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Summary 
Most Western societies currently face the challenge of maintaining the high standard of healthcare (both 

affordable and available), with a growing shortage of care professionals due to an aging population and 

therefore more people with chronic diseases. A healthy, vital, satisfied, and engaged workforce is 

essential to overcome this problem. The quality of healthcare in hospitals can be expressed in patient 

safety which strongly correlates to the performance of the care professionals. A well-designed, healing 

hospital environment can positively contribute to the performance of care professionals. One of the 

aspects of a hospital that can support the performance is light and lighting. The central question of this 

doctoral thesis, Raise the lantern, how light can help to maintain a healthy and safe hospital environment 

focusing on nurses, is how can light support the nurses in maintaining the high quality of patient care 

and patient safety.  

When aiming to secure patient safety, medical errors should be prevented. Based on a literature review 

to determine the state of the art on light for patient safety, three relevant topics on the impact of light 

for patient safety were identified. First, light can have a direct impact on errors made in the process of 

medication handling. A second topic relating light to nurses’ performance and well-being during 

nightshift work, specifically addressing the increased sleepiness during night-time and circadian miss-

alignment when shifting to-and-from nightshift. The latter can impact health and job dissatisfaction of 

nurses leading to an increased number of nurses leaving the profession, resulting in an even higher 

workload on the remaining work-force. The third is the impact (day)light and view can have on work-

related stress but will not be addressed in this thesis. Next to topics related to light and nurses’ 

performance, the methodology issues on how to study light effects in the melanopic age are addressed. 

This, because describing light in the traditional way, derived from the photopic response system, does 

not suffice anymore. For nurses working nightshifts, non-image forming effects are as relevant as the 

vision-related effects of light. Therefore in this thesis, the engineering aspects of measuring and defining 

light in relation to non-image forming (NIF) effects are described and discussed as well. 

In this thesis, several studies are described and presented in different chapters.  

A first step towards identifying the potential of lighting in a hospital environment is to define the context. 

Therefore the current lighting situation in hospital patient-wards was mapped. Besides the light 

conditions, the nurses’ experience of the lighting was inventoried as well as their view on how lighting 

can support their work. Additionally, the medication errors of three different hospitals in the 

Netherlands, over several years were analyzed to identify a potential correlation with light. In this case, 

the location of the errors, and the time (time of day, day of week, and time of year) were analyzed. This 

is described in Chapter II Medication handling errors in the context of hospital lighting.  

The results demonstrated that for visual performance, the lighting is not up-to-standard but also that 

time and location of medication errors could be related to the light situation. The readability of small 

printed medication labels might benefit from better lighting.  

Chapter III Lighting to prevent misreading of medication labels zooms in on the question of what light 

condition best supports the visual performance of staff when reading the labels on packages of 

medication, with sometimes extremely small printed information. The potential for improvement was 

based on in-situ, light measurements, indicating lower than recommended illuminance levels in the 

medication room, and a reading performance test under normal working conditions in the hospital. The 

latter indicated that more light aided nurses to read smaller prints. A readability-test was designed to 

identify under which lighting conditions the least errors were made in reading text on medication labels. 
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Assumed was that the older participants would benefit more from a higher lighting condition than the 

younger participants. Concluded was that more light reduced the number of mistakes of small font size 

prints for people with a slightly diminished visual acuity. With normal font-sizes and well-corrected 

vision, the standard light values according to the light-standards, are sufficient. The impact of mental 

fitness, like fatigue was not assessed in this study. 

In the subsequent chapters, the impact of light in relation to the Non-Image Forming system is explored.  

Studying non-image forming effects (NIF) of light is a relatively young scientific field. It means that many 

of the quantities appropriate for studying vision-related aspects of light, e.g. illuminance, and correlated 

color temperature, are not that applicable anymore. A major difference is that the to-vision related 

aspects are related to the light of the visual task, while for the NIF aspects, the ocular light is relevant. 

As a result, when studying NIF of light, the aspect ‘light’ should be measured and described differently. 

In Chapter IV How to describe light when studying its Non-Image Forming effects? methods on how light 

could be described and measured in the so-called ‘melanopic age’ are proposed. 

Chapter V Accurately measuring light exposure in relation to light-induced effect studies in the field, 

addresses methods on how to measure light in light-induced effect studies under field conditions. It 

starts with a summary of potential methods, zooming in on ambulant, person-bound measurement 

equipment. A practical method on how to classify the quality of such light logging devices is proposed 

and the quality of seven devices is determined, following up on the proposed method. Chapter VI 

Exploring the impact of light exposure from the perspective of nightshifts working nurses is dedicated to 

how light can support nurses during the nightshift work cycle. When identifying the potential of 

implementing a successful light intervention, one has to identify the normal routines, light exposure, 

sleep, and sleepiness of nightshift working nurses. A placebo-controlled cross over design study was 

executed to indicate the impact of light glasses on measures like sleepiness and sleep (quality and 

quantity) during a nightshift cycle. The result was that the use of light glasses during the night reduced 

sleepiness on the commute home. The difference in sleepiness between consecutive nights was smaller 

when wearing the light glasses than without. On the other hand, the sleep quality after the nightshift 

was lower when wearing the light glasses. 

