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Abstract

:

Neuroscience and biological evidence emphasizes the profound influence of natural light on human health, offering benefits such as reducing fatigue, heightened alertness in healthcare providers, and improving patient outcomes. The objective of this review is to identify scientific studies and research to evaluate and report evidence of indoor lighting conditions’ influence on health outcomes, which can be used to develop lighting designs that align circadian rhythms in healthcare settings. A comprehensive search was conducted to identify rigorous empirical studies focused on the link between interior lighting conditions with health outcomes in the healthcare environment. For a comprehensive review of the existing literature, a four-phased methodology was employed including literature search, screening, and selection. Literature appraisals were conducted to determine the relevance and quality of evidence for each study identified. In addition, using a thematic analysis, patterns were identified, analyzed, and interpreted within the literature review. Accordingly, the results were organized into two main groups interventional human subjects and simulation-based studies. Despite evidence that natural light influences human health and happiness, a synthesis of reviewed studies suggests that the evidence for the benefits of artificial lighting in healthcare settings is less conclusive, with potential factors including variations in lighting design, inconsistent implementation of lighting interventions, and differing sample populations across studies. We conclude with an executive summary suggesting that future research should use standardized metrics and methods to focus on bridging the gap between theoretical understanding and practical application in lighting design for healthcare environments. Collaboration among architects, designers, lighting experts, and healthcare professionals can address these factors contributing to building a stronger evidence-based design for the benefits of artificial lighting in healthcare settings.
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1. Introduction


Light plays a vital role in human life, extending beyond its significance for basic vision. Light profoundly influences various aspects of our lives, including our overall well-being, mood, creativity, and cognitive abilities [1,2]. In addition, researchers are increasingly interested in understanding how light affects human health, particularly its effect on the circadian system [1].



All life evolved under 24 h solar days with dark nights (<0.3 lux) and bright days (>10,000 lux). During the course of the evolution of life, these solar days were internalized in virtually all species of plants and animals [3]. The internal 24 h cycles are approximate, and these so-called circadian rhythms are driven by self-sustaining circadian clocks that require exposure to relatively bright light at daytime to synchronize (entrain) internal rhythms to the external environment [2,4]. Nevertheless, modern interior environments tend to be significantly dimmer at daytime and brighter at nighttime compared to the natural environment in which our ancestors evolved [5]. The recognition of the discrepancy between the optimal functioning of our circadian rhythms and its impact on our health and well-being is growing [5,6,7]. As a result, there is a growing understanding of the need to address this issue. The goal of this review is to highlight lighting design opportunities that can be used to enhance circadian hygiene within healthcare settings. Table 1 is the graphical process of this review paper.



There has been a significant amount of research published exploring how lighting designs may impact circadian health in recent years. Lighting design interventions and indoor circadian hygiene have rarely been reviewed and discussed to identify and collect evidence about their association. Understanding the health effects of lighting conditions in healthcare settings is crucial, as lighting plays a pivotal role in creating environments that not only support patient healing but also enhance staff performance, improve safety, and contribute to overall well-being. This comprehensive review considers the physiological, psychological, and practical aspects of healthcare facility design and operation. Furthermore, the research identifies and addresses issues and shortages related to implementing lighting designs and interventions to support health and well-being within healthcare facilities. By doing so, this study aims to contribute insights that can inform future developments in lighting systems tailored to the unique needs of healthcare environments.



This review aims to identify interventions in lighting conditions and the potential effects on health outcomes in healthcare settings. Lighting intervention is a broad concept in this study, including using dynamic, blue-depleted, and bio-adaptive lighting systems, as well as other lighting interventions intended to influence health. This literature review will address the following questions: (1) What can previous studies and research tell us about the effects of interior lighting conditions in healthcare environments? (2) Would improving lighting conditions increase the safety and health of healthcare workers and patients? (3) Is there scientifically conceivable evidence that interior lighting conditions improve clinical outcomes and staff health status? (4) What insights can be gained regarding effective methodologies for assessing the effects of interior lighting conditions on health outcomes and staff well-being in healthcare settings?




2. Background


2.1. Circadian Clocks and Rhythms


A circadian cycle is a series of processes occurring approximately every 24 h, which is derived from the Latin words “circa” and “diem” meaning about and day, respectively [2]. The circadian system is regulated by a central biological clock in the hypothalamic suprachiasmatic nucleus (SCN). Different physiological and behavioral processes are coordinated through it on a 24 h basis cycle [2,8]. Environmental cues, primarily light, stimulate the circadian clock. It is through the intrinsically photosensitive retinal ganglion cells (ipRGCs) located in the eye that light information is transmitted to the central clock in the SCN. These cells contribute specifically to the regulation of the circadian system as well as non-image-forming functions [9,10]. ipRGCs regulate circadian rhythms by releasing the photopigment called melanopsin [11,12]. Their photoreceptors are specifically sensitive to short-wavelength (blue) light, which makes them distinct from rods and cones that mediate visual perception [12,13]. ipRGCs are essential for synchronizing the circadian rhythm to the external cycles of day and night, which is vital for maintaining a healthy sleep–wake patterns and circadian balance [9,12,13] (Figure 1).



The widespread use of artificial lighting over the past century has introduced a new phenomenon, known as artificial light at night (ALAN), to human beings, which was absent throughout our evolutionary history [1,8]. During the early 20th century, when artificial electric lighting became widespread, the natural balance between light and darkness rapidly deteriorated. The transition from incandescent lighting to fluorescent lighting marked a significant milestone, offering improved efficiency and longer-lasting illumination compared to traditional options [16,17]. Subsequently, the development of LED lighting further revolutionized the industry by providing even greater energy efficiency, durability, and design flexibility. These lighting innovations have empowered architects and designers to explore new frontiers in shaping and enhancing architectural spaces, opening up a realm of possibilities for creative and dynamic lighting designs. The advancements in lighting technology have not only improved energy efficiency but have also contributed to the aesthetic and functional aspects of architectural environments [18,19]. However, these modern lighting advances have led to an increased uncoupling of internal circadian rhythms from the external environment driven mainly by ALAN exposure. Indeed, a significant majority (>80%) of humans no longer have the opportunity to experience naturally dark nights due to the constant presence of ALAN [20]. This disruption of the light–dark cycle has profound implications for our biological rhythms and represents a significant departure from the natural light environment under which humans have evolved for millennia [20]. The loss of dark nights is expected to increase further in the coming years. Globally, exposure to ALAN is expanding at a rate of approximately 2% annually, driven by factors such as global population growth, urbanization, and industrialization [21].




