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(Received 1 November 2012; final version received 19 May 2013)

Evolutionary processes generate a variety of paradoxes which must be faced in order to design
the most effective structures to fulfil various human requirements and preferences. One of these
paradoxes comes from the evolution of circadian rhythm systems, which are normally
synchronized to the geophysical cycle of night and day and coordinate internal temporal
order, but are now in conflict with modern technology and the 24/7 paradigm for urban
living. Modern lighting systems have traditionally focused on providing sufficient
illumination for people to navigate and manipulate their environments without regard to the
side effects that lighting might have on temporal aspects of behaviour and physiology.
However, studies involving shift work and other applications of artificial lighting have
indicated that these side effects can be quite significant. Furthermore, when an ageing
circadian system is coupled with a deteriorating physiology, the side effects of a 24/7
artificially illuminated indoor environment can be especially debilitating, especially for older
adults with dementia. Chronobiology is the field of biology that examines periodic (cyclic)
phenomena in living organisms, whereas photobiology is the scientific study of the
interaction of light on living organisms. Chronobioengineering is an emerging field of
scientific study that translates research results and concepts from these fields into practical
applications. The following discussion focuses on the use of light cycles to synchronize
circadian rhythms and ways human health and wellbeing can be enhanced through light-
emitting diode (LED) lighting in the ageing population, specifically those with dementia of
Alzheimer’s type. The hypothesis is that the implementation of a lighting system specifically
designed to synchronize circadian rhythms in this population will alleviate symptoms of
dementia and thus enhance the quality of life for both residents and caregivers. The research
team is working with a lighting industry partner to manufacture a 2′ × 2′ retrofit LED
luminaire for installation at St. Francis Country House, a skilled-nursing facility near
Philadelphia. Research includes working with the nursing home caregivers and
administrators to establish criteria and protocols for evidence-based design research that will
evaluate the efficacy of the daylight-matching luminaire.

Keywords: evidence-based design; evolutionary systems; environment and behaviour;
healthcare design; indoor environmental quality

The evolutionary paradox – implications for architectural design

The process of biological evolution is primarily dependent on the twin mechanisms of random
mutation and natural selection. Evolution proceeds by way of increasing and decreasing gene fre-
quencies over generations, irrespective of how these changes are produced. Thus, it is possible –
and often observed – that the wellbeing of individual organisms is sacrificed in order to promote
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gene transmission. As a consequence, evolutionarily determined physiology and behaviour may
or may not promote welfare of the individual possessing those traits. Second, random mutation
does not necessarily create the best adaptations even when those adaptations would benefit
gene propagation. The process of creating new mutations is random relative to the requirements
of gene proliferation and thus quite sensible adaptations may never evolve. Third, organisms are
always best adapted to their ancestors’ environment. It is the ancestors who succeeded in propa-
gating their genes over time and not the current representatives. Although rapid evolution is poss-
ible, significant change is dependent upon generation time and organisms with relatively long
generation times – such as humans – take longer to adapt to new conditions, at least biologically.
Fourth, emotions are a part of evolution and thus are likely to be one method by which genes
promote behaviours that result in their own dissemination. These observations and arguments
lead inevitably to the conclusion that human beings retain an evolutionarily determined
mixture of biologically maladapted traits and behaviours ill-suited to the current urban environ-
ment. Understanding these biological limitations is one key to creating the best internal ecosys-
tems, for both individual building occupants and for the larger community.

Current structures are also cultural artefacts, dependent on a number of complex social and
economic systems that have grown up historically in relation to the ways that humans use
resources – water, building materials, various technologies (e.g. electricity), and rules (building
codes, zoning laws, etc.). Such factors can result in unintended, and often overlooked, negative
consequences for building occupants.

These observations have not gone unnoticed by architects, engineers, and researchers. In
1992, Cheval contended that both productivity and health could be linked to design features,
while Kilbert, Sendzimer, and Bradley (2000) argued for an ecological approach to building con-
struction and design, a call echoed by Berry and coworkers (2004). Samet and Spengler (2003)
stated that a ‘more comprehensive rethinking is needed on the physiological, sociological, ergo-
nomic, and psychological characteristics of the built environment that affect health and well-
being’. Mitchell and coworkers (2007) called for more research on the effects of building
design on human health, while Khalid (2006) claimed that knowledge of the interaction
between design and affect (emotion/mood) would be required to accommodate a diversity of
occupants. In arguing for neuroscience research to be used to inform building design, Edelstein
(2008a) also touched on the theme of diversity. She suggested the creation of ‘environmental
zones’ to accommodate the changing needs of various users across time, space, and according
to task. Wang (2009) provided data in support of variable environmental requirements by demon-
strating that maximum productivity and most preferred environmental conditions did not always
match in his subjects. Calls for the application of new evidence-based, human-oriented designs
have been made for offices (Chevan 1992), medical facilities (Edelstein 2008b; Berry et al.
2004), and schools (Rydeen, Erickson, and Lange 2008). In all these situations, there is a need
for an adaptable and evolving internal ecosystem capable of adjusting for different occupants,
variations within occupants, and for differing tasks. In the case of ageing populations, especially
those with dementia, these issues can become critical. This article investigates an emerging field –
chronobioengineering – that seeks to create environments which promote temporal health.
Improvements in temporal health, in turn, may help to alleviate symptoms of dementia in older
adults living in a long-term care facility.