Conclusion For care professionals, optimal light conditions contribute to the visual aspects and to the 

non-image forming effects. The latter is specifically relevant during nightshifts. One relevant element for 

patient safety is the prevention of medication errors. The number of medication errors due to 

misreading labels can be reduced by applying 1000lx, on positions where these activities are carried out, 

like medication rooms, corridors, and patient rooms. An analysis of studies reporting on light-induced 

non-image forming effects of light identified the methodological flaws from the light-engineering 

perspective. Based on these findings, suggestions for how to measure ocular light exposure under 

controlled conditions and in field studies were defined. Demonstrated was that the quality of ambulant 

light logging devices, frequently used in NIF-effect studies, are not all up-to-standard. A practical method 

to assess the quality of light loggers was suggested, as well as the optimal location on the body where 

ambulant light logging devices should be worn. Nightshift work demonstrated to impact the lives of 

nurses in many ways. Losing out on sleep during daytime, feeling sleepy during nighttime and leisure 

time impacts the quality of life of nurses and puts risk to patient safety. To support nurses to adapt to 

the nightshift, the use of light glasses has shown its potential, especially for the first night in the row of 

several consecutive nights. However, the sleep quality after nightshift was lower when the light glasses 

were worn. 
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It is highly relevant to acknowledge the impact nightshift work has on nurses. Furthermore, it is 

important to recognize how light can support nurses’ performance and life in general. This all contributes 

to a healthy and safe hospital environment that assists a strong, healthy and skilled workforce, 

indispensable to overcome the major societal challenges regarding human capital of today. 
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Samenvatting  
De meeste westerse landen staan voor de uitdaging om de huidige, hoge kwaliteit van gezondheidszorg 

te behouden vanwege het groeiend tekort aan zorgprofessionals. Dit wordt mede ingegeven door het 

stijgende aantal ouderen en daarmee ook het toenemend aantal mensen met chronische ziektes. 

Voldoende gezonde, vitale en betrokken zorgprofessionals zijn noodzakelijk om dit probleem nu en in 

de toekomst op te lossen. Een maat waarin de kwaliteit van de gezondheidszorg in ziekenhuizen kan 

worden uitgedrukt is de patiënt-veiligheid, welke nauw gerelateerd is aan de werkprestatie van 

verpleegkundigen. Een goed ontworpen ziekenhuis dat rekening houdt met de behoeftes en wensen 

van de verpleegkundigen, kan hieraan positief bijdragen. De centrale vraag voor die proefschrift: ‘Raise 

the Lantern, how light can help to maintain a healthy and safe hospital environment focusing on nurses’, 

is hoe verlichting de verpleegkundigen kan helpen om de kwaliteit van patiëntenzorg en patiënt-

veiligheid hoog te houden. 

Thema’s aangaande de relatie tussen licht en het werk van verpleegkundigen hebben te maken met hun 

visueel functioneren (bijvoorbeeld het lezen van medicatielabels), slaperigheid veroorzaakt door 

nachtdiensten en stress. Het voorkomen van medicatiefouten is een belangrijke voorwaarde om patiënt-

veiligheid te verbeteren.  

Op basis van een literatuurstudie zijn drie thema’s geïdentificeerd waarbij licht van invloed kan zijn op 

patiënt-veiligheid.  Het eerste thema gaat over de invloed van licht op de leesbaarheid van de labels van 

medicatie. Het tweede thema betreft de invloed die licht kan hebben op (acute) alertheid en het 

verschuiven van het dag.- en nachtritme. Aangezien zorg 24/7 geboden dient te worden, behoort het 

werken van nachtdiensten tot de functie van verpleegkundige. Veel verpleegkundigen kampen met 

slaperigheid gedurende de nacht en de neveneffecten van het werken in roterende diensten. In 

combinatie met de hoge werkdruk verlaat ook een deel van de verpleegkundigen het beroep. Ten 

gevolge hiervan ontstaat er extra druk op overige werkzame verpleegkundigen. Het derde thema heeft 

te maken met de invloed van (dag) licht en uitzicht op het verlagen van werkstress. Dit is echter geen 

onderdeel van dit proefschrift. Naast de invloed van licht op verpleegkundigen worden ook 

onderzoeksmethodes beschreven voor het meten van licht in relatie tot niet-beeldvormende effecten. 

Het beschrijven van licht op de traditionele manier, afgeleid van visuele aspecten, volstaat niet meer. 

