739 0.006 * 218.61 2.661 0.016 *
By-A; 68.99 3.529 0.054 125.61 3.461 0.046 * 708.14 0.350 <0.001 *

1 A positive difference indicates a higher mean for the first term.

Daypart Differentiation Conclusion

The randomization tests showed that the differences between the phases were most
pronounced in the afternoon for all light measures. In the evening, there were significant
differences between phases A; and B, for all light measures. No differences in light
measures between the phases were found in the morning.

3.1.6. Randomization Test of Seasonal Effects

In order to test whether there were seasonal effects, we performed a separate analysis
for participants who participated from September to December and for participants who
participated from January to April. Table 7 (see Supplementary Material Table S6 for
the descriptives) shows that there were higher illuminance levels during phase A; (no
lighting system) than during phase B; in summer—fall, though this difference was not
statistically significant. For the winter—spring participants, however, the light measures
showed the expected statistically significant increase from A; to By, indicating a clear effect
of the lighting system intervention. With regard to the difference between B; and A;, we
observed statistically significant decreases in both illuminance and color temperature for
the summer—fall participants. Remarkably, there were no significant differences between
B; and A, for the winter—spring measures for both light parameters. Both seasons showed
(marginal) significant effects for both light parameters from phase A to phase By.

Table 7. Results of the separate randomization tests apart for fall-winter and winter-spring.

Summer-Fall Winter-Spring
M, Sum_p p M, Sum_p p
Hluminance
Bi1-A; —0.05 2.276 0.904 0.23 0.861 0.004 *
Bi-Ap 0.18 1.129 0.003 * 0.10 1.981 0.487
By-A; 0.10 1.683 0.031* 0.18 0.398 0.001 *
CCT
B1-Ag —107.15 2.823 0.920 203.98 1.592 0.082
Bi-A; 401.14 0.178 <0.001 * —122.24 2.541 0.819
By—Aj 226.56 0.725 <0.001 * 330.20 0.433 <0.001 *

1A positive difference indicates a higher mean for the first term.

3.1.7. Seasonal Effects Conclusion

The results showed clear seasonal effects for all light measures. The sunny and clear
skies in September 2019 even led to higher light values in phase A; than in phase B;. At
the same time, the start of the spring season in March 2020 during phase A, probably
led to no significant differences between phase B; in February 2020 and phase A,. The
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weather statistics showed that the mean number of sun hours during phase A, was 8.3 h
per day compared with the mean number of sun hours during phase B, which was 8.1 h

per day [42].

3.2. User Experiences

Immediately upon completion of the study, the participants were asked about their ex-
periences of participation in this quite intense longitudinal study. None of the participants
or their caregivers perceived the visits by the researchers as burdensome. It was sometimes
considered strange to have lights left on during the day, even when they were not at home.
In one participant, the lighting program was adjusted to his or her absence on several
fixed days per week. Wearing the sensors was also not considered a burden by any of the
participants. However, it was sometimes difficult to realize that the sensor should not be
covered by clothing and should be moved to the collar of a jacket when going outside.

The participants regretted that the lights were removed for 4 weeks and indicated
that they were greatly missed. The caregivers noticed that the participants liked to spend
time under the lamp and seek out the light on their own. Several participants experienced
problems with the connectivity of the app, which was needed to program the bed light.
For all the participants, extra personal visits for technological support were necessary, as
the participants and caregivers were insufficiently technically proficient to deal with these
problems by telephone help desk. The problems were usually caused by Bluetooth or Wi-Fi
problems. Sometimes support was also needed to be able to use the app correctly. Most
participants managed to solve subsequent problems themselves, guided by a concrete user

manual. In one participant, only personal visits could solve the problem.

To learn about the experiences of the participants in this study, 6 months after the
end of participation, the participants and caregivers received an evaluation questionnaire.
Eight participants completed and returned the evaluation. Two participants were moved
to a care home, and one of these participants was incapable of answering the questions,
while the other two had deceased. Figure 4 shows the responses of the eight participants

and their caregivers regarding their experiences with respect to the lighting system.
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Living Bed Living Bed Living Bed Living Bed Living Bed Living Bed Living Bed
room room room room room room room room room room room room room room

I experienced | sometimes | missed the | experienced lwould I believe the | believe the
the light  experienced ' light system = the light = recommend ' light system ' light system
system as the light  when it was = system too the light positively  positively
pleasant system as removed bright formy systemto | affected my affected my

disturbing eyes other people ' sleep quality wellbeing

Hagree neither agree nor disagree  mdisagree

Figure 4. Responses to a short follow-up survey regarding the experiences of the participants with respect to the living

room and bedroom.