The time machines – rhythms and oscillations in biological systems

Temporal health is a matter of temporal order – the right events occurring in the right order at the
right time. All biological organisms depend on rhythms and oscillations to time critical activities.
When timing is disrupted, systems begin to fail. One example of this is the phenomenon of jet lag,
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a temporary reduction in the efficiency of physiological and behavioural processes after travel
across several time zones. More severe consequences are associated with shift work, where
there are longer and more significant insults to the biological timing system. The majority of
studies investigating the effects of shift work report a variety of behavioural and physiological
issues associated with this form of temporal disruption. Physiological issues include sleep disrup-
tion, reproductive problems, gastrointestinal complaints, metabolic abnormalities, enhanced
danger of cardiovascular problems, and an increased risk for certain types of cancers. Behavioural
issues include decrements in cognitive performance, depressed mood, psychiatric complaints, and
increased reports of neuropsychological problems (McEachron 2012; Davis and Mircik 2006;
Haus and Smolensky 2006; Davis, Mircik, and Stevens 2001; Costa 1996; Harrington 1994).

Hence, temporal health clearly matters to human health and wellbeing. However, how do
these data apply to the situation at hand – the residents of a long-term care facility? Why
should architects be concerned with jet lag and shift work in the design of what appears to be
a fairly stable environment? To understand this requires a bit more information on how the
human biological timing system actually works.

A major factor controlling human biological timing is circadian rhythmicity. Circadian
rhythms are endogenous (self-generated) biological rhythms produced by specialized cells or
structures, which impose a near 24-hour period on the physiology and behaviour of individual
organisms. The adaptive function of such rhythms is to position the organism’s behaviour and
physiology within the geophysical cycle of day and night. To accomplish this task, circadian
rhythms cascade throughout the entire physiology and biochemistry of the body to coordinate
a vast array of other activities and biological oscillations of varying frequencies and functions.
For example, there are circadian rhythms in heart rate which reduce the frequency of beats
during sleep. When this rhythm does not occur or is faulty in some way, there is an increased
risk of cardiovascular damage and heart attack (De la Sierra 2010). Thus, in order to be effective,
the circadian rhythm system must maintain an internal temporal order that coordinates an organ-
ism’s activities at every level.

In constant conditions without an external light/dark (LD) cycle or other environmental indi-
cators of time, circadian rhythms express their inherent, internal frequencies that typically vary
slightly from 24 hours. These so-called free-running rhythms are usually only seen under labora-
tory conditions but can be observed in some blind individuals unable to process lighting infor-
mation. Virtually all aspects of an organism’s behaviour and physiology are linked to the
circadian system and will free-run under constant environmental conditions.

Normally, organisms are not exposed to constant environmental conditions, but rather time-
varying levels and wavelengths of light as well as other environmental variables linked to the
Earth’s daily rotation. It is clear from innumerable observations under both laboratory and field
conditions that LD cycles are capable of synchronizing circadian rhythms. In other words,
when an organism with a free-running circadian rhythm different from 24 hours is exposed to
a LD cycle of 24 hours, the circadian rhythm changes its period to match that of the LD cycle,
that is, displays a period of 24 hours.

The circadian system in humans

As mammals, the main pacemaker controlling circadian rhythms in humans is located in the
suprachiasmatic nuclei (SCN) in a brain region known as the hypothalamus. The SCN are circa-
dian clocks that provide circadian information to all cells in the body to adjust their physiology
according to the time of the day (Pittendrigh 1993). The SCN maintains and regulates 24-hour
rhythms of physiological and behavioural systems, by either directly driving those rhythms or
indirectly by synchronizing secondary oscillations that are then responsible for the biological

50 E.V. Ellis et al.

D
ow

nl
oa

de
d 

by
 [

66
.2

08
.4

1.
19

] 
at

 0
4:

46
 1

4 
M

ar
ch

 2
01

4 



cycles (Vujovic, Davidson, and Menaker 2008; Hastings, Reddy, and Maywood 2003). The exist-
ence of this internal entrainment network means that any disruption of the signals coming from
the SCN can release control over multiple secondary oscillators, leading to numerous independent
rhythms and a loss of internal temporal order. Such a disruption can either be brought about exter-
nally, from inappropriate lighting information or other conflicting environmental signals, or
internally, from a loss of SCN function or other neurological issues.