Voor nachtdiensten zijn de niet-beeldvormende aspecten van licht minstens zo belangrijk als de aan 

zicht- gerelateerde aspecten van licht. Vandaar dat in dit proefschrift de ingenieurs-kant van het meten 

en beschrijven van licht in relatie tot deze niet-beeldvormende aspecten wordt behandeld. 

In dit proefschrift worden de diverse studies gepresenteerd in aparte hoofdstukken. 

In Chapter I General Introduction, wordt middels een literatuurstudie het huidige kennisniveau op het 

gebied van licht voor ziekenhuisverpleegkundigen vastgesteld.  

Vervolgens is de huidige lichtconditie op verpleegafdelingen van ziekenhuizen geanalyseerd. Daarnaast 

is aan de verpleegkundigen gevraagd naar hun ervaringen met de verlichting en hoe licht hun 

werkzaamheden kan beïnvloeden. Aanvullend zijn aan medicatie gerelateerde incidenten van drie 

ziekenhuizen over meerdere jaren geanalyseerd op basis van de VIM (Veilig Incident Meldingen). Het 

doel hiervan was om vast te stellen of er een correlatie bestaat tussen het incident en de locatie, type 

en tijdstip van het incident. Deze onderzoeken worden beschreven in Chapter II Medication handling 

errors in the context of hospital lighting. De resultaten laten zien dat de huidige verlichting voor de visuele 

prestatie niet voldoet aan de normen en dat er meer licht nodig is voor het lezen van klein gedrukte 
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medicatie labels. Daarnaast is wordt er een mogelijk verband geconstateerd tussen verlichting en de 

locatie en het tijdstip van de incidenten.  

Chapter III Lighting to prevent misreading of medication labels adresseert de vraag wat de optimale 

verlichting is voor de leesbaarheid van klein-bedrukte teksten op medicatie labels. Uit indicatieve 

metingen in ziekenhuizen bleek dat leesbaarheid op de relatief donkere plekken in de medicatieruimte 

slechter was dan op de relatief lichtere plekken. Het bewustzijn hiervan bij verpleegkundigen was 

beperkt. Vervolgens is een speciale leestest ontworpen om te bepalen welke lichtconditie het meest 

geschikt is voor het lezen van verschillende soorten medicatie labels. De conclusie was dat meer licht 

het aantal fouten sterk verminderde bij de kleine print onder de participanten met een beperkt 

verminderde visus. Bij een goede visus en normale print voldoet de aanbevolen lichtconditie. In hoeverre 

licht ook positief zou kunnen bijdragen aan de acute alertheid was geen onderdeel van de lab studie. 

In de volgende hoofdstukken staan de niet-beeldvormende aspecten van licht centraal.  

Niet-beeldvormende aspecten van licht is een relatief jong onderzoek domein. Aangezien dit via een 

andere route en mechanisme in de hersenen verloopt dan de beeldvormende, voldoen de huidige 

lichtgrootheden zoals verlichtingssterkte (E, lx) en gecorreleerde kleurtemperatuur (Tcp, K) niet meer. 

Waar voor de visuele prestatie het licht op de visuele taak van invloed is, is voor de niet-beeldvormende 

aspecten het licht op het oog van invloed. Onderzoek naar effecten van licht is een multidisciplinair 

onderzoeksgebied. Hierbij komen de mens gerelateerde kennisdomeinen zoals (chrono)biologie, 

fysiologie, psychologie, neurologie samen met de technische kennisdomeinen zoals verlichtingskunde 

en bouwkunde.  

In Chapter IV How to describe light when studying its Non-Image Forming effects? worden voorstellen 

gedaan hoe men het beste licht kan beschrijven in het ‘melanopische’ tijdperk. 

Chapter V Accurately measuring light exposure in relation to light induced effect studies in the field, 

behandelt lichtmeetmethodes van niet-beeldvormende effecten voor veldstudies. Als eerste wordt een 

overzicht gegeven van potentiele meetmethodes voor veldstudies, waarna specifiek draagbare 

lichtloggers verder onderzocht worden. Een praktische methode wordt toegepast om de kwaliteit van 

zeven verschillende lichtloggers te bepalen.  

Chapter VI Exploring the impact of light exposure from the perspective of nightshifts working nurses, is 

gewijd aan wat licht kan bijdragen aan verpleegkundigen in nachtdienst. Allereerst is een inventarisatie 

gemaakt van de routines die verpleegkundigen hebben voor, gedurende en na een nachtdienst. Hieruit 

blijkt dat licht slechts zelden wordt opgenomen als een routine. Op basis van een veldstudie is het 

normale patroon van slaap, alertheid en lichtblootstelling bepaald. Vervolgens is door middel van een 

placebo-gecontroleerde veldstudie de invloed van lichtbrillen bepaald op de slaperigheid gedurende 

verschillende momenten op de dag en op de slaapkwaliteit en kwantiteit. Een interessant resultaat was 

dat bij het gebruik van lichtbrillen gedurende de nachtdienst leidt tot minder slaperigheid op de weg 

naar huis. Het verschil in slaperigheid tussen de verschillende opvolgende nachten was minder groot 

met een lichtbril. Wel was de slaapkwaliteit lager bij het dragen van de lichtbril. 