As Figure 4 shows, most of the participants evaluated the lighting system as positive,
and mostly not disturbing. They missed the lighting system after it had been removed.
Most of the participants (or their caregivers) believed the lighting system positively affected
their sleep quality and well-being. Figure 4 also shows that the participants were more
positive about the lighting system in the living room than about the lighting system in
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the bedroom. The lighting system in the bedroom was not recommended by three of the
eight participants.

4. Discussion

The aim of this study was to investigate whether a single-case experimental design
(SCED) approach, taking into account personal preferences, an uncontrolled environment,
the stage of dementia, and the heterogeneity of the population, is applicable to investigate
differences in light consumption for people with dementia in a real-life situation, such as a
home environment. In this first attempt to do so, the lessons learned should also provide
recommendations to develop a suitable light protocol to study light interventions in the
homes of people with dementia.

A subsequent question was whether people with dementia living at home would be
exposed to substantially brighter light and light of a higher correlated color temperature
when they used an off-the-shelf dynamic lighting system in their home compared with
regular lighting. To gain more insight on its effectiveness, we also explored at what time of
day the contribution of the lighting system was most pronounced (morning, afternoon, or
evening) and whether the effectiveness was moderated by season. Finally, user experiences
were evaluated, as their (positive) experiences ultimately determine the usefulness of the
lighting solution.

It seems that the used real-life longitudinal single-case experimental design (SCED) is
applicable to studying a lighting system suitable for people with dementia living at home,
despite the uncontrolled environment, stage of dementia, and heterogeneity of the study
population. In addition, this study approach is sufficiently sensitive for demonstrating
differences in the presentation of light during the day after an exposure phase of 4 weeks
in light intensity and color.

In the following, we first discuss the results on the light intervention. After this,
we reflect on the study design, including the protocol, data collection, and analyses,
by discussing five reasons why the used study design is applicable and meaningful for
application to this heterogeneous population. Lastly, recommendations, based on lessons
learned, for future research are made.

4.1. Reflection on the Results

The intervention lighting that was placed in the participants’ bedrooms, kitchens,
and living rooms theoretically delivered up to 850 Ix extra (580 Ix EDI); see Table 2,
depending on the phase of the dynamic scenario) at eye level. These estimates were based
on measurements in a small white room without daylight. The actual light exposure at eye
level of the participants if seated correctly under the lamp, of course, depends on the exact
placement of the lamp, furniture, and finishing of the room, as well as the available daylight.
The measurements performed with the spectrometer in the rooms of the participants, under
the lamps, indeed established an increase of 670-1250 Ix (350-650 Ix EDI,,¢], depending on
the room and measured in the morning, so at the peak of the scenario; see Table 3) between
the intervention and baseline conditions. However, in daily life, the actual personal light
exposure largely depends on the dynamic scenario and the person’s physical activity and
location (e.g., spending time outdoors, opening and closing curtains, and screen usage).
For instance, the added effect of the lighting system is only modest in comparison with
the effect of direct exposure to daylight when people are outside. The amount of light
on a sunny day is orders of magnitude higher than the amount provided by any indoor
lighting system. The effectiveness of the placement of our intervention lighting furthermore
depends on the time they would actually spend in the designated seating areas under
the lamps. We therefore considered it important to establish the effectiveness of a light
intervention in everyday situations and over a prolonged period of time.

Indeed, the personal light exposure data showed statistically significant differences
between the two intervention periods and the second baseline week for most measurements.
The difference in exposure in the first baseline week did not reach significance, potentially
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due to substantially better weather conditions in those weeks than in the remaining weeks.
However, to put these findings into perspective, we should also note that the amount of
extra light that was actually received according to the worn sensors was less than 20 Ix (on
average) during the participants’ waking episodes. This is the reality of field interventions,
as also observed in a recent office-based field study [28]: what you see is not necessarily
what you get. On the other hand, the 20 Ix may be an underestimation of the actual
circadian effect, as our loggers could not collect full spectra and hence potentially did not
pick up spectral shifts towards the blue spectrum specifically.