2.2. Circadian Hygiene in Healthcare Settings


Disruption of natural light–dark cycles can lead to various physiological and behavioral changes, including sleep disturbances, fatigue, mood alterations, and impaired cognitive function [22]. The prevalence of ALAN has also influenced human lifestyle patterns, particularly with the rise of industrialization [8]. This has led to the increased necessity of night shift work in occupations such as firefighting and healthcare, where round-the-clock operations are required. These changes in work schedules further contribute to the disruption of the circadian rhythm [7,22].



Night shift healthcare workers play a critical role in healthcare settings by providing continuous care, responding to emergencies, monitoring patients, assisting with procedures, and ensuring patient comfort and well-being throughout the night [23]. It is essential to implement measures that support the physical and mental health of these night shift staff [24]. However, designing lighting systems in healthcare spaces can be challenging due to the diverse chronobiological requirements of different individuals [25,26]. Healthcare facilities encompass various functional areas, including patient rooms and nurse stations. Patients require dark and quiet nighttime environments to facilitate healing, whereas night shift staff require well-lit spaces to optimize their circadian synchronization with their inverted sleep/wake cycles [22,24]. Balancing these contrasting institutional lighting needs is crucial for creating a suitable environment that promotes both patient recovery and staff well-being.



Among the wide range of lighting strategies and designs, circadian lighting is designed to positively affect human circadian system by sending appropriately timed signals to the central clock in the brain [27,28,29]. In healthcare settings, the design of circadian lighting aims to synchronize the lighting environment with the natural circadian rhythm. This approach is intended to enhance patient outcomes and staff performance by maximizing the therapeutic and restorative properties of healthcare spaces [25,28]. Specifically, a healthy lighting design for nurses during night shifts considers their need for alertness and cognitive functioning, while also creating a restful environment during breaks [24,26]. Nurse-centered lighting design can be a beneficial approach in creating a healthy environment specifically tailored to the needs of night shift nurses [11,23]. Following this approach, it is highly recommended for night shift nurses to be exposed to bright, blue-enriched light during their working hours [30]. The designer tries to provide lighting that mimics daylight with a higher color temperature (around 4000–6500 Kelvin) [30]. Additionally, the use of gradual transition lighting, starting with bright, blue-enriched light at the beginning of the shift and gradually transitioning to warmer and dimmer light towards the end of the shift, is another important consideration that can be implemented [24,26,30]. The gradual change in lighting can effectively signal to the body that the work shift, and thus the circadian “day”, is coming to a close, facilitating the winding down process and preparation for sleep after work [26,30]. Simultaneously, a patient-centered lighting design can be implemented to fulfill the chronobiological needs of patients [31]. According to this approach, dimmed lighting with lower intensity and warmer color temperatures (approximately 2700–3000 Kelvin) during nighttime hours is utilized to establish a soothing, tranquil, and sleep-promoting environment for hospitalized patients [25,32]. In order to quantify the non-visual effects of light on circadian health, different metrics have also been recommended and are often used in studies. Table 2 summarizes these metrics and related information.





3. Methods


Based on studies that examine the effects of indoor lighting conditions on health outcomes in healthcare environments, this review paper discusses the findings. In the present study, a systematic literature review method was employed to ensure clarity of communication, validity of selection of studies, and presentation of conclusions based on the retrieved information [49]. The PRISMA guidelines were followed to provide validity in the selection of papers [50] (Figure 2).



3.1. Information Sources and Study Selection


A literature search was conducted using five online scientific databases (PubMed, ScienceDirect, Scopus, Google Scholar, and Web of Science). Among the databases searched, PubMed and Scopus covered human-related research, and ScienceDirect and Web of Science covered technical and health-related publications. Keywords were searched using “AND” to search two or more concepts of interest and “OR” between each category (Boolean operators), allowing for the filtering out of unrelated candidates while providing more relevant and accurate results. A hand search of references of articles identified in the primary search and a review of their reference lists led to the discovery of additional articles. There are a number of keywords that were used in this study: circadian lighting design, non-image-forming effects of (day)light, non-visual effects of (day)light, circadian lighting, circadian rhythm, healthcare lighting, health outcomes, patient satisfaction, and staff performance.




3.2. Eligibility Criteria


This review included only studies conducted in healthcare environments. English was the language of publication for all articles in the qualitative synthesis. The years of consideration were 2002–2023, and 2002 was chosen as a cutoff point since it was the year when ipRGC functionality was discovered [51]. Being out of time period, considering other environmental characteristics, or not specifying health outcomes led to 53 articles being excluded from the list of 79 eligible articles.




3.3. Screening


An illustration of the screening process can be found in Figure 2. Search terms related to lighting and health were filtered using the filter TKA (Title–Keywords–Abstract) so that articles with different topics were excluded.




3.4. Appraisal of Healthcare Design and Research Studies Based on Levels of Evidence


With more evidence emerging about how the built environment impacts patients and staff in healthcare environments, creating an individual ranking system for evidence based on its effectiveness and appropriateness is essential. Based on a broad consensus among experts and stakeholders in the field, Figure 3 presents a hierarchical rating scale that can be used for healthcare design. This appraisal is not intended to provide healthcare leaders and designers with a tool for assessing the validity, credibility, or reliability of statements about how specific design features influence outcomes, but rather to provide a tool for evaluating the credibility, reliability, and validity of this study and its findings [52,53,54].





4. Results


There were 26 studies identified in this review.



4.1. Study Methodological Characteristics


Interventions and Human Participant Studies


Of these 26 studies, 21 were mixed methods of human interventional studies. They integrated quantitative evaluation approaches including experimental studies [25,26,32,55,56,57] and a quasi-experimental study [57] with qualitative research methods including observational methods [6,26,27,32,57,58,59,60,61,62,63,64,65,66] and case studies [23,58,62,64,65] to evaluate the effectiveness, efficacy, or other results from an intervention. Table 3 provides a summary.



This paper included and reviewed 21 papers exploring lighting-related occupational health outcomes. Their results can be categorized into five groups including sleep-related, mood and psychological, patient-related, nurse-related, and environmental and psychosocial. These groupings are not mutually exclusive, and some health outcomes may overlap across different categories. Presented here are the results and conclusions from all articles that have been included. The remaining tables depict the investigated health outcome measures. Some publications examined more than one health benefit associated with lighting conditions within healthcare environments.