Conclusie 

Licht kan een positieve bijdrage leveren aan de visuele prestatie en de niet-beeldvormende aspecten 

van verpleegkundigen. Dit laatste speelt voornamelijk bij nachtdiensten een relevante rol. Een belangrijk 

aspect ter bevordering van patiënt-veiligheid is het voorkomen van medicatiefouten. Voor het correct 

lezen van medicatie labels bevelen we een verlichtingssterkte aan van 1000 lx op de taak op locaties 

zoals de medicatieruimte, de verkeersruimten en de patiëntenkamers. Doordat een groot aantal studies 

naar de niet-beeldvormende aspecten van licht onvoldoende of onjuist de lichtblootstelling rapporteert, 

kunnen de gevonden effecten van licht niet direct vertaald worden naar licht-aanbevelingen. Om dit 
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proces te versnellen geven we suggesties hoe in de toekomst licht gemeten en gerapporteerd zou 

moeten, uitgaande van veldstudies. Daarbij tonen we aan dat de kwaliteit van de huidige gebruikte 

draagbare lichtloggers zeer divers is. We stellen een praktische methode voor om de kwaliteit van 

draagbare lichtloggers te bepalen alsmede de invloed van de meetlocatie op het lichaam. Het werken in 

nachtdiensten is van invloed op de gezondheid en het welbevinden van verpleegkundigen. Kortere slaap 

gedurende de dag na de nachtdienst, het gevoel van slaperigheid gedurende de nachtdienst en vrije tijd, 

beïnvloedt het leven van verpleegkundigen en heeft daarmee zowel directe als indirecte gevolgen voor 

patiënt-veiligheid. We hebben de potentie aangetoond van het gebruik van lichtbrillen gedurende de 

nachtdienst op het verminderen van de slaperigheid gedurende de eerste nacht op de weg naar huis 

waarbij echter de slaapkwaliteit gedurende de slaap na de nachtdienst verminderde. 

 

Een van onze grootste maatschappelijke uitdagingen van dit moment is het krijgen en behouden van 

voldoende zorgprofessionals. Het is allereerst belangrijk om de invloed van nachtdienst op 

verpleegkundigen te onderkennen. Daarnaast is het van belang om te realiseren dat verlichting wel 

degelijk van invloed is op de werkprestatie en het welbevinden van verpleegkundigen, zoals aangetoond 

in dit proefschrift. Beide aspecten zijn nodig voor het realiseren van een gezonde en veilige 

ziekenhuisomgeving die bijdraagt aan het behoud van sterke, gezonde en vaardige zorgprofessionals.  
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I. General Introduction 

 Impact of lighting on patient care by nurses 
One of the major societal challenges we are facing today is to keep the high standard of healthcare 

affordable and available. With an aging society, staff shortages are growing, due to an increased number 

of people with chronic diseases. This stresses the importance of retaining a healthy, vital, and engaged 

workforce, and a high quality of care [1–3]. The physical environment contributes largely to maintain a 

healthcare workforce equipped for nursing and curing patients. 

Florence Nightingale published already in 1859 essays on the impact of the physical environment on the 

healing process of patients and defined, based on many own observations, lay-outs for healing 

environments [4]. Since then, evidence based design has provided various new insights. Many recently 

built hospitals are designed according to the healing environment (HE) principle. The definition of an 

optimal healing environment according to Jonas and Chez [5] is: “one in which the social, psychologic, 

spiritual, physical, and behavioral components of health care are oriented toward support and 

stimulation of healing and the achievement of wholeness.” From building environmental perspective a 

HE is seen as “a place where the interaction between patient and staff has a positive influence on patient 

health outcomes and staff well-being [6]”. In a hospital environment, several building physical aspects 

are relevant in the HE principle of which light is one next to thermal comfort, ventilation, and acoustical 

conditions (see Figure I-1). 

 

 
Figure I-1 A general model of factors impacting Nursing and Medication errors, after Chaudhurry and colleagues [7] 

 

For hospital staff, optimal light conditions contribute to the visual aspect of the work performance as 

well as the not to vision related effects, the so-called to non-image forming (NIF) effects of light. NIF-

effects, comprise effects of light on (mental) well-being, alertness, and circadian-rhythms [8]. These NIF-

effects of light are specifically relevant during nightshifts; the time when one has to go against nature 
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by staying awake and alert, when the body indicates that it is time to rest. Medication handling is a vital 

part of the work of hospital nurses, the focus group of this thesis, and directly relates to patient safety. 

Therefore the ultimate aim is to explore how the lighting conditions of a hospital environment can 

prevent medication errors and therefore improve patient safety. 