In our sample, there was actually quite some variation in the effects of the lighting
system. Although most participants showed effects in a positive direction, not all individual
comparisons were statistically significant, and one participant (pp3) even had lower average
light exposure when the lighting system was first presented in phase B; and higher average
light exposure when the lighting system was removed in phase A,. A possible explanation
why this individual showed this deviant pattern is that he or she was not feeling well
during this period and spent a lot of time in bed, where he or she only received the 30 min
of wake-up light, not the full daylight curve of the free-floor standing lights. An advantage
of the SCED design is that the data can be directly linked to this participant.

An additional explanation for the differences in the results on the worn sensors
compared with the results on the spectrometer is that the quality of devices to achieve
an accurate quantification of light exposure can differ. Furthermore, the location where
the sensors were worn can also have an impact on the results. Aarts et al. [46] previously
studied several commonly used wearable light measurement devices. They found that
the quality and the outcome of these devices under different circumstances were very
different, and that the location where these devices are worn has an impact on the results.
The smallest deviation, both indoor and outdoor, was found when the device was placed
on the sides of the eye. In our study, one participant placed the sensor on his glasses. Other
participants wore the sensor on the chest, hence less close to the eye.

The actual personal light exposure as logged by the person-worn sensors also cannot
be attributed singularly to the luminaires, as they may have also varied with, for instance,
changing movement patterns and weather conditions. This is why we adopted prolonged
tracking within conditions and repetition within conditions. It turned out that at the group
level, the introduction of the lighting system did not result in a consistent statistically
significant effect across the four phases. Additional results on the subgroups showed that
this absence of an effect was probably at least partially caused by the subgroup of people
who started the experiment during the summer. These people even had significantly higher
illuminance values during the first phase A; than during the introduction of the lighting
system in phase Bj. The subgroup of people who started the experiment in the winter
showed significantly higher levels of light when the lighting system was introduced during
phase B;. From the royal national weather station in the Netherlands [47], it is known that
the number of sun hours in the Netherlands at the end of the summer (September) of 2019
was much higher than in October 2019 (157.4 h vs. 99.8 h), the month in which the lighting
system was introduced for the subgroup.

The limitations of the study are fairly obvious. The participants were not blind to the
exposure condition, as they knew when the lighting system was present and when it was
removed. They also knew when data collection took place. Hence, we cannot attribute
the participants’ subjective responses and experiences singularly to either the light or the
mere presence and design of the luminaires. This study was conducted with a carefully
selected lighting system, but other, potentially better or worse, systems could have been
selected. Lighting systems could be compared by comparing one intervention with another.
In addition, the target group was very heterogeneous, as often mentioned, and there were
various external influences that were hopefully all considered, but it cannot be ruled out
that there were also invisible confounders. People with dementia are not always able to
put themselves and what is going on inside them into words. More field studies should be
performed to define the best applicable study protocol for this population.
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4.2. Reflection on the Used Design

Installing a novel lighting system in the houses of people with dementia does not guar-
antee that the lighting system will be used in a proper way. For example, the bedroom light
worked with Wi-Fi and a Bluetooth connection, and sometimes it was accidently discon-
nected or turned off by the participants. Problem solving required physically reconnecting
the system, which was only possible during home visits.

The wearable sensors that objectively measured the amount of light regularly regis-
tered negative or unrealistically low values. Perhaps the sensor was partly or completely
covered by clothing at such times or worn too close to the face so that there was a shadow
on the sensor. Furthermore, people sometimes forgot to wear the sensor. Probably due
to attentiveness of the caregivers, no sensors disappeared, were hidden, or were thrown
away. Negative or unrealistically low values can be detected in data analysis, as it is highly
unlikely that the participants received no light intensity and, at the same time, were regis-
tered as moving or physically active. Therefore, the study design must take into account
substantial amounts of missing data by ensuring sufficient power and/or redundancy. The
used SCED design with the ABAB setup seems to be appropriate to fill these gaps [29-31].