Lighting information sent to the SCN, which measures lighting time and intensity comes from
a unique sensory apparatus in the retina, separate from the organization of rods and cones associ-
ated with standard vision – object recognition, colour vision, motion detection, etc. This alterna-
tive system is based on the intrinsically photosensitive retinal ganglion cells (ipRGCs) – the
neural processing units of the retina – and the pigment associated with light absorption displays
a slightly different absorption spectrum from that typically of the rods and cones (Berson, Dunn,
and Takao 2002; See Figure 1). Practically speaking, this means that while photopic light support-
ing vision and light informing the circadian system overlap, it is possible to differentiate these
effects on the basis of wavelength and design lighting systems that provide visual support
while minimizing inappropriate timing input to the circadian system.

In a natural environment, light reaching the retina is processed by these ipRGC and the infor-
mation is transmitted to the SCN, where the information changes the state of the SCN neurons.
This change involves a phase shift of the ongoing oscillations. When light is provided as a sinu-
soidal wave with gradual onset and offset and sufficient amplitude, the effect of the lighting cycle
is to synchronize or entrain the oscillations of the SCN. The SCN, in turn, through various mech-
anisms entrains the rest of the many oscillators distributed throughout the body. Thus, the
optimum condition is a sinusoidal light cycle of 24 hours entraining the SCN and the SCN
then imposing temporal order on the remaining physiological and cognitive processes.

What constitutes a natural environment? Light can be expected to display a gradual increase in
lighting (sunrise) and powerful, sustained lighting (daylight), and a gradual decrease in lighting
(sunset) followed by a profound darkness (night). These effects involve both intensity and wave-
length variations in perceived lighting. Focusing on illuminance alone, a moonless overcast night
may provide only about 1024 lux, while full daylight provides 10,000–25,000 lux and direct sun-
light 32,000–130,000 lux (http://stjarnhimlen.se/comp/radfaq.html – 10). The actual levels
depend on both latitudinal location on the Earth and weather conditions, but clearly the circadian
system evolved to expect a dynamic range of lighting over some 6–9 orders of magnitude.

In review, the human circadian organization is based upon a pacemaker located in the SCN
and linked to lighting through a specific blue-green-sensitive receptor system in the retina. The
SCN is entrained to the environmental cycle of day and night through phasic effects and a
Phase-Response Curve. Gradual, high amplitude sinusoidal variations of light and dark are
more effective at promoting synchronization to the environment compared with abrupt lighting
changes, which may generate external rhythmic disruption. Such external disruption generates
internal rhythmic disruption and a loss in internal temporal order. A loss of internal temporal
order is damaging to physiological and behavioural functions. The system is also sensitive to
light intensity and photoperiod length effects, all of which must fit together appropriately to gen-
erate rhythmic coherence. Such coherence is vital to promote health, wellbeing, and productivity.

Light and perception – special case of the elderly

Chronobioengineering (Halberg et al. 1994) is an emerging field of scientific study that translates
research results and concepts from photobiology (Roberts 2001) and chronobiology (Brock 1991)
into practical application. Considering the photobiological effects of light on the body and its cir-
cadian significance, the reception of light, especially natural daylight, is of major significance to
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architects when designing buildings (Ellis et al. 2011). Further is the design of electric lighting
systems for interior spaces that are inaccessible to natural daylight during the day and for facilities
that are illuminated 24-hours per day, such as hospitals. The negative effects of night-time lighting
on endogenous circadian rhythms have become such a concern that the American Medical
Association has declared it a public health issue (AMA 2012).

The effect of light on the health of the elderly is a special case because the circadian clock
begins to weaken as people age (Sinoo, van Hoof, and Kort 2011; Turner and Mainster 2008;

Figure 1. Light spectrums associated with vision and circadian timekeeping (adapted from Brainard, G.C.
(2010) Presentation to American Society for Photobiology). What is perceived as ‘white light’ from the sun
is actually comprised of the full spectrum of colours. Circadian reception occurs primarily in the blue-green
range (446–477 nm, Brainard et al. 2001). LED sources of mixed RGB (red, green, and blue) and white
LEDs allow for dynamic control of colour (DOE 2013). Compared with either electric filament (incandes-
cent) or gas lamps (fluorescent, metal halide), LEDs have the potential to most closely match the full spec-
trum of daylight because they are infinitely controllable.
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ANSI/IESNA 2007; Samis 1968). As a result, it is critical to maintain an environment sufficient to
reinforce 24-hour rhythmicity in building interiors where elderly individuals reside. Unfortu-
nately, the opposite is usually the case. Often, older adults live at home under low-lighting con-
ditions with the shades drawn, while institutional lighting levels are also much too low during the
daytime, do not provide residents with the full spectrum of changing lighting levels throughout
the day, and do not provide total darkness at night (Burns et al. 2009; van Hoof et al. 2009;
Aarts and Westerlaken 2005; Schochat et al. 2000) – conditions that could be changed to help
synchronize circadian rhythms to maintain internal temporal order. Creating appropriate con-
ditions in nursing home facilities is difficult to achieve, especially total night-time darkness,
since caregivers need to work throughout the night monitoring patient health and safety, as
well as fulfilling their administrative tasks. Since humans evolved in an environment with a chan-
ging spectrum of light throughout the day (including darkness at night), circadian reinforcement
becomes increasingly critical as people age and their internal clocks become less reliable. Chron-
obiologically, appropriate lighting may prove to be a significant factor in ameliorating symptoms
of dementia, mood, and sleep disturbances (Sinoo, van Hoof, and Kort 2011; Burns et al. 2009;
van Hoof et al. 2009; Riemersma-Van der Lek et al. 2008; Sloane et al. 2007).

How bad is the situation in resident nursing facilities? Remember that the circadian clock
evolved to expect a sinusoidal variation in intensity of 6–9 orders of magnitude with a trough
near 1024 lux and a peak between 20,000 and 100,000 lux combined with wavelength
changes. One study reported that daily exposure to light of over 1000 lux occurred for nursing
home residents for only nine minutes per day (Ancoli-Israel et al. 1997). A Canadian report
that individuals without sleep problems developed them after being admitted to residential facili-
ties (Clapin-French 1986) and sleep fragmentation is a major issue among nursing home residents
(Regestein and Morris 1987). Another study found that the amount of light in eight nursing homes
was not sufficient to meet the visual needs of elderly residents putting residents at risk for falls (De
Lepeleire et al. 2007). Clearly, current lighting environments are not providing adequate chron-
obiologically appropriate lighting to promote temporal health.

Caring for residents in dementia units of skilled-nursing facilities requires additional attention
beyond the provision of assistance in activities of daily living (ADL) to elderly residents. The
design of the built environment needs to consider various physical and psychological difficulties
of individuals with dementia. Residents with dementia can experience the ‘sundowner’s’ effect –
restlessness, agitated behaviour, and confusion towards the end of the day – and often have dif-
ficulty sleeping at night (Wu and Swabb 2005). In addition, such residents often exhibit a need for
mobility and a tendency to engage in wandering behaviour (Doliansky and Dagan 2006). These
symptoms reduce the quality of life of individuals with dementia, and their families. Many of
these symptoms have been linked to insufficient exposure to light leading to disruption of biologi-
cal rhythms (Wu and Swabb 2007).

While skilled-nursing facilities are often designed with specific ‘sunrooms’ for their residents,
it is not always possible to bring daylight to building interiors in general. Studies have shown that
dementia residents require a minimum of 1000–2500 lux ‘in the gaze direction,’ or vertical illu-
minances, for a significant portion of the day in order to generate a positive effect on rhythms
(DOE 2010; Van Someren et al. 1997). Standard fluorescent lighting delivers less than half
that amount and does not have photonic light levels comparable with the action spectra of
natural daylight required for melatonin suppression to maintain circadian rhythmicity. As
shown in Figure 1, neither the electric filament (incandescent) nor the gas lamp (metal halide)
alternatives have the potential to mimic natural daylight as does LED technology. Thus, the
characteristic lighting environment of nursing facilities in the day rarely has the intensity of
light required by elderly adults. This situation is exacerbated by the operational need to keep
lights on at night. As a result, lighting is too dim in the daytime and too bright at night to generate
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an effective timing signal for human biological rhythms, which rely on the amplitude of the day/
night differences in lighting to convey time-of-day information to the brain. This lack of an effec-
tive environmental timing signal – combined with age-related fragility in circadian organization
of elderly adults (Brock 1991; Van Gool 1986; Miles and Dement 1980; Ehert, Groh, and Mienert
1978; Samis and Capobianco 1978) – unfortunately generates an even more extreme situation for
disrupted circadian rhythmicity (Noell-Waggoner 2006). Designing an indoor lighting environ-
ment for older adults to meet this need can be difficult to achieve, since engineers characteristi-
cally design lighting levels based on horizontal illuminances, or lighting levels at a certain height
from the floor such as a tabletop. Also, illuminances at the eye where the light is actually received
by the body are affected by the reflectivity of the surrounding surfaces (walls, floors, ceilings,
tabletops, etc.) and contingent upon where the building occupant is actually looking (Van Hoof
et al. 2012).