 Nurses 
In the Netherlands, in the second quartile of 2018, the number of nurses was 196.000 [9]. The fraction 

of female nurses working in healthcare was 87% (See Table I-1). The work pressure experienced by 

nurses was higher than the average of the workforce (Figure I-2). One in four nurses was 55 years or 

older. For mental healthcare and disabled care this ratio was even one in three. These numbers show 

that the efforts to maintain a healthy workforce of hospital nurses should focus on older nurses. 

However, until now many lab-oriented studies on health related effects of light take place with healthy 

(male) students. This is closely connected to the available study population of research institutes where 

recruiting among students is relatively easy and cheap. To exclude potential covariance like the monthly 

hormonal cycle of women, male participants dominate in most studies.  

  

 
Figure I-2 Experienced work pressure among nurses related to the total Dutch workforce. Nurses are subdivided 
between HBO-level (corresponding to Registered Nurse) and MBO-level (corresponding to Enrolled Nurse). Adapted 
from CBS/TNO [10] 

 

Table I-1 Overview of nurses, second quartile 2018, according to the Dutch government agency that is responsible 
for collecting statistical information [9] 

 Total Female Male  

Registered Nurses (RN, professional level, HBO) 131,000 111,000 20,000  
Enrolled Nurses (EN, vocational level, MBO)   65,000   60,000   5,000  
All 196,000 171,000 25,000  

 

 Nursing and medication errors 
The US National Coordinating Council for Medication Error Reporting and Prevention (NCCMERP) 

defines a medication error as: “..any preventable event that may cause or lead to inappropriate 

medication use or patient harm while the medication is in the control of the health care professional, 

patient, or consumer” [11]. A model by Chaudhurry and colleagues [12] pointed out the potential 

environmental and work conditions that can influence medication errors by care professionals (see 
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Figure I-1). It was concluded that errors can be prevented when feeling comfortable with the work 

environment [12]. Stress, fatigue, distraction and job dissatisfaction directly influence medication errors. 

An important task of nurses that requires full focus is medication dispensing. Medication dispensing, in 

general, takes place in a blinded room with no window, in order to minimize distraction. The second 

most frequent cause of errors, after misinterpretation of handwritten prescriptions from physicians, was 

not following “the 5 rights” (right patient, right drug, right dose, right route, right time) [13]. Errors made 

in any part of the medication handling process (procurement, prescribing, transcribing, order entry, 

preparation, dispensing, administration, and monitoring of medications), is a potential health risk to 

patients [14]. Errors made in the medication process are either active failures or latent failures. Active 

failures occur due to human cognition, memory and continuous distractions [15]. The latent failures 

arise from work conditions on which nurses don’t have an influence like workload, routine procedures, 

or supervision and leadership [16]. Lack of privacy, overview, location and size of charting space, noise, 

interruptions, location of the medication room, and inadequate lighting are mentioned as potential 

causes [17,18]. In general, nurses are the intermediator between the physician and the patient while 

having the most contact with the patient during their hospital stay. This underlines the important 

position of nurses for patient safety.  

 A hospital environment for nurses and patients 
A hospital environment should support the healing process of patients, meaning that the physical 

environmental needs of patients, as well as medical staff, should be considered. When these needs 

conflict [19] the environmental needs of the patients are prioritized by the medical staff over their own 

needs [20]. An example of this is that nurses are well aware of the influence of environmental aspects 

on sleep quality of patients, and therefore adapt by working silently and under dimmed lighting 

conditions. It might reach a point where the patients’ need for a low-stimulating environment negatively 

influences the job performance of the staff and eventually negatively impact the recovery process and 

safety of the patient. For example, when aiming for reducing the number of distracting activities on a 

neonatal intensive care unit, a 30-minute observation has prevailed over an instant medical examination 

[21]. This puts additional time-pressure on the nurses since the observation generally takes longer than 

a medical examination. This is also induced by the policy of hospitals, where often patient’s satisfaction 

is prioritized over the work conditions and job satisfaction of the professional staff [22]. Interesting to 

note is that the satisfaction of the staff is directly related to the satisfaction of the patient [23]. 

Additionally, a survey by Mroczek et al. [24] indicated that many of the environmental features aiming 

to contribute to the patients' recovery, also contribute positively to the quality of work of the staff. 

Access to natural light attributed the most. Already in the ’70s of the last century, Keep [25] documented 

the beneficial effects of windows both for patients and for the health and motivation of hospital staff. 

Photobiology, view, and direct sunlight are indicated as the key qualities of windows. Therefore, a work 

environment that supports the tasks of the care professionals and enhances job satisfaction, motivation, 

and health, is beneficial to patients as well. 

 Light and lighting in hospitals 
This thesis focusses on how light and lighting can support nurses in contributing to patient safety. The 

work described in this thesis is part of the program Creating Healthy Environments-Hospitals (CHEH). 