4.2. Sleep-Related Health Outcomes


Ten of the reviewed articles specifically investigated sleep-related health outcomes, focusing on sleep quality, sleep–wake patterns, and duration (refer to Table 4).



Natural light cycles promote alertness and wakefulness by synchronizing individuals’ circadian rhythms to the daily environment [2,32,67]. On the other hand, as a result of artificial light exposure at night (ALAN), circadian rhythms can be disrupted, which can affect sleep quality and make it more difficult to fall asleep [32,60]. However, the results across studies have not consistently supported this viewpoint regarding ALAN. In one study conducted in institutionalized elderly patients with dementia, activity and sleep were investigated using a wrist activity monitor (Actillume) [32]. Each patient received one of four treatments at random: evening bright light (2500 lux from 17:30 to 19:30), morning bright light (500 lux from 9:30 to 11:30), evening dim red light (red light less than 50 lux between 17:30 and 19:30), or daytime sleep restriction (DSR). Interestingly, the effect of increasing light exposure in the mornings or evenings on sleep or alertness during the day was inconclusive [32]. In another study of a younger population of hospitalized inpatients, sleep–wake activity patterns were also assessed using wrist actigraphs/light meters. There were chronic light exposure levels that did not adequately synchronize circadian rhythms with a mean daytime light intensity of 104.80 lux. This low light level caused sleep disturbances as well as circadian disruptions [60]. In medical inpatients, there was no synchronization of light exposure with sleep–wake patterns, suggesting a need for further investigation of how manipulating light exposure can be beneficial [60]. In one study, simulated natural lighting systems were used in intensive care units (ICUs) as part of an intervention research project to support patients’ circadian rhythms compared with traditional lighting systems [56]. Although interviews with patients who had experienced sleep disorders revealed their satisfaction with the dynamic lighting environment, this study only used self-reported subjective measures from the patients and did not provide clear objective evidence that the light intervention influenced factors such as circadian rhythm maintenance and subsequent recovery [56]. In a similar study, dynamic lighting interventions were evaluated on sleep outcomes in inpatients. By providing low nocturnal light exposure, and 2 h of bright light (1750 lux) during the day, the lighting system with a dynamic 24 h light/dark cycle can improve inpatient sleep compared to traditional lighting systems [25]. However, additional clinical research is needed to identify the effective lighting design and strategy to improve health outcomes and status in healthcare settings [25]. Conversely, no significant improvement was reported in sleep quality, mood, or well-being among psychiatric inpatients in response to a dynamic circadian lighting system [55]. The lack of reported effects on circadian interventions in institutionalized patients [32,55] is not unexpected, as psychiatric disorders themselves may cause circadian disruption regardless of lighting conditions [68]. Taken together, the dynamic lighting approach for non-psychiatric inpatients shows therapeutic promise [25,56,60]. According to a study results between a blue-light-depleted lighting system and a blue-light-emitting lighting system showed improved nocturnal melatonin levels and rhythmicity, as well as improved sleep measures [6].





 





Table 4. Thematic analysis of reviewed papers: sleep-related health outcomes.






Table 4. Thematic analysis of reviewed papers: sleep-related health outcomes.





	
Category

	
Ref.

	
Setting

	
Participants

	
Study Design

	
Intervention

	
Mediating Factor

	
Level






	
Sleep Quality

	
[32]

	
Nursing home

	
Nursing home residents (58 women, 19 men)

	
Randomized controlled trial

	
Evening bright light, morning bright light, daytime sleep restriction, evening dim red light

	
Lighting intensity, timing

	
2




	
[56]

	
Intensive care units

	
Patients (n = 19)

	
Descriptive correlational studies

	
Cycled lighting environment

	
Lighting intensity, timing, wavelength

	
3a




	
[25]

	
Patients’ room

	
Cardiology ward patients (n = 196)

	
Controlled clinical trial

	
Dynamic lighting system

	
Lighting intensity

	
3a




	
[55]

	
Patients’ room

	
Psychiatric patients (n = 54)

	
Randomized controlled trial

	
Adjustable lighting

	
Lighting intensity, CCT, wavelength

	
2




	
[6]

	
Patients’ room

	
Healthy people (n = 12)

	
Randomized controlled trial

	
Dynamic lighting system

	
Blue-depleted light

	
2




	
[66]

	
Patients’ room

	
Psychiatric patients

	
Randomized controlled trial

	
Dynamic lighting system

	
Blue-depleted light

	
2




	
Sleep- wake Patterns

	
[64]

	
Patients’ room

	
Dementia patients (n = 13)

	
Pilot study, observations

	
Biodynamic lighting system

	
Lighting intensity, CCT

	
3a




	
[60]

	
Patients’ room

	
Medical inpatients (women = 23; men = 17)

	
Correlational study or non-experimental study

	
Dynamic lighting system

	
Lighting intensity

	
2




	
Duration

	
[64]

	
Patients’ room

	
Dementia patients (n = 13)

	
Pilot study, observations

	
Biodynamic lighting system

	
Lighting intensity, CCT

	
3a










4.3. Mood and Psychological Outcomes


Of the twenty-one studies identified by our search strategy, four investigated the relationship between indoor lighting conditions and mood-related factors. These studies utilized four different assessments to evaluate mood and psychological outcomes (see Table 5).



Current evidence suggests that lighting conditions can have significant effects on mood and psychological outcomes, and the use of appropriate lighting levels, color temperatures, and lighting strategies may contribute to improved mood, enhanced cognitive performance, and increased well-being [4,23,25,55,60]. This assumption was addressed in one study that investigated the effects of rechargeable, blue-depleted, and proximity-sensing lighting systems on health outcomes in a hospital setting. As a result of comparing the three lighting systems with overhead lights at night, it was determined which one provided wireless task lighting more effectively and could minimize disruption to patients overnight. In hospital settings rich in blue-wavelength emission, typical hospital lighting might disrupt the circadian rhythms of patients at night. In an intervention, healthcare providers avoided overhead patient room lighting and used physiologically neutral lighting instead. Among 33 nurses surveyed, high satisfaction scores were obtained, and the lighting pods were perceived as providing adequate lighting for overnight care. Additionally, the lighting intervention led to a median improvement in hospital anxiety and depression scale scores for patients [23]. It is worth noting that while many studies have suggested positive effects of lighting conditions on mood and psychological outcomes, there is also some conflicting evidence. One study used the Profile of Mood States BriefTM form to assess daily mood of medical inpatients. Even though higher light exposure was associated with lower fatigue and reduced total mood disturbance, particularly in pain-stricken patients, the authors stressed that further research is required to determine how light exposure affects mood and psychological outcomes of medical inpatients [60]. Compared to standard lighting conditions (fixed intensity fluorescent), dynamic lighting intervention in a hospital setting did not affect subjective mood (hospital anxiety and depression scale survey) for inpatients. In common with the previously mentioned studies, the authors emphasized the critical necessity for additional clinical research to find solid evidence of artificial lighting design on mood- and psychological-related health outcomes, aiming to establish the best lighting strategies for promoting them in healthcare settings [25]. Similarly for psychiatric inpatients, there were no effects on measures of depression and well-being when implementing a circadian lighting system (dynamic) as an intervention compared to standard lighting conditions (fixed intensity fluorescent) [55].





 





Table 5. Thematic analysis of reviewed papers: mood and psychological health outcomes.
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Category

	
Ref.

	
Setting

	
Participants

	
Study Design

	
Intervention

	
Mediating Factor

	
Level






	
Mood Status

	
[60]

	
Patients’ room

	
Medical inpatients (women = 23, men = 17)

	
Correlational study or non-experimental study

	
Dynamic lighting system

	
Light intensity

	
2




	
[25]

	
Patients’ room

	
Cardiology ward patients (n = 196)

	
Controlled clinical trial

	
Dynamic lighting system

	
Lighting intensity

	
3




	
Fatigue Status

	
[64]

	
Patients’ room

	
Dementia patients (n = 13)

	
Pilot study, observations

	
Biodynamic lighting system

	
Lighting intensity, CCT

	
3




	
Anxiety

	
[25]

	
Patients’ room

	
Cardiology ward patients (n = 196)

	
Controlled clinical trial

	
Dynamic lighting system

	
Lighting intensity

	
3




	
[23]

	
Intermediate acuity unit

	
Nurses (n = 33), patients (n = 21)

	
Non-randomized, controlled interventional trial

	
Blue-depleted lighting at night

	
Lighting spectrum, intensity

	
2




	
Depression

	
[25]

	
Patients’ room

	
Cardiology ward patients (n = 196)

	
Controlled clinical trial

	
Dynamic lighting system

	
Lighting intensity

	
3




	
[23]

	
Intermediate acuity unit

	
Nurses (n = 33), patients (n = 21)

	
Non-randomized, controlled interventional trial

	
Blue-depleted lighting at night

	
Lighting spectrum, intensity

	
2




	
[55]

	
Patients’ room

	
Psychiatric patients (n = 74)

	
Randomized controlled groups

	
Adjustable lighting

	
Lighting spectrum

	
2










4.4. Patient-Related Health Outcomes


Among the twenty-one articles meeting our inclusion criteria, seven specifically investigated the effect of indoor lighting conditions on patient-related health outcomes. Together, these studies measured six different parameters to assess the effects of lighting conditions on patient well-being (see Table 6). Among the parameters of alertness, pain, and psychotropic medications, analyses of the data in these studies did not support the hypothesis that dynamic circadian lighting systems improve these measures [32,58,60]. Despite two studies investigating the effect of dynamic lighting interventions on delirium development in ICUs and CCUs, both reports found no association between lighting and delirium [27,61]. While it has been recognized that a proper exposure to natural light and properly timed artificial light can improve sleep quality and regulate circadian rhythms, which may help patients recover more quickly, researchers did not find that dynamic lighting systems shortened hospital stays for patients in the CCU [27,58,66].



Two of the studies explored the relationship between lighting conditions and physical activity of patients. In common with many of the measures discussed above, the direct impact of lighting on physical activity has not been extensively studied, yet there is some evidence suggesting that it can indirectly influence patient movement and engagement. These dynamic systems have shown potential in enhancing sleep quality, mood, and overall well-being among patients, without negatively affecting any other outcomes. When patients experience improved sleep and mood, it is possible that they may feel more energized and motivated to participate in physical activity. This assumption, however, is not fully supported by current clinical evidence [27,63]; thus, it is clear that more focused clinical studies in larger cohorts must be conducted to thoroughly explore this potential intervention.





 





Table 6. Thematic analysis of reviewed papers: patient-related health outcomes.
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Category

	
Ref.

	
Setting

	
Participants

	
Study Design

	
Intervention

	
Mediating Factor

	
Level






	
Physical Activity

	
[27]

	
CCU

	
Patients (n = 748)

	
Retrospective

cohort study

	
Dynamic lighting system

	
CCT

	
3




	
Length of Hospitalization

	
[26]

	
Nurse station

	
Patients (n =

1073)

	
Field survey

	
Blue-enriched lighting system

	
CCT

	
3




	
[27]

	
CCU

	
Patient (n = 748)

	
Retrospective

cohort study

	
Dynamic lighting system

	
CCT

	
2




	
[58]

	
Patient’s room

	
Depressed patients (n = 30)

	
Pilot study,

observations

	
Dynamic lighting system

	
CCT, light intensity

	
3




	
Delirium

	
[27]

	
CCU

	
Patient (n = 748)

	
Retrospective

cohort study

	
Dynamic lighting system

	
CCT

	
3




	
Psychotropic Medication

	
[32]

	
Nursing home

	
Nursing home residents (58 women, 19 men)

	
Randomized controlled trial

	
Dynamic lighting system

	
Light intensity, timing

	
2




	
[61]

	
Intensive care unit

	
Patients (n = 183)

	
Retrospective

cohort study

	
Dynamic lighting system

	
CCT

	
2




	
[58]

	
Patient’s room

	
Depressed patients (n = 30)

	
Pilot study,

observations

	
Dynamic lighting system

	
CCT, light intensity

	
2




	
Alertness

	
[32]

	
Nursing home

	
Nursing home residents (58 women, 19 men)

	
Randomized controlled trial

	
Dynamic lighting system

	
Light intensity, timing

	
2




	
Pain

	
[60]

	
Patients’ room

	
Medical inpa-tients (women = 23; men = 17)

	
Correlational study or non-experimental study

	
Dynamic lighting system

	
Light intensity

	
2










4.5. Nurse-Related Health Outcomes


In addition to patient outcomes, the effects of dynamic circadian lighting design on healthcare staff performance, retention, and well-being are also critically relevant. Several studies investigated the perceptions and satisfaction of nurses and staff members (Table 7), specifically concerning the physical environment and lighting conditions in the institutional setting.