Humans use the entire body as a medium of experience to apprehend the world around them-
selves (Ellis 2000). Perception of that world is an active interrogation of the environment through
the senses that creates a feedback loop between the body and world (Gibson 1966). Visual per-
ception especially is dependent upon the experience of the relationships between objects in
space based upon the body’s relative position in space, which is a haptic and tactile perception
(Ellis 1999). Owing to changes in vision, that feedback loop can be interrupted and cause a
misstep by the perceiver. This is likely to be more pronounced in the elderly due to changes in
vision and the visual system of the ageing eye (Torrington and Tregenza 2007; Noell-Waggoner
2006) and a major cause of the high incidence of falls among older adults (ANSI/IESNA 2007).

To be effective, light must be perceived. Unfortunately, the amount of light reaching the retina
of the elderly, even those with intact vision (pupils open and reactive), is significantly reduced
compared with young adults. By the age of 65, only one-third of that light reaches the retina,
by the age of 85, only one-fifth (ANSI/IESNA 2007; Noell-Waggoner 2004). Practically speak-
ing, as the need for a high amplitude LD cycle increases, the ability to perceive light is being
reduced. Other age-related visual changes include: (1) increased sensitivity to glare, (2) longer
adaptation time required for changes in brightness, (3) loss of contrast sensitivity, (4) distortion
of colours due to yellowing of the lens or cornea, and (5) loss of accommodation. For adults
with cataracts, macular degeneration, or blindness, the situation is exacerbated. While a loss of
accommodation may be remediated through corrective lenses or glasses, the other five changes
in vision must be addressed through design and lighting of the interior environment (Noell-Wagg-
oner 2006). As an additional issue, yellowing of the ageing eye scatters the blue light wavelengths
needed to inform and reinforce the circadian system (Turner and Mainster 2008), requiring higher
than normal illumination levels to achieve optimal effect.

Auto-tuning daylight with LED lighting

By replacing traditional artificial lighting with light-emitting diode (LED) luminaires that mimic
the full spectrum of natural daylighting, including darkness at night, the hypothesis is that sleep
patterns and global functioning of building occupants will improve. To accomplish this, a fully
programmed, integrated LED luminaire is being developed to ‘auto-tune’ the colour and intensity
of natural daylight throughout the day. This would then provide quality illumination for visual
tasks and help synchronize biological rhythms for better health, cognitive ability, and
performance.

While the literature demonstrates that natural daylight has a significant effect on human health
and performance (Joseph 2006), there is no commercially available luminaire or lighting system
designed specifically to improve health outcomes. There are a number of products on the market
that claim to supply ‘full-spectrum’ lighting (according to Full Spectrum Solutions, ‘full-spectrum
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lighting is considered to be any lamp with a colour temperature between 5000 and 6000 K with a
CRI of 90+’) in the form of compact fluorescent and induction lamp (BlueMaxTM HD induction
lamp, Lawrence Livermore Laboratories, Berkeley, CA, U.S. Patent #6,318,880) luminaires, as
well as a number of ‘dawn simulators,’ which are light boxes one can sit facing, but are not
indoor environmental lighting systems. These ‘full-spectrum’ lighting products can provide con-
sistent lighting levels using the full spectrum of noontime sunlight. Some of these fixtures can be
dimmable, but none of these products are capable of actually mimicking the full spectrum of
natural daylight in both colour temperature and light intensity: the amber of the rising sun, the
intensity of the noontime sun with the cast of a blue sky, and the dim amber to red of the
setting sun. Neither compact fluorescent nor induction lamp light sources have the ability to
change colour throughout the day. Incandescent light is closer in colour temperature to late after-
noon light when blue light is preferentially scattered out of (removed from) incoming sunlight and
daylight turns to orange light. While other light sources can be turned off at night, no other light
source is programmed to illuminate the indoors throughout the night without disrupting the cir-
cadian rhythms of building occupants. Figure 1 shows the light spectrum required to stimulate the
circadian system and the noontime daylight spectrum in comparison with various electric light
sources.

Through a combination of white and RGB (red, green, and blue) LEDs in one integrated lumi-
naire, it is possible to auto-tune lighting to change colour throughout the day to mimic the full
spectrum of natural daylight from dawn to dusk, changing the colour throughout the day from
the rising sun to the setting sun and illuminating building interiors with a low-intensity red
light throughout the night-time hours. Furthermore, LED light level conditions can be pro-
grammed to accommodate the eye gradually shifting from daytime photopic (cone) vision to
night-time scotopic (rod) vision – a process that takes significantly more time for the elderly.
Similar to photosensitive paper, which is not affected by red light in the photographer’s darkroom,
the body’s circadian system is minimally affected by red light in the environment because ipRGC
in the retina are not receptive to red light (AMA 2012; Brainard et al. 2001).

Funded by a Green Building Alliance grant from the state of Pennsylvania, an integrated LED
luminaire is under development for commercial and residential applications. This daylight
mimicking system may reduce symptoms associated with dementia in Alzheimer’s disease
(van Hoof et al. 2009) and increase sleep efficiency in individuals with sleep problems (Rie-
mersma-van der Lek et al. 2008). This luminaire is a retrofit fixture to easily replace the 2′ ×
2′ fluorescent luminaire characteristically installed in suspended acoustic tile ceiling systems of
most commercial and institutional applications. The luminaire is made of white LED strips
together with RGB LED modules that are capable of emitting the full spectrum of light from
450 to 700 nm. The white and RGB LEDs together will be ‘auto-tuned’ to mimic the full spectrum
of natural daylight. In addition, the intensity of the blue spectrum can be increased to stimulate the
circadian system and compensate for decreased levels of blue light received by the photoreceptors
of the ageing eye. This LED luminaire will chronobioengineer an indoor environment to compen-
sate for the elderly’s loss of light reception and mimic the ideal colour-changing daylit entropic
natural environment where humans originally evolved with the goal of improving health out-
comes for today’s technological society.

The authors of this article have been working with administrators, staff, and caregivers at
St. Francis Country House skilled-nursing facility to develop criteria for design of the LED lumi-
naire prototype. The prototype is being manufactured and will undergo testing with Underwriters
Laboratories. Once approved, LED luminaires will be manufactured in quantities for installation
on the fourth floor dementia unit there. While programmed to mimic daylight, the LED fixtures
will be modifiable and can be ‘fine-tuned’ in response to changes in resident behaviour to achieve
optimal outcomes. While it is being designed for the elderly and persons with sleep disturbances,
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there is great potential for other 24-hour environments that require people to work extended hours
or night-shifts, for example, at hospitals and factories. In addition, this product would be useful in
geographical locations that do not experience characteristic diurnal lighting cycle of daylight
hours and night-time hours, such as experienced in Alaska and other extreme latitude locations
where there is a high incidence of SAD (AMA 2012; Pail et al. 2011; Mills, Tomkins, and Schlan-
gen 2007; Webb 2006; Roberts 2001; Rosenthal et al. 1985).

This luminaire will revolutionize the lighting industry by making an integrated daylight-
mimicking LED luminaire commercially available to ameliorate sleep problems and global func-
tioning for people who are affected by DSPS, SAD, Alzheimer’s disease, or other desynchronized
biological rhythms, or those afflicted with dementia. Unfortunately, the development of disturbed
sleep–wake rhythms, reverse day–night patterns, and agitation frequently result in institutiona-
lization of persons with dementia. The use of therapeutic light to treat these symptoms has the
potential to improve their quality of life (Royer et al. 2011; Sinoo, van Hoof, and Kort 2011;
Burns et al. 2009; Van Hoof et al. 2009; Riemersma-Van der Lek et al. 2008; Sloane et al.
2007; Torrington and Tregenza 2007; Doliansky and Dagan 2006; Aarts and Westerlaken
2005; Schochat et al. 2000). If used in the home environment, this therapeutic light could possibly
delay institutionalization and would improve the family caregivers’ quality of life.

The architect John Eberhard has demonstrated the intimate relationship between architecture
and neuroscience, especially with respect to sense perception and the cognitive experiences of
humans with respect to space and place (Eberhard 2009). A leader in basic and applied research
specific to older adults, John Zeisel, has identified the close relationship between environment,
behaviour, and neuroscience to determine environmental design characteristics for Alzheimer’s
Special Care Units. His research correlates brain physiology with cognitive function to identify
the performance criteria of spaces and possible design responses. For example, in addition to dis-
ruption of circadian rhythms, degradation of the SCN leads to a loss of the sense of time or season,
which can be ameliorated by environments that provide contact with nature, such as gardens or
even views to the outdoors (Zeisel 2006). To provide seniors with an indoor environment with
changing light conditions throughout the day would provide them with a more natural cue to
the diurnal passage of time.

The daylight-mimicking luminaire will be installed at St. Francis Country House as a clinical
trial and will be evaluated using evidence-based design (EBD) research in collaboration with the
Center for Health Design. EBD is the process of making decisions about the built environment on
credible research to achieve the best possible outcomes. EBD considers the effect of the built
environment on patient clinical outcomes in the areas of staff stress and fatigue, patient stress,
and facility operational efficiency and productivity. The goal is to improve quality and patient
safety. As defined by the Center for Health Design, EBD research is used to guide design of
indoor healing environments and is based on research culled from the neurosciences, evolutionary
biology, psychoneuroimmunology (effects of the emotions on the immune system), and environ-
mental psychology (Malkin 2008).

Funded by a transform grant from the American Society of Interior Designers, this EBD
research will be conducted in three phases. Phase 1 will collect baseline environmental data
from the fourth floor dementia unit, to include: existing lighting levels in resident rooms, corri-
dors, and group activity rooms with respect to time of day, including night-time; assessment of
light conditions, including vertical and horizontal illuminances and colour temperature; identify
the reflectance values for ceiling, walls, and floors; and identify different types of environmental
light sources. Phase 2 will collect data on the residents both pre- and post-installation of the lights.
Information collected will include: schedule of resident daily activities, resident movement pat-
terns/flow, general operations of the dementia unit, caregiver note taking and observations will
be standardized, and data will be collected on pain medication dosages administered.
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Standardized checklists and tests will be used such as ADL, mini-mental status exam, and care-
giver strain index. After 30 days of daily exposure to the LED lighting system, data will be col-
lected on residents for Phase 3. Specific data will be collected using ActiWatches to monitor sleep/
wake cycles. Standard tests will include the Pittsburgh sleep quality index and Karolinska sleepi-
ness scale, as well as a non-standard test to measure lighting system satisfaction.

EBD at St. Francis Country House will demonstrate the broader application of this daylight-
mimicking luminaire to improve sleep and global functioning of individuals with dementia, which
will open a lucrative market for this potentially Food and Drug Administration-approved lumi-
naire for photobiology therapy. In addition, EBD research has the potential to affect current
and forthcoming safety guidelines offered by the Illuminating Engineering Society as well as
provide the Department of Energy with supporting data on energy-efficiency of programmed
LED luminaires for 24-hour facilities.

Conclusion

By developing new lighting systems it is possible to chronobioengineer the indoor environment to
be in sync with the ideal colour-changing daylit entropic natural environment out of which
humans originally evolved. The goal is to improve health outcomes for today’s technological
society. It has been well-established that natural light and views to nature (Kaplan 1995) are criti-
cal in reducing medication and the length of hospital stays (Torrington 2007; Ulrich 1984) and
that morning light is beneficial for synchronizing circadian rhythms. However, it is not always
possible to design all indoor spaces to be oriented to the cardinal directions to ensure optimal
lighting conditions throughout the day, especially when retrofitting existing conditions. Further-
more, there are no standards presently in the lighting industry that take the photobiological, or the
non-visual aspects of light, into consideration (Noell-Waggoner 2004). Neither are there estab-
lished guidelines for lighting levels or wavelengths, nor has the time of day that light should
be administered been precisely identified, nor for how long (Deschenes 2009). Most concur
that studies to date indicate the need for more comprehensive studies (Hanford 2013; Royer
2011). The goal of the EBD research at St. Francis Country House is to establish methods to arti-
ficially illuminate building interiors to create healing environments for the elderly and to establish
guidelines to chronobioengineer the indoor environment through a programmed daylight-
mimicking LED lighting system. By supporting the bio-technical integration of lighting with
building interiors, this LED luminaire will support a paradigm shift in the design of the built
environment, specifically the use of light to improve health, wellbeing and performance.

References
Aarts, M. P. J., and A. C. Westerlaken. 2005. “Field Study of Visual and Biological Light Conditions of

Independently-Living Elderly People.” Gerontechnology 4 (3): 141–152.
American Medical Association. 2012. “Council on Science and Public Health Report 4-A-12.” Accessed

March 17, 2013. http://www.ama-assn.org/assets/meeting/2012a/a12-refcomm-d.pdf.
Ancoli-Israel, S., M. Klauber, D. W. Jones, D. Kripke, J. Martin, W. Mason, P. Horenczyk, and R. Fell. 1997.

“Variations in Circadian Rhythms of Activity, Sleep and Light Exposure Related to Dementia in Nursing
Home Patients.” American Sleep Disorders Association and Sleep Research Society 20 (1): 18–23.

ANSI/IESNA RP-28-07. 2007. Recommended Practice for Lighting and the Visual Environment for Senior
Living. New York, NY: Illuminating Engineering Society of North America.

Berry, L., D. Parker, R. Coile, D. K. Hamilton, D. O’Neill, and B. Sadler. 2004. “The Business Case for
Better Buildings.” Frontiers of Health Services Management 21 (1): 3–24.

Berson, D. M., F. A. Dunn, and M. Takao. 2002. “Phototransduction by Retinal Ganglion Cells that Set the
Circadian Clock.” Science 295 (5557): 1070–1073.

Intelligent Buildings International 57

D
ow

nl
oa

de
d 

by
 [

66
.2

08
.4

1.
19

] 
at

 0
4:

46
 1

4 
M

ar
ch

 2
01

4 

http://www.ama-assn.org/assets/meeting/2012a/a12-refcomm-d.pdf


Brainard, G. C. 2010. “Light and Human Health: Implications for Indoor and Outdoor Light.” Lighting,
Architecture and Human Health Workshop, Jefferson University, Philadelphia, Pennsylvania, presentation.

Brainard, G. C., J. P. Hanifin, J. M. Greeson, B. Byrne, G. Glickman, E. Gerner, and M. D. Rollag. 2001.
“Action Spectrum for Melatonin Regulation in Humans: Evidence for a Novel Circadian
Photoreceptor.” The Journal of Neuroscience 21 (16): 6405–6412.

Brock, M. A. 1991. “Chronobiology and Aging.” Journal of the American Geriatrics Society 39 (1): 74–91.
Burns, A., H. Allen, B. Tamenson, D. Duignan, and J. Byrne. 2009. “Bright Light Therapy for Agitation in

Dementia: A Randomized Controlled Trial.” International Psychogeriatrics 21 (4): 711–721.
Chevan, H. 1992. “Good Office Design Can Keep Both Your Workers and Your Bottom Line Healthy.”

Office Systems 9 (12): 22–27.
Clapin-French, E. 1986. “Sleep Patterns of Aged Persons in Long-Term Care Facilities.” Journal of

Advanced Nursing 11 (1): 57–66.
Costa, G. 1996. “The Impact of Shift and Night Work on Health.” Applied Ergonomics 27 (1): 9–16.
Davis, S., and D. K. Mircik. 2006. “Circadian Disruption, Shift Work and the Risk of Cancer: A Summary of

the Evidence and Studies in Seattle.” Cancer Causes and Control 17 (4): 539–545.
Davis, S., D. K. Mircik, and R. G. Stevens. 2001. “Night Shift Work, Light at Night and Risk of Breast

Cancer.” Journal of the National Cancer Institute 93 (20): 1557–1562.
De Lepeleire, J., L. Bouwen, L. De Coninck, and F. Buntinx. 2007. “Insufficinet Lighting in Nursing

Homes.” Journal of American Medical Directors’ Association 8 (5): 314–317.
De la Sierra, A., J. Segura, M. Gorostidi, J. R. Banegas, J. J. de la Cruz, and L. M. Ruilope. 2010. “Diurnal

Blood Pressure Variation, Risk Categories and Antihypertensive Treatment.” Hypertension Research 33
(8): 767–771.

Deschenes, C. L., and S. M. McCurry. 2009. “Current Treatment for Sleep Disturbances in Individuals with
Dementia.” Current Psychiatry Reports 11 (1): 20–26.

DOE. 2010. Light at Night: The Latest Science. U.S. Department of Energy. Accessed February 18, 2013.
http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/ssl_whitepaper_nov2010.pdf.

DOE. 2013. Accessed January 18, 2013. http://www1.eere.energy.gov/buildings/ssl/.
Doliansky, J. T., and Y. Dagan. 2006. “A Chronobiological Approach in the Treatment of Sleep Disturbances

in Alzheimer’s Dementia Patients.” Harefuah 145 (6): 437–440.
Eberhard, J. P. 2009. Brain Landscape: The Coexistence of Neuroscience and Architecture. New York:

Oxford University Press.
Edelstein, E. 2008a. “Building Health.” Health Environments Research and Design Journal 1 (2): 54–59.
Edelstein, E. 2008b. “Neuroscience Can Inform Healthcare Design.” Building Design and Construction

49 (15): 52.
Ehert, C. F., K. B. Groh, and J. C. Mienert. 1978. “Circadian Desynchronism and Chronotypic Ecophilia as

Factors in Aging and Longevity.” Adv. Exp. Med. Biol. 108: 185–213.
Ellis, E. V. 1999. “The Visible and Tangible Eye.” Proceedings of the 87th Annual Meeting of the ACSA,

351–356.
Ellis, E. V. 2000. “Learning to Forget: Architectural Recreation, Spatial Visualization and Imaging the

Unseen.” Architectural Theory Review 5 (2): 44–60.
Ellis, E. V., N. B. Handly, D. L. McEachron, A. Del Risco, and M. Baynard. 2011. “Daylighting, daylight

simulation and public health: Low-energy lighting for optimal vision/visual acuity and health/well-
being.” World Renewable Energy Congress – Sweden, Linköping, Sweden, May 8–13, 57.
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