This program aims to increase healthcare effectiveness by improving the physical hospital environment. 

A systematic review of the literature on the impact of the physical environment on patients and 

professional staff [6] identified only a limited number of eligible studies (65 in 2011) who reported an 
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effect. From these 65 eligible studies, the majority is focused on the patient/family, while only nine 

studies were staff orientated. From those nine, no study relating to lighting, was identified. Error related 

aspects due to lighting, were attributed to the category ‘patient/family’. These studies [26,27] will be 

discussed in paragraph I.1.3. 

In the following paragraphs, a scoping review is made. The aim was to attain an overview of the gaps 

and key potential of light in hospitals for care professionals in relation to patient safety. Studies that 

researched the impact of light and lighting in hospitals on nurses are described and discussed. The 

impact of light on patient safety can be either direct (e.g. dispensing the wrong medication to patients) 

or indirect related to the work performance, well-being, work engagement or health of care 

professional/nurses (e.g. nurses feeling less alert or more stressed can impact their performance and 

therefore indirectly patient safety). A model on how light and lighting can impact patient safety is derived 

from the model by Boyce [28], see Figure I-3. 

 

 
Figure I-3 Simplified and customized model of how light can affect patient safety derived from Boyce [28]  

 

 Light for patient safety 
A good light quality means that there is enough light, of the right composition (spectral quality) to 

perform the intended task, without causing distress or glare. Since lighting quality is related to its 

environmental context, one cannot assess the lighting quality without addressing the physical 

environment. To add to the complexity, good light quality is not universal; elderly people and/or people 

with a vision deficiency, require another lighting than people with an unimpaired visual system. 

Currently, we even want to go a step further in the theory of good light quality, the vision related aspects 
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don’t suffice anymore. The discovery of a new neural pathway directly connected to the Suprachiasmatic 

Nucleus, the location where most of the human body processes are orchestrated, and induced by the 

photo pigment melanopsin, located in the ipRGCs [29]. This has opened an entirely new research area, 

connecting light to the domain of the circadian system, chronobiology, mental well-being (SAD, Stress), 

sleep, alertness, health, etc. [30] 

The similarity between the visual and the non-visual pathways and effects is that both are mediated via 

photosensitive receptors in the retina [31]. The vision related aspects of light and its corresponding 

photometric units and quantities are derived from the spectral sensitivity curve for daytime vision, V(λ) 

which are expressed by three cones (L-cone, M-cone, and S-cone). The correct unit for describing the 

spectral sensitivity of the non-visual effects is not yet established, although different suggestions are 

reported. Researchers [29], have suggested to use the term circadian light, C(λ) [32], related to the 

action spectrum of the third photo pigment, melanopsin. This is expressed by the intrinsically 

photosensitive ganglion cells (ipRGCs) which have its sensitivity peak in the bluish part of the spectrum, 

(~480nm). Novel studies have demonstrated that not only the photosensitive (ganglion) cells (ipRGCs) 

are responsible for inducing Non Image Forming (NIF) effects but that the rods and cones also contribute 

to this process [31]. Based on these findings, the International Commission on Illumination (CIE) has 

suggested in 2013, to describe at least all five (3-cones, ipRGCs, rods) alpha-opic irradiances when 

reporting light, when addressing NIF effects [8] based on the report of Lucas et al. [33]. Recently, in  

2018, CIE published a new report [34], where they introduce and propose to use one term instead of 

the earlier proposed five alpha-opic irradiances, the so-called ‘melanopic equivalent daylight (D65) 

illuminance’, expressed in EDI lux. Since this term does not incorporate the for NIF effects -relevant 

temporal dynamics of light exposure [35], and it integrates all potential relevant wavelength dependent 

irradiances, this term will not be used in this thesis. 

In relation to light for patient safety, it is relevant to note that while on the one hand biologists, 

neuroscientists and chronobiologists try to identify the pathways and how light controls human 

response systems, on the other hand psychologists, physicians and other topic related scientists try to 

identify how light affects health, well-being, and performance of people. The role of the lighting-

engineer is to share their knowledge on the correct use of the technical and physical aspects of light;  

the methods on how to assess the dependent variable ‘light’ in studies and to translate the outcomes 

to light recommendations and guidelines. Since the research on NIF effects of light spans different 

domains, knowledge of the other domains is essential to accelerate the understanding and opportunities 

for implementation. Also the type of studies is more or less ‘fixed’ per domain. While many studies 

focusing on unraveling the pathways take place in labs with animals, the studies to identify which aspect 

of light induces which effect on humans mostly take place in a controlled environment to isolate 

potential confounding factors. Since the ecological validity of these studies can be debated, a field study 

is a valid method to test this. In general, scientists agree that field studies should take place but not 

many dare to go out of their controlled labs; but are hesitant to leave the controlled lab environment. 

Field studies typically cost a lot of time and effort and might leave you empty handed at the end because 

the results don’t confirm the effect that was reported from lab experiments. Sometimes, this leads to a 

bubble we want to believe in; so field work is indispensable for examining the ecological validity in the 

wider context of everyday life. In this thesis, multiple methodological approaches are taken, varying from 

semi-controlled study-designs, surveys, lab studies, observational studies, and placebo-controlled field 

studies. 

In the following two sections, overviews are presented of literature findings on visual and non-visual 

impacts of light on patient safety respectively. 
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 Image forming effects of light impacting patient safety 
This paragraph describes studies that directly relate patient safety to light conditions in the form of 

errors/incidents. Several review studies and surveys among hospital staff emphasize the importance of 

good lighting for preventing medication errors and therefore patient safety [13,36–40], specifically for 

older nurses [41,42].  

 Task performance 
A combined study on light measurements and the light experience of hospital employees demonstrated 

that the light conditions do not always fulfil the requirements and that job performance showed a 

significant correlation to light level, use of daylight, flicker, and glare, potentially caused by eye tiredness. 

It was concluded that hospital ergonomics should get a higher priority, to establish a safe healthcare 

environment [43]. Another study, based on a survey among hospital nurses working in medical-surgical 

units about their light conditions reported no significant correlations between the impact of vision 

problems, eye pathologies, age, or years of service and the overall satisfaction with lighting, nor of the 

different aspects of light (glare, quantity, shadows, flicker). Nurses indicated that light conditions at 

patient bedsides are the most relevant while inadequate. The satisfaction with the lighting environment 

was only significantly correlated to the access to lighting controls [44].  

 Visual performance  
The work of nurses includes a number of visual tasks that could, when errors are being made, lead to 

life threatening situations for patients. One of the key tasks of nurses is administering medication (like 

ordering, documenting, distributing, dispensing) and patient assessment during the daytime and at night 

[45]. The medical staff has to perform under difficult working conditions such as poor lighting (too low 

illuminance, flickering, glary), and high noise levels [2,43]. 

Brown et al. [46] report on the influence of light on capillary refills. In that study, significantly fewer 

errors were found between capillary refill assessment under (day) light conditions and under dark 

lighting conditions. The number of undetected refills during the light conditions was 3.9% while under 

dark conditions it was 66.7%. The higher light condition was applied during the day and the dark during 

the night. It therefore remains unclear whether these large differences could be explained by the visual 

performance alone, or whether stress or reduced alertness during the evening/night might have had an 

impact as well. Since the lighting conditions are reported in unit less quantities, it remains undefined 

what the actual lighting conditions were (e.g. ‘a lux meter reading of 4 to 6’ for the dark conditions and 

in daylight ‘lux meter = 15 to 16). A study on errors relating to medication handling reported that the 

number of description/dispensing errors in a pharmacy was significantly lower under 1570 lx than under 

480lx [27]. In a large, 5-year study in a medical center in Alaska on the influence of daylight and darkness 

on medication errors by nurses, it was concluded that darkness was one of the four predictors of the 

risk of medication error [26]. More than half of all medication errors occurred during the first 3 months 

of the year. Interestingly, a 2-months delay was found between the level of exterior darkness and the 

rate of errors. This would indicate that medication errors are not (only) related to visual performance. 

Another study in hospital wards reported that the frequency of medication errors was lower with 

daylight access than without, but the differences were not found to be significant [47].  

Summary 

Only evidence on the direct impact of light on patient safety was reported, demonstrating that for 

reducing reading medication errors, the illuminance, assumingly on the task, should be higher than 480 
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lx, preferably 1570lx [27]. Since this is based on one study testing only two lighting conditions, it is not 

possible to identify the ultimate lighting condition. 

 Non image forming effects of light impacting patient safety 
In this paragraph, the NIF effects of light on patient safety are described suggesting that when for 

example stress is reduced, this will positively impact the performance of the care professionals and 

therefore improve patient safety and patient satisfaction. 

 Impact of electrical light on stress, burnout and job satisfaction 
The importance of the physical environment of medical-surgical nurses working in acute-care settings 

was assessed by Applebaum et al. [3] in a questionnaire. Significant relationships were reported between 

perceived stress and noise, job satisfaction, and turnover intention, as well as between job satisfaction 

and turnover intention. No significant correlation was found between stress and light levels, stress and 

color, or stress and odor. In order to maintain a motivated staff, stress reduction should be considered. 

A study conducted in windowless hospital wards (intensive care and operating rooms) tested whether 

the level of environmental lighting (<700lx, 1000-1500lx, >1700lx) could reduce the experienced stress 

levels of the medical staff [48]. The authors concluded that the level of stress was dominantly influenced 

by the household structure and working conditions and not by the ambient bright light. Another, 

Japanese study [49] exposed 10 rotating shift work nurses for 5 consecutive shift days (morning, 2 nights, 

2 evenings) to bright light (3000lx, 30min)  per shift and compared it in a cross-over study to the normal 

condition of 250lx. They found no significant effects for bright light but the interaction between bright 

light and shift showed a significant effect for vigor and eagerness. Recently a small study on the impact 

of dynamic lighting (a more bluish and 6 times more intense lighting during daytime than under the 

controlled condition) in patient rooms on intensive care registered nurses reported no effect on self-

reported depression and fatigue. Cognitive performance did not differ either. Perceived well-being and 

quality of life were found to be lower for nurses working in dynamic lighting [50].  

Summary 

Although interesting promising findings are reported, no study concluded significant effects of an 

electrical light intervention on stress, burnout or job satisfaction among nurses.  

 Impact of daylight and windows 
The impact of windows for both view and natural light has been assessed in several studies [51,52], but 

little evidence is reported that demonstrates in what way this link to nature has an impact on humans. 

Some show that the lower amount of light exposure in a windowless environment has an impact on 

sleep in office workers [53] and elderly people [54]. Others suggest the impact of windows is related 

dominantly to the view [55]. The lack of daylight during winter is indicated as an important cause of 

Seasonal Affective Disorders (SAD), although the exact mechanism is not established [56,57].  

Several of the window and daylight related studies report the relevance of windows for patients. A study 

on the impact of the location of the patient’s room showed that the postoperative patients of spinal 

surgery who stayed in a relatively sunny room, experienced less stress, less pain and used less analgesic 

medication [58]. Another study reporting about the impact of sunlight in patient rooms found that 

female patients recovering from a myocardial infarction stayed significantly shorter in the CICU (cardiac 

intensive care unit) and the mortality rate in both sexes was consistently lower in the room with direct 

sunlight [59]. From both studies, it remains unclear what characteristic of the daylight explains these 

differences; the high light levels, the light spectrum, the dynamics of the direct sunlight, or the view. The 
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location of the studies might also be relevant. Edmonton (Canada) with a high latitude (53°N) is known 

for its extreme temperatures and relatively long winters. That might also be part of the explanation why 

the same research group found that the inpatients of the psychiatric unit stayed significantly shorter in 

the sunny rooms than in the rooms where no direct sunlight could enter [60]. Another hospital study in 

Bangladesh [61] concluded that the length of hospitalization of coronary artery bypass graft surgery 

patients decreased 7.3 hours per 100 lx of daylight entrance measured at the head of the bed. The 

maximum measured illuminance of <550 lx (avg. 185.41lx) was relatively low. A study (USA), also among 

non-surgical inpatients, reported an average illuminance during daytime of 104.8 lx and concluded that 

this is too low for circadian entrainment. Higher light levels were associated with less fatigue and lower 

mood disturbances in patients with pain [62] 

A limited number of studies reported on the impact of windows related to viewing and/or daylight on 

nurses. A survey among 32 hospital nurses (Atlanta, USA) indicated that outdoor view duration and the 

type of view (nature versus no nature) showed a very strong impact on the alertness during, and stress 

after the shift [63]. Similar findings were reported by Nejati et al. [64], who looked at the potential of 

the restorative effects of connection to outdoors in break rooms of hospital staff in a survey among 958 

medical surgical nurses (USA). They concluded that restorative ratings increased significantly with the 

higher levels of nature content, from 1. No added amenities 2. Indoor plants, 3. Nature artwork, 4. 

Window views, 5. Direct access to the outdoors 6. A balcony.  

In an acute-care nursing unit with two similar wards, one with windows and one without, a cross-over 

study was performed among 12 registered nurses (RN) for 2 days. In the ward with windows, nurses 

showed better physical outcomes (reduced blood pressure, increased temperature) but also sociability 

increased. Behavior indicators of sleepiness and mood decreased [47]. This study was one of the few 

which actually measured the (day)light and assessed multiple outcome measures. No change was found 

for heart rate, sleepiness, or medical errors. The importance of daylight was reported in a study by 

Alimoglu and Donmez [65] who conducted a survey among 141 Turkish hospital nurses. Less stress and 

higher work satisfaction were found when nurses reported being exposed to ‘direct daylight during a 

typical workday’ for at least 3 hours a day. Job-related health problems and sleep disorders showed total 

or partial direct effects on burnout. The age and educational level were found to be negatively correlated 

to burnout. The results did not support a direct correlation between daylight exposure and burnout. The 

inconclusiveness of daylight and more light on patients and staff are reported in a study comparing an 

old intensive care unit to a new intensive care unit [66]. The higher light levels in the new situations 

showed no significant difference in pain perception, length of stay, or errors. The cause for a significantly 

lower time of absenteeism remains unclear. 

Summary 

Although many studies report on the impact of windows on patients, only few studies take the 

perspective from the hospital staff. Outdoor view duration and type of view strongly impacted the 

alertness during, and the stress after a shift. A view can have a restorative affect, as going outdