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Abstract

Circadian lighting has the potential to be used as a welfare technology, and improve the health and well-being of
the general public. A research-based dynamic circadian lighting scheme can be developed using LED lighting.
Testing and evaluating circadian lighting however requires a holistic approach, bringing together several different
disciplines, in particular technological, medical and anthropological fields. The analysis of the of tests must
combine qualitative and quantitative data, and implies the use of a mixed methods approach. This paper
presents the framework for such analysis for the evaluation of circadian adjusted lighting.

Introduction

With the discovery of the intrinsically photosensitive retinal ganglion cells (ipRGC) in 2002 (Berson et al. 2002), a
biochemical link was made between the circadian rhythm and light. This has enabled a shift in focus from lighting
as a purely visual and functional aid, to one that can equally enhance and help regulate aspects of the diurnal
rhythm, and as such our health and well-being. This has made lighting a recent addition to welfare technology,
which relies to a great extent on solid state lighting technologies, in particular LED lighting.

The development of lighting adjusted to support the circadian rhythm, indicated as CALED (Circadian Adjusted
LED), is based on cognitive and medical studies. Yet, although tailor made light therapies have shown to remedy
circadian disruptions in especially Alzheimer sufferers and night shift workers by improving sleep quality and
sleeping patterns (Hanford, Figueiro, 2013, Yoon et al. 2002), and as such quality of life and activity, they have a
narrow target group, invariably resulting in highly focused therapeutic sessions. In addition, these therapies can



involve many hours of session with specialized lighting platforms, making them cumbersome and intrusive.
Research into the application and effects of circadian adjusted lighting on the general, and ageing, population
remain in their infancy (Shikder, 2012).

The concept of lighting to assist and adjust the circadian system may increase the general health and well-being
of the population, and lead to a reduced dependency on the social services. As such, research into its general
applicability is the next logical step. Due to the various angles of this topic, the overall study of circadian lighting
requires a holistic approach. In this context, this paper presents the framework for the evaluation of circadian
adjusted LED lighting. The use case of elderly housing will be considered for this framework.

Circadian lighting curve

The theoretical basis for the development of the circadian lighting scheme comes from previous chronobiological
and cognitive research relating to flicker, illuminance levels and correlated colour temperature (CCT). Firstly, a
number of studies have shown the correlation of CCT and illuminance on the circadian rhythm. Research by
Figueiro et al. indicates that high circadian stimulation should have an illumination of at least 400 lux at the
cornea and a CCT of 6500 K (blue rich light), and suggests this for daytime use. Evening hours are
recommended to have an illuminance of 100 lux at the cornea and a colour temperature of 2700K (Figueiro,
2008). In a study on old and demented people, Sust et al. similarly propose a scheme for elderly with a 1200 lux
and 6500 K exposure during the daytime, and an 800 lux and 3000 K exposure after three o'clock in the
afternoon (Sust et al. 2012). Finally, within a working environment, Van den Beld has proposed a curve which
starts at 800 Ix and 6000 K at 8.00 in the morning, which gradually decreases to 500 lux and 3000 K by 12.00.
This is repeated starting with around 750 lux at 12.30 which again gradually decreases to 500 lux and 3000 K at
16.00 (Van den Beld, 2002). An important aspect of research on the circadian rhythm is the study of the sleep-
wake cycle. As an effect of the combination of the circadian rhythm and sleep homeostasis, sleep cycles for
humans have been argued to be biphasic, although current society is interrupting this with technology (Ekirch,

2001).

Besides research on the circadian rhythm, there are equally a number of cognitive studies related to emotional
response, task performance and alertness with respects to CCT and illuminance levels. Goven et al. have shown
that an increase from 3000 K to 4000 K increases alertness (Goven et al. 2007). Similarly, Choi and Suk showed
that 6500 K produced the greatest alertness (Choi & Suk, 2016). The same studies indicated that 100 lux
produced the best emotional responses (Goven et al, 2007), and that 3500 K was associated with increased
relaxation (Choi and Suk, 2016). This is equally reflected by Park et al. who found that a lower CCT of 2766 K
increased relaxation (Park et al. 2013).