It has been suggested that errors caused by fatigue during patient care have significant negative impacts on the healthcare system [69]. Previous research has reported that blue-enriched light can enhance alertness and attention [70]. In one study, however, interventional blue-enriched lighting had little effect on reducing medical error rates in an adult ICU within a university hospital [6].



Nurses’ perception of the healthcare environment has a direct impact on their work experience and patient care as well as the well-being of the staff. Dynamic lighting systems implemented in healthcare settings have the potential to influence how nurses perceive their environment, which in turn can impact their job satisfaction, performance, and overall experience [23,65]. Nurses in medical–surgical hospital units have found that standard lighting at decentralized stations and at bedsides were the least favorable for job performance, and that more control over that would improve satisfaction [24]. Another study found that institutional care staff considered a dynamic circadian lighting system more satisfactory and more suitable for work compared to the existing lighting system [28]. Although some of these studies should be replicated due to their small sample sizes, taken together, these studies indeed suggest that implementation of dynamic lighting can improve healthcare worker job satisfaction, in turn potentially leading to improved patient care and well-being for both the patients and staff.





 





Table 7. Thematic analysis of reviewed papers: nurse-related health outcomes.
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Category

	
Ref.

	
Setting

	
Participants

	
Study Design

	
Intervention

	
Mediating Factor

	
Level






	
Medical Errors

	
[6]

	
Hospital

	
Nonpatient (n = 12)

	
Retrospective cohort study

	
Dynamic lighting system

	
Blue-depleted light

	
2




	
Environmental Perception

	
[62]

	
Nurse home

	
Patients (n = 1073)

	
Case study, observation

	
Dynamic lighting system

	
Controlling strategy (intelligent, personalized)

	
3




	
[28]

	
Nursing home

	
Staff members (n = 42)

	
Observation

	
Tunable lighting systems

	
CCT, controlling strategy

	
2




	
Satisfaction

	
[23]

	
Intermediate acuity unit

	
Nurses (n = 33), patients (n= 21)

	
Non-randomized, controlled interventional trial

	
Blue-depleted lighting at night

	
Lighting spectrum, intensity

	
2




	
[65]

	
Pharmacy

	
Employee (n = 8)

	
Case study, observation

	
Dynamic lighting system

	
Lighting intensity, CCT

	
3




	
[28]

	
Nursing home

	
Staff members (n = 42)

	
Observation

	
Tunable lighting systems

	
CCT, controlling strategy

	
2










4.6. Environmental and Psychosocial Outcomes


Physical environment and psychosocial variables are examined in this section to understand how they influence health outcomes (see Table 8). Environmental experience encompasses how individuals perceive the overall physical setting and how it impacts their well-being, and user preference also needs to be taken into account to acknowledge the subjective nature of individuals’ preferences in healthcare environments. Understanding user preferences for environmental lighting can provide insights into environmental lighting control to optimize patient-centered care. By considering these factors, healthcare environments can be designed and customized to enhance patient experiences and contribute to positive health outcomes [28,32,56,65,71]. However, more assessments of the effects of healthcare lighting conditions on patient outcomes are needed because the majority of these studies (Table 7) have very small sample sizes and thus need to be interpreted with caution.





5. Simulation-Based Studies


This section provides an overview of simulation-based methods in lighting design studies, summarizing key results and methodologies employed. The focus is on the use of simulation tools to assess lighting conditions in healthcare environments (Table 9). Many of these simulations were based on default parameters regarding surface spectral properties. The parameters included visible transmission through windows and reflectance through walls, ceilings, and floors. In the simulation-based research, different software packages were used, and two main approaches were identified: retrospective evaluation, which measures light received at a sensor point to assess effectiveness, and prospective evaluation, which predicts future lighting conditions. Retrospective evaluation is more straightforward because it measures light based on how the human eye responds to light and introduces the concept of “circadian efficacy” to assess light quality. This approach is also based on the measuring spectral distribution of light received at a sensor point. However, prospective evaluation is more challenging since few simulation tools can accurately predict how light affects our body’s circadian rhythms [72,73]. In order to fill this gap, a methodology that incorporates existing technology with novel calculations was proposed. In this method, light sources with known spectra were used to calculate their circadian effectiveness. Despite challenges in obtaining spectral information for specific lamps used over their lifespan, the paper relied on standard CIE illuminants and specific lamp spectra from Philips Lighting. To determine the circadian weighting, the radiometric spectra were analyzed for their short-wavelength content. Applying this method to a range of illumination sources resulted in a chart that can be used in a temporally neutral application to assess the circadian potential of a light source [72,73].



Using a patient-centered approach, researchers estimated whether lighting conditions would be sufficient for circadian entrainment [73]. In one study, circadian stimulus (CS) was calculated at the eye level of a patient, and CS autonomy was calculated. It was calculated by counting days in which CS was greater than 0.35 for at least one hour in the morning, which was hypothesized to be sufficient to entrain circadian rhythms. Using Daysim, dynamic daylighting was calculated and melanopic lux values were converted. Data from this study were used to analyze non-visual effects in healthcare settings throughout the year [74]. In the latest study, visual and non-visual lighting performance in nursing homes was simulated using a methodological framework. ALFA (Adaptive Lighting for Alertness) is an innovative software tool that measures the adequacy of lighting strategies for providing residents with adequate luminous conditions and circadian stimulation to occupants. Testing of proposed improvement strategies demonstrated that robust methodologies and tools can be used to comprehensively address visual comfort, task performance, and circadian well-being in healthcare settings [75]. The reviewed papers mainly considered architectural elements such as window orientation, window-to-wall ratio (WWR), shading devices, and locations to estimate lighting performance. Visual and non-visual simulations were used to compute levels of comfort and non-visual stimulation experienced by vulnerable populations in healthcare environments. Only two papers focused primarily on non-visual performance, proposing strategies to enhance current conditions. These studies utilized 3D modeling and exported their models to ALFA, considering various parameters such as location, timing, materials, grid-based analysis, and orientations to address both visual and non-visual requirements [75,76].