Some caregivers reported that the strange new lights in the house sometimes caused
some confusion among the participants and that this did not always make them sit down
in their familiar places. The caregivers sometimes tried to support or encourage the partici-
pants to continue with their usual preferred daily routine. Some the caregivers encountered
behavioral problems or agitation at these moments. These symptoms are common in
people with dementia, and their prevalence is high also among persons still living at home.
For instance, in a cross-sectional study by Huang et al. [48], 80% of the population scored
positively on the behavioral and psychological symptoms of dementia (BPSD) spectrum at
the onset of the disease, and even 97.5% in the moderate stage of dementia. Nevertheless,
they appreciated the lighting system as indicated in the user evaluation.

Finally, our study is a field experiment in a very heterogeneous, vulnerable, and
hard-to-reach population. The results of our study have high ecological validity, much
more than a fully controlled experimental design, yet confounding variables may influence
the results and could have made it hard to find a statistically significant effect at the group
level. However, this is an inevitable property of the population and setting. The fact that an
effect of the lighting system was found despite these confounding variables shows that the
effect of the lighting system is rather robust and may therefore be a real benefit in practice
and the real-life setting of people with dementia at home.

4.3. Lessons Learned

Based on this study, some lessons learned could be formulated for the implementation
of the light protocol in practice. First, implementing a lighting system in the homes of
people with dementia is possible and possibly useful. However, in sunny seasons, such
as spring and summer, the added value of the lighting system compared with daylight
is marginal. Therefore, it might be more useful to install the lighting system in darker
seasons, such as fall and winter [25].

Besides these seasonal effects, the results also revealed differential effects for the
lighting system with respect to the parts of the day. The effect of the lighting system was
most pronounced in the afternoon and mostly absent in the morning. This result may be
explained by the fact that the participants tended to be more active and outside in the
morning, receiving more natural daylight than in the afternoon and evening, when the
sun had already set by 5:00 or 6:00 p.m. in the fall and winter months. The effects were
also less in the evening, but this would be in line with recommendations and the dynamic
scenario as evening light is generally considered bad for sleep. This might indicate that it
is useful to emphasize to users to use the lighting system in the afternoon and evening and
to stimulate these users to (continue to) go outside in the morning.

The correlated color temperature did not significantly differ for the spectrometer
results in the three rooms with and without the lighting system. This was likely caused
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by the fact that these measurements were taken late in the morning, when the correlated
color temperature of the scenario was close to that of standard lighting. Across the day, the
scenario varied between both higher and lower CCT values, so one would not necessarily
expect large overall changes.

Carefully designed technological interventions can respond to unmet needs of peo-
ple with dementia and family caregivers at different stages as dementia progresses [49].
Existing products, systems, and services are often too complex to be used by people with
dementia [50]. Meiland et al. [51] found that it is very important that innovations are
supported by the users, are experienced as user-friendly, and are practically feasible in
terms of successful implementation. Therefore, the development of assistive technology
for people with dementia needs to be evaluated in a real-life context [52-54].

Although the evaluation of the subjective experience of the lighting system by the
participants is, of course, difficult because of the dementia, we were still able to gather
information from most of the participants (6 out of 11) based on a short questionnaire.
The vulnerability became painfully obvious with the fact that two of the people had
passed away and two had moved to a care home shortly after the end of the study. The
participants valued and missed the lighting system, the extra light exposure in terms of
intensity and color and atmosphere, when removed. Moreover, the informal caregivers
were positive, and most of them even reported a positive, though still subjective, effect
on the sleep, activity, and psychological well-being of their loved ones. The vulnerability
of the population and still the applicability and effect of the used study design indicate
that the lighting system might be useful for people with dementia in moderate and severe
stages of the disease. This seems an important finding as care innovations for home use are
mostly developed and implemented by people with dementia in mild stages of the disease.

5. Conclusions

The results of this single-case design study are quite promising and indicate that
future field studies are welcome. It is quite a challenge to perform a SCED study in such
a specific and vulnerable population in a real-life setting. Nevertheless, we believe that
people with dementia, particularly those still living at home, may greatly benefit from such
an easy intervention as a low-cost, easy-to-implement-and-use lighting system, and this
deserves to be tested in the field.
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