By using research a dynamic circadian lighting scheme (Figure 1) can be produced with a circadian lighting
curve (Figure 2). This scheme would be punctuated by task performance requirements such as dinner, and toilet
visits. The light needs to be dynamic, and change illuminance levels and colour temperature in a prescribed
sequence depending on the time of day, biological needs and task requirements.
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Figure 1. Circadian lighting scheme
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Medical requirements and recommendations:

Examination room general: 500 Ix, 4000-5000 K, Ra 90 (DS EN 12464-1 2011:5.40.1)

Examination, simple: 300Ix (DS EN 12464-1 2011:5.39.3)

Examination and treatment: 1000Ix, Ra 90 (DS EN 12464-1 2011: 5.39.4 / 5.40.2)

Cleaning and examination: 100 - 200 Ix (Styrelsen for Social Service, 2004)

Examination and Observation: 500 Ix, 5000 K, Ra 90 (Styrelsen for Social Service, 2004)

Emergency lighting: 1500 Ix / 5000 K: manual override button.

Toilet:

Daytime: 200 Ix (DS EN 12464-1 2011:5.39.6 /5.2.4)

Night time: 5 Ix, 2700 K, or amber light (Figueiro, A 24 Hour Lighting Scheme for Older Adults, 2008)

Figure 2. Circadian lighting curve



A holistic approach: mixed methods model

Due to the complex nature of care of the elderly i.e. psychological well-being, personalized space, adaptations to
functional decline, and therapeutic focus, the evaluation of a circadian lighting system for geriatric use must
incorporate data from widely dispersed fields. This trial relies on both qualitative and quantitative data from three
fields: anthropological, sensor-based and medical (see Figure 3)

Figure 3. Holistic approach scheme

There are a number of epistemological issues in combining sets of qualitative and quantitative data (Creswell &
Clark, 2011), each of which relate to the seeming incompatibility of a post-positivist approach to science and an
interpretive approach. Although each paradigm in and of itself have a fairly robust system of inquiry, the
comparison of results between the two i.e. a mixed method approach, warrant careful reasoning.

In this context, the framework for collecting the data will consist of a cross-over non-blinded randomized trial
involving three target groups (Table 1). Groups A and B will be divided in subgroups A1, A2, B1 and B2. Group
C will remain undivided. For each group the trial will take place over a 16-week period within which each
subgroup will alternate between intervention and control.

Table 1.
Participants No|Week 0 [Randomization|No|Week 1-8 |Week 9-16
Period 1 Period 2

Group A, frail elderly receiving CALED 15|Baseline|Subgroup A1 |8 |Intervention|Control
Subgroup A2 |7 |Control Intervention

Group B, residents with dementia receiving CALED|9 [Baseline|Subgroup B1 (4 |Intervention|Control
Subgroup B2 |5 |Control Intervention

Group C, frail elderly not receiving CALED 15|Baseline|Non 15|Control Control

The type of mixed method design depends on the research question. In this study, the aim is to enhance the
knowledge of the impact of circadian adjustable lighting on the health and well-being of the elderly, and to
identify what possible consistencies and inconsistencies might emerge from cross comparison of the results.



This implies the use of a convergent parallel design mixed method approach in which both of the data strands
i.e. the qualitative and the quantitative strand, are obtained and analyzed separately (Creswell & Clark, 2011).

Following this model, each research field (anthropological, sensor-based and medical) will start out by obtaining
and analyzing data from either a qualitative or a quantitative angle, depending on the field in question. To
structure the analysis in a more precise way a two-phase model is introduced (Table 2), which is based on
expanding the data analysis from the level of subgroups and methods to that of the groups and fields. Within
this, method refers to the specific tool used for data collection, and field refers to the research discipline, i.e.
anthropological, sensor-based and medical.

The first phase, or phase A, consists of three steps, and involves data collection and data analysis for each field
and method individually. As such it does not mix qualitative and quantitative sets of data. The second phase, or
phase B, consists of two steps and involves cross comparisons between methods and fields. This phase will mix
qualitative and quantitative data. The following is a description of each phase and its steps:

Phase A (individual qualitative and quantitative analysis):

Step 1 (1% order analysis), each subgroup, i.e. A1, A2 and B1, B2 is analyzed individually based on their
respective methods of observation. This is indicated as the 1st order of analysis and described as the Intra
Subgroup Sequential Comparison.

Step 2 (2nd order analysis), comparing the results between each subgroup, i.e. A1 with A2 and B1 with B2, within
their method of observation. This is indicated as the 2nd order of analysis and described as Inter Subgroup
Cross Comparison.

Step 3 (3rd order analysis), a comparison of the results between groups, i.e. A, B and C for each of the
respective methods of observation. This is indicated as the 3rd order of analysis and is described as Inter
Group Cross Comparison.

Phase B (mixed qualitative and quantitative analysis):

Step 4 (4" order analysis), comparison of the results between methods of observation within the respective three
fields: anthropological, sensor based and medical. Each method of observation at this step can be weighted
when compared. This level is indicated as the 4th order of analysis and described as Inter Method Cross
Comparison Weighted.

Step 5 (5th order analysis), comparison of the results across the methods and fields. This is done along well
defined lines and queries, and forms an important aspect of the data-transformation merged analysis variant of
the parallel convergent mixed method design. This level of analysis is indicated as the 5th order of analysis and
described as Inter Field Cross Comparison
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Quantitative survey

The aim of the quantitative survey is to investigate the circadian rhythm by looking at changes in associated
outcomes for sleep quality, delirium, and well-being defined as physical and mental functioning (Okawa et al.
1991, Slatore et al. 2012).



Quantitative data collection

The trial participants will be assessed at baseline, and after 4, 8, 12 and 16 weeks, respectively. The test panel
will consist of questionnaires, functional and cognitive tests, and a blood sample for detecting underlying causes
of delirium and iliness during the trial. A full test panel will be used at baseline, after 8 weeks and after 16 weeks;
with a smaller test panel being used after 4 weeks and 12 weeks. The tests are supplemented by sensory data
from wrist and leg worn monitors in weeks 1, 4, 8, 9, 12 and 16. An overview of the outcomes to be assessed is
presented in Table 3.

Table 3.

Variables |Baseline | 4-week | 8-week [12-week| 16-week
Primary outcome; quality of sleep

PSQI; total sleep time [ x | x | x | x [ x
Secondary outcomes: sleep efficiency, mobility and immunological status

. Actigraphy, Actiwatch; sleep and wake activity, X X

. ESS; daytime sleepiness

. Biomarkers; immunological status

. CAM; delirium and confusion

XXX [Xx
XXX [>X X

. MoCA, MMSE; cognition

. MDI; depression

. ActivePal; mobility

. EQ-5D; well-being

[CIEIRIERIEIEEEINE
XX XXX XXX
XX XXX X XXX
XXX XXX XXX

. ADL; self-efficacy;
|Additional variables

10. Registration; medication

11. IVI-test; vision

X X | X
X | X | X

12. MNA; nutritional status X

13. Personal light exposure; Actiwatch X X X X X
PSQI: Pittsburgh Sleep Quality Index; ESS: Epworth Sleepiness Scale; CAM: Confusion Assessment Method; MoCA:
Montreal Cognitive Assessment; MMSE Mini Mental State Examination; MDI: Major Depression Inventory; EQ-5D: EuroQol;
ADL: Activities of Daily Living; MNA: Mini Nutritional Assessment

Quantitative data analysis

Data will be presented as means with standard deviations, medians with inter-quartile ranges or frequencies with
percentages depending on the distribution of the variable. The primary analysis for the primary outcome will be
performed using the SAS procedure PROC MIXED (dif(intervention-control)). The difference in the PSQI scores
between the intervention period and the control period will be analysed using mixed models, with treatment
(intervention and control) and period (period 1 and period 2) as fixed effects and the participant identification as
random effect. Secondly, the models will be adjusted for baseline PSQI scores.

The primary analysis will follow the intention-to-treat principle using multiple imputations in case of missing
outcome measures. For the secondary outcomes, similar analyses will be performed. Moreover, all analyses will
be repeated using adjustments for baseline vision. All models will be investigated for goodness-of-fit (linearity,
variance homogeneity and normal distribution of residuals) by visual inspection of plots and remodelling will be
performed accordingly. All statistical tests will be performed using SAS (SAS Institute Inc, Cary, NC, US) and p
values <0.05 will be considered statistically significant.



Qualitative survey

The aim of the anthropological study is to reveal changes in experiences and practices of everyday life with an
emphasis on how elderly experience and practice their home, as a consequence of the intervention, from a
phenomenological perspective (Curry, Nembhard, & Bradley, 2009). In instrumental terms we will look into
changes in rhythms, routes and routines which will give an indication of the essence of what it means to practice
home. The assumptions are that a house or apartment is not automatically a home but is something which is
created through practice (Vacher, 2006), and that experience and practices are related to well-being of the
participants.

The major outcome of the anthropological survey is well-being from a holistic point of view taking into account
the context and culture of the participants. Where the medical survey looks at well-being defined as physical and
mental functioning from a medical perspective, the anthropological survey will look at well-being with the
assumption that well-being is not a universal parameter which is easily comparable between subjects but is
individual where the context and the lived experience of the individual plays a big role. Quantitative measures of
well-being have been criticized due to not being able to cover cultural bias (Ryan & Deci, 2001) and the use of
mixed methods overcomes this issue.

Qualitative data collection

The participants of groups A, B and C will be surveyed at baseline (see Table 4), which for the anthropological
study is before the new fixtures is going to be installed in the participant's’ apartments and will show the impact
of change from using their own fixtures to using the intervention fixtures. Group A and B will then be surveyed
every 3¢ week within each period (week 1-2, week 4-5 and week 7-8). Group C will be surveyed twice for each
period. The major purpose of group C is to control the confounding variable, seasonal change, and less
emphasis is therefore put on developing rapport for this group.

The early surveying of a period will show immediate effects and implications of the intervention, before
participants have had time to adapt to their new context and surveying late in the period will show effects when
rhythms, routes, and routines have become more stable. The early and plentiful contact points between the
interviewer and participants will also serve to develop rapport with the participants which will increase the quality
of the data gained from the survey (Spradley, 1979).

Table 4.

Period 1 (Intervention/control)]Period 2 (Intervention/control)l
Week Baseline]1 [2 [3 |4 [5 |6 |7 [8 Jo]10]11[12]13]14 |15 [16
Group A, frail elderly receiving CALED

Interview X X X X X X X

Social mapping|x X X X X

Group B, elderly with dementia receiving CALED

Observation X X X X X X X

Staff interview |[x X X X X X X

Group B, frail elderly not receiving CALED

Interview X X X X X X

Social mapping|x X X X




Semi-structured interviews and social mapping (Group A & C)

Group A and C will be surveyed by interviews and a social mapping exercise which will look into how the
participants practice their homes through rhythms, routes and routines and their relation to light.

The interview guide will be built on Spradley’s (1979) ethnographic interview, for the method’s ability to gain in-
depth information about perceived reality from the participant’s point of view. The semi structured interview
format will allow comparing between participants and allow hypothesis testing (Leech, 2002), and at the same
time be flexible to what the participants tells us.

The interview will be supplemented by a social mapping method which is inspired by cartography (Roessler,
2015). The method is also used within environmental psychology to show relationships between actors and their
environment and provides insights about the subjective experience of the built environment describing patterns
of behaviour (Roessler, 2015). Mapping how the participants use light in their homes will provide useful data for
tracking use of the environment before and after the intervention while at the same time serve as a
nonthreatening way of starting the relationship between interviewee and interviewer. Therefore this method will
be used in the beginning of the interview.

Observation and staff interviews (Group B)

Interviewing as a method is limited by the discrepancy between what informants say and what they actually do,
among other issues due to recall bias (Bernard & Gravlee, 2014). The issue of recall bias is especially prominent
for people with dementia and interviewing this group requires careful attention because informants are likely to
also have reduced capacity to articulate meaning, consequently making interviewing difficult. Because several
participants from group B suffer from moderate to severe dementia, we will instead use observation in the
common living room of the dementia ward, combined with semi-structured staff interviews (Hubbard, Downs, &
Tester, 2003).

The observation will be semi-structured with a moderate degree of participation which will allow informal talks
with the participants. The observation will look into the behaviour of the participants, and look at changes in their
rhythms, routes and routines, with a special emphasis on daytime drowsiness, and how they interact with the
light in the space.

From initial interviews with staff from the dementia ward it was learned that the residents’ mental state varied a
lot throughout the day. To account for this issue, staff interviews will be used to account for non-representative
observation sampling, and also as a proxy interview to elucidate the view of the dementia patients based on the
idea that the staff are experts in interpreting their behavior (Hubbard, Downs, & Tester, 2003). The staff interview
will be a semi-structured interview which will touch upon the same themes as the interview for group A and C but
will go into less detail.

Qualitative data analysis

The qualitative data will be analyzed from a phenomenological perspective by thematic coding and looking into
routes, routines and rhythms. Thematic coding (Aronson, 1994) is chosen over lifeworld analysis (Dahlberg,
2006) in order to make comparison between qualitative and quantitative data easier, while maintaining the
complexity of the context in the themes.

The analysis will be deductive in the way that we already know what aspects to look for: well-being, sleep,
activity, exposure to light, but the analysis will also have an inductive and iterative character (O’Reilly, 2008) in
the way that it will be open for new emerging themes and theories which will help to describe the complexity of
the processes and impacts of the intervention which are not anticipated. The data will then be analyzed
according to Table 2, phase A, and the emerging themes will be presented along with quotes and contextual
descriptive information.



Mixed data analysis

Although it is possible within the mixed method approach to keep the resulting data separate in the analysis
stage, this survey will quantify the qualitative data to make a more direct comparison possible. As such it will
employ the data-transformation variant of the convergent mixed method design (Creswell & Clark, 2011). This
variant results in a scheme indicating statistical relevance between sets of data, while at the same time
preserving the richness of the qualitative data. In this study the majority of quantitative data will stem from the
medical tests and the results from the tracking devices for mobility. Qualitative data will be obtained from the
semi-structured interviews and a social mapping exercise.

The data-transformation variant refers to the comparison of qualitative and quantitative data of the overall study,
and occurs in phase B of the structural model of analysis (Table 2). As such it involves the Inter Method Cross
Comparison Weighted and the Inter Field Cross Comparison steps of the analysis, implying that at this step
certain data can be weighted, and certain results can be compared across the various methods and across the
three fields of inquiry.

Conclusions

With the rapid population ageing in Europe, there is an increasing interest in technologies and designs that can
support the elderly citizens in sustaining well-being and health along with preventing functional decline. To date,
the designs of lighting systems in elderly housing are simple and primarily made to support only visual acuity
without taking into account other parameters. But elderly people have higher demands on quality of light as their
body has to cope with immobility, pathologies and age-related functional decline.

To this regard, there is a strong research effort in adjusting lighting design in order to improve well-being and
comfort levels, as well as to meet the needs of elderly people at home. To this goal, circadian adjusted LED-
based lighting is used, which can reflect the rhythm of out-door daylight. Based on the latest research a
circadian lighting curve is proposed. But strong and holistic evidence for the use of such circadian lighting is still
missing

In this context, this paper presents a fully developed framework for performing a holistic evaluation of circadian
lighting. More specifically three different types of data are considered and cross-checked: a) medical (biofactors),
b) sensor-based (activity detection, actigraphy, etc.) and c¢) anthropological (mood and behaviour). A convergent
parallel design mixed method approach is then used following a 2-phase plan. By using this framework, a holistic
evidence can be defined and support the use of circadian lighting.
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