 





Table 9. Thematic analysis of reviewed papers: simulation-based studies.
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	Ref.
	Research Setting
	Evaluation Metrics
	Studies Parameters
	Software
	Architectural Elements





	[72]
	Virtual patient room
	Circadian stimulus
	Lighting intensity, timing, spectrum
	Statistical analysis, DAYSIM, field measurements
	Window orientation, WWR, glazing material, shading device



	[73]
	Virtual patient room
	Circadian stimulus
	Lighting intensity
	Statistical analysis, Radiance, field

measurements
	WWR, glazing materials, latitude



	[75]
	Nursing home
	Circadian stimulus, Photopic Lux, EML, CS, plane Lux, M/P
	Lighting intensity, timing, spectrum
	ALFA
	Location, timing, sky condition, materials, luminaires, furniture position



	[74]
	Patient room
	EML, photopic lux
	Lighting intensity, timing
	Statistical analysis, Honeybee, Rhino, field measurements
	Materials, orientation, WWR



	[76]
	Patient room
	Melanopic EDI,

melanopic DER, climate-based metrics
	Lighting intensity, timing
	ALFA
	WWR, orientation, location, sky conditions, materials









6. Discussion


We undertook a comprehensive review of 21 peer-reviewed publications spanning from 2002 to July 2023, exploring lighting designs that facilitate proper circadian alignment in healthcare environments and their associated health outcomes. The synthesis of these studies suggests that although natural light is integral for establishing a healthy indoor environment, practical limitations related to architectural factors like building forms, orientations, and regional climate hinder the provision of sufficient natural light. Consequently, artificial lighting approaches emerge as a complementary strategy to ensure adequate indoor lighting that meets well-being thresholds for health care facilities. Indeed, evidence-based indoor lighting recommendations for healthy individuals have been recently proposed [77]. Rigorous modeling and clinical studies testing these suggested parameters in an institutional environment will be necessary to provide converging evidence on the appropriate lighting approaches for patients and institutional staff to optimize recovery and well-being.



As part of ANSI/IES RP-29-20, a new guideline for healthcare design, recommendations are provided for optimal lighting in hospitals and health care facilities. These guidelines emphasize the diverse lighting requirements of patients, medical professionals, and family members, and they need to be embraced and implemented. Taking into account factors such as color tunable lighting systems and lighting systems that promote good circadian health to improve mood, comfort, sleep, and physical recovery, new standards in medical and healthcare lighting focus on human-centered lighting to improve patient, staff, and visitor experiences [78]. Moreover, these guidelines can serve as a basis for a few design recommendations. In a daytime setting, for instance, an EDI of approximately 250 lux is aimed for during the day. In order to do this, we can increase the availability and accessibility of natural daylight, adjust the spectral content of electrical lighting to increase the amount of melanopic daylight efficacy ratio (DER), enhance surface reflectance and furnishings, and minimize glare to increase the amount of vertical illumination. DER, color rendition index, and energy efficiency should all be taken into account when designing healthcare lighting. The goal in evenings and nights is to enhance visual guidance while minimizing disruption to sleep and circadian rhythms. Sleep environments should be kept below 10 lux, with blackout blinds and orientation lighting as necessary. Melanopic EDI targets can be achieved with warm white LEDs with DERs below 0.35. It is possible to use task lighting to support activities while maintaining melanopic EDI below 10 lux [77].



Our systematic review revealed diverse study samples that ranged from those with disrupted circadian rhythms, mood disorders in ICUs and CCUs, individuals with dementia or cognitive impairments, elderly residents in nursing homes, and nurses working in healthcare settings. There are, however, limitations associated with small sample sizes. Considering the small number of participants, the results may not be generalizable. It is therefore recommended to interpret the results of studies with limited sample sizes with caution and to be aware of the potential biases that could result. The studies identified in this systematic review provided initial and potentially valuable insights into the effects of lighting conditions on patient-related health outcomes. However, further research should be conducted with larger samples to confirm and extend their conclusions. The approaches of the reviewed papers to the lighting designs in healthcare settings can be broadly categorized into two groups: simulation-based and human case interventions. Considering the limited number of simulation-based studies in healthcare environments, it is challenging to identify the most effective tools. The human intervention studies further delineate into five distinct dimensions—sleep-related, mood and psychological, patient-related, nurse-related, and environmental and psychosocial health outcomes. An important aspect of evaluating these results is recognizing the importance of critically reviewing all evidence to determine if it is effective in answering key research questions: lighting design influences health outcomes in healthcare settings, whether the results are appropriate for the study design and sample, and how easily recommendations can be implemented in a wide variety of environments, populations, and circumstances.



Whereas an abundance of neuroscience and biological evidence underscores the profound impact of natural light on human health and well-being, encompassing benefits such as fatigue mediation, improved alertness in health providers, and positive environmental experiences for patients and their families, the reviewed papers present a mixed outlook on the benefits of artificial lighting in terms of health outcomes. Although some advocate for the potential benefits of adjustable lighting mimicking natural light, others report conflicting or inconclusive results. In order to understand how artificial lighting designs affect the occupants of healthcare facilities, more rigorously controlled interventions and comprehensive experiments within controlled institutional environments are necessary. It will offer the chance to consider the multifaceted influences of various parameters on circadian health. Despite significant technological advancements in the electric lighting market, bench scientific studies, and the daylighting and building automation sectors, a noteworthy observation from the reviewed papers is the continued independence of these sectors. This lack of integration hinders the realization of healthier environments for patients and night-shift medical staff. Integrating these sectors, however, offers a dual advantage: it enhances user-centered lighting, particularly for patients and nurses, contributing significantly to improved health outcomes. Additionally, this integration provides an opportunity for a thorough post-occupancy evaluation (POE) that incorporates both technical environmental assessment (TEA) and observer-based environmental assessment (OBEA) simultaneously. TEA involves objective measurements and technical assessments, encompassing metrics like illuminance levels, color temperature, and spectral distribution to provide quantitative data on the physical aspects of lighting. In contrast, OBEA relies on subjective assessments from healthcare staff or patients, capturing perceptions, preferences, and qualitative feedback. Combining these assessments facilitates the generation of holistic design recommendations that address both technical and human dimensions of lighting in healthcare facilities. Furthermore, the inclusion of field measurements alongside simulation results enhances the credibility and applicability of the results, strengthening the evidence base for recommendations on lighting design in healthcare settings. To bridge the gap between simulation results and real-world applications, future research should prioritize longitudinal studies conducted in actual healthcare settings. Additionally, these studies must assess the effectiveness of institutional lighting interventions over time in both patients and healthcare staff, considering the dynamic and diverse nature of healthcare environments also necessitates a thorough examination of how staffing patterns such as rotating shifts and interdepartmental exchanges may influence the effectiveness of biodynamic lighting. Moreover, a broader exploration of healthcare settings beyond virtual patient rooms is essential to ensure the generalizability of results to common areas, surgical suites, emergency rooms, and other critical spaces. Future studies should move beyond reliance on default spectral properties for surfaces and strive for more accurate spectral representations to enhance the reliability of simulation results. A notable gap highlighted in the text is the relative neglect of lighting considerations for night shift workers, particularly those stationed in nursing areas. While the focus on patient rooms is pivotal, achieving a comprehensive understanding of the lighting needs of healthcare professionals working during nighttime hours is equally crucial. Future studies should address this imbalance, fostering a holistic approach to healthcare lighting. Another crucial aspect to consider is the potential influence of confounding variables which may distort the results of a study. Among these variables is the impact of medications and drugs administered to patients, including the widespread use of melatonin supplements among hospitalized individuals. Although this review primarily focuses on the impact of lighting systems on health outcomes, with melatonin suppression index (MSI) serving as a tool to gauge the effects of ALAN on circadian rhythmicity in patients, it would be beneficial to incorporate the use of melatonin into future studies for a more comprehensive understanding.



Ultimately, these studies demonstrate that chronobiological principles can be applied to building and hospital design, and provide a theoretical basis for future studies. Evidence-based design benefits both clinical and nonclinical populations.




7. Conclusions and Future Directions


We have highlighted the current evidence on the importance of lighting design in healthcare environments for promoting proper circadian alignment and its associated health outcomes, providing insights into the diverse health benefits that may be achieved through biologically appropriate lighting designs and conditions in healthcare settings. In total, twenty-six sources assessed lighting conditions and systems in healthcare environments from a circadian health perspective. Among them, twenty-one papers focused on the interventional human subject studies. The body of neuroscientific and biological evidence indicates that exposure to natural light cycles has positive health and well-being benefits for human, including reduced fatigue, increased alertness in healthcare providers, and positive patient and family experiences. However, the reviewed papers provide mixed views on the health benefits of ALAN exposure in institutional environments; the lack of consistent results likely reflects the paucity of research in this emerging area. Despite some arguing for the benefits of adjustable lighting systems with the aim of mimicking natural light, other studies have reported conflicting or inconclusive results. Five papers were simulation-based and conducted across various latitudes, appropriate window design and ratio, interior spatial properties to ensure that the indoor lighting conditions are healthy for patients and staffs. Qualitatively, the positive outcomes of some studies suggest that pursuing institutional natural and artificial lighting designs is a beneficial approach; however, the low number of studies prevents a quantitative assessment of the current evidence in the field. Thus, there remains much to be explored regarding the efficacy of artificial lighting designs in healthcare facilities, necessitating more rigorous control interventions and more comprehensive experiments within well-controlled environments, and replication of these studies considering the multifaceted influence of various parameters on circadian health. Further research in this field is required to establish conclusive evidence. In addition, implementing circadian-aligned lighting designs in healthcare environments requires collaborative efforts among architects, lighting designers, healthcare professionals, and researchers. Artificial lighting systems, including spectrally tailored lighting and personalized bio-adaptive lighting, can supplement daylight and modulate light intensity and spectrum according to circadian needs; robust full spectrum lighting during the day and minimal (sub-individual melatonin suppression level) ALAN exposure. The integration of lighting control technologies, such as dynamic adjustment of light levels and color temperature based on natural light availability and time of day, is essential for achieving circadian alignment. These technologies, combined with occupancy and daylight sensors, can optimize energy efficiency while maintaining proper sleep–wake cycles. Along with additional lighting simulations and additional studies with the consistence use of standardized lighting metrics for evaluating and optimizing lighting designs in healthcare settings, designers will be able to make informed decisions about lighting design, ensuring that buildings offer healthy, comfortable, and visually appealing environments that promote well-being, productivity, and energy efficiency.




8. Executive Summary


The burgeoning field of evaluating architectural lighting on health issues is dynamic. Despite a lack of consensus at present, several trends and emerging methodologies could be observed in the systematic review. Metrics, tools, and methodologies for evaluating the effects of architectural changes on health issues continue to evolve, with a growing emphasis on multidisciplinary approaches and comprehensive assessments. Open questions persist regarding the long-term effects of architectural changes, optimal study designs, and the integration of patient-reported outcomes. Addressing dissimilar results among similar studies remains a challenge, highlighting the need for standardized methodologies and rigorous study designs. Whereas counting the number of papers on a specific topic can indicate research interest, it may not always reflect the quality or significance of findings. Moreover, regarding the diverse populations studied, aggregating results requires careful consideration of potential confounding factors and heterogeneity across populations. Meta-analyses and systematic reviews can offer valuable insights but must account for contextual differences and individual variations.



In summary, future research should focus on bridging the gap between theoretical understanding and practical application in lighting design for healthcare environments. By addressing the limitations identified in our systematic review, embracing collaborative, interdisciplinary approaches, and standardizing lighting measurements, we can advance our understanding of the role of lighting in promoting circadian health and well-being in healthcare settings, and ultimately enhance the quality of care provided to patients and fostering supportive environments for healthcare providers.
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Figure 1. Schematic diagram of the retina photoreceptors: the retina at the back of the eye with a variety of cells, including ipRGCs (intrinsically photosensitive retinal ganglion cells), adapted from [14,15]. 
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Figure 2. PRISMA 2020 flow diagram: the screening process of studies reviewed by the authors. 
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Figure 3. Research appraisal flowchart (level of evidence) following Stichler’s (2010) framework; adapted from [52,53,54]. 






Figure 3. Research appraisal flowchart (level of evidence) following Stichler’s (2010) framework; adapted from [52,53,54].



[image: Applsci 14 02945 g003]







 





Table 1. Graphical process of this paper.






Table 1. Graphical process of this paper.





	
An Architectural Solution to A Biological Problem: A Systematic Review of Lighting Designs That Promote Proper

Circadian Alignment in Healthcare Environments




	
Introduction

	
Methodology

	
Results

	
Discussion






	
Circadian Clock and Rhythms

	
Lighting and Circadian Rhythms

	
Eligibility Criteria

	
(1) Interventional Human Subject

	
Architectural Solutions for Circadian Alignment Design Guidelines for Healthcare Environments




	

	
Circadian Rhythms



	
Circadian System and SCN



	
Role of ipRGCs



	
Circadian Hygiene & ALAN



	
ALAN in Healthcare






	
Information Sources

	
a: Research Methods (experimental studies, quasi-experimental studies, qualitative study/case study)

b: Health Outcomes (sleep-related outcomes, mood and psychological outcomes, patient-related health outcomes, nurse-related health outcomes, environmental and psychological outcomes)




	
Search Strategy and Study Selection




	
Screening




	
Level of Evidence

	
(2) Simulation-Based Studies











 





Table 2. An overview on lighting metrics.
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	Metric
	Year
	Calculation Method
	Architectural Application
	Evaluation Methods/Threshold
	Ref.





	Melatonin Suppression Index (MSI)
	2001
	Comparing the suppression of melatonin in response to

a light source to a reference light source
	MSI is related to two other indices: the Induced Photosynthesis Index (IPI) and Star Light Index (SLI)
	A higher MSI indicates a greater degree of melatonin suppression.
	[33,34,35]



	Circadian Stimulus (CS)
	2010
	Considering spectral distribution of light source and human eye’s sensitivity at different wavelengths
	LEED and WELL Building standards

Architectural organizations: IALD, IES
	Measured on a scale from 0.1 to 0.7, with higher values representing greater circadian impact.

Threshold of 0.3 to 0.4 for maintaining entrainment and promoting healthy circadian rhythms in daytime environments.
	[13,36,37]



	Circadian Effectiveness Factor (CEF)
	2011
	Taking into account both

the circadian impact of a light source and the energy efficiency of the light source.

Calculating by taking the ratio of the circadian action of a light source to the amount of light energy produced by the light source.
	Comparing different lighting systems based on their ability to promote the health and well-being of the occupants while considering energy efficiency
	A higher CEF indicates a greater circadian impact on health and well-being.
	[35,38]



	Equivalent Melanopic Lux (EML)
	2013
	Considering melanopsin sensitivity of the human eye by measuring biological influences of light on humans
	WELL Building Standard requirement
	Measured 1.2 m above floor, assumed to be eye-level for a desk-based worker.

At least 200 EML to ensure occupants’ circadian rhythm is adequately supported.
	[33,39,40]



	Circadian Action Factor (CAF)
	2013
	Calculated by taking the ratio of the circadian action of a light source to the circadian action of a reference light source, typically a 3000 K warm-white LED
	Allowing them to compare different lighting systems
	Higher CAF values are associated with increased alertness and better health outcomes.
	[33,35,41,42]



	Circadian Potency Spectrum (CPS)
	2013
	Consistent results of melatonin levels induced by the light stimulus for extended exposure time to eyes compared to the MSF model.

Calculated by taking the ratio of a light source’s spectral power distribution to a reference light source (typically a 3000 K warm-white LED)).
	Allowing for comparing different lighting systems
	Compared with broad-spectrum light (white light), with a peak at 612 nm, the CPS model is more effective in suppressing melatonin levels and regulating circadian timing.
	[17,43,44]



	Melanopic Equivalent Daylight Illuminance (m-EDI)
	2015
	Considering circadian impact of daylight on the human eye by multiplying the illuminance of a light source by a melanopsin sensitivity function
	International Commission on Illumination (CIE)
	Melanopic ratio of m-EDI is slightly higher than EML, suggesting that some of the lower recommendations of the WELL Standard may need to be adjusted
	[33,40,43,45,46]



	Circadian Stimulus Weighting Function (CSWF)
	2019
	Takes into account both the circadian effect and the energy efficiency of a light source

Calculated by taking the ratio of the circadian action of a light source to the amount of light energy produced by the same source
	Allowing them to compare different lighting systems
	A higher CSWF indicates a greater circadian impact on health and well-being.
	[35,38]



	Circadian Stimulus Autonomy (CSA)
	2019
	A measure of how many hours throughout the year there is sufficient illumination to promote circadian stimulation (CS)
	Identifies effectiveness of window designs and lighting systems for promoting circadian stimulation
	Early morning interval should be one or two hours.
	[47,48]
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#

	
Study Types

	
Ref.






	
1

	
Experimental Studies




	

	
   • Randomized controlled trial

	
[25,32,55]




	

	
   • Intervention study

	
[26,56]




	

	
   • Controlled clinical trial

	
[57]




	

	
   • Experimental measurements

	
[57,59]




	
2

	
Quasi-Experimental Study




	

	
   • Clinical test bed

	
[57]




	
3

	
Observational Study




	

	
   • Observation

	
[6,57,58,62,63,64,65,66]




	

	
   • Field survey

	
[26,32,59,63]




	

	
   • Correlational study or non-experimental study

	
[60]




	

	
   • Retrospective cohort study

	
[27,61]




	
4

	
Qualitative Study/Case Study




	

	
   • Case study

	
[62,65]




	

	
   • Pilot study

	
[23,58,64]











 





Table 8. Thematic analysis of reviewed papers: environmental and psychosocial health outcomes.
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Category

	
Ref.

	
Setting

	
Participants

	
Study Design

	
Intervention

	
Mediating Factor

	
Level






	
User Preference

	
[59]

	
Patient room

	
Patient (n = 12)

	
Field survey, experimental measurements

	
Dynamic lighting system

	
Spectral power distribution (SPD)

	
2




	
[71]

	
Patient room

	
Patients (n = 45)

	
Field survey

	
Dynamic lighting system

	
CCT, lighting intensity

	
3




	
Psychosocial Variables (affective organizational commitment, perceived productivity)

	
[56]

	
Intensive care units

	
Patients (n = 19)

	
Descriptive correlational studies

	
Cycled lighting environment

	
Lighting intensity, Timing, wavelength

	
3




	
[58]

	
Patient’s room

	
Depressed patients (n = 30)

	
Pilot study, observations

	
Dynamic lighting system

	
CCT, light intensity

	
2




	
Experience

	
[65]

	
Pharmacy

	
Employee (n = 8)

	
Case study, observation

	
Dynamic lighting system

	
Lighting intensity, CCT

	
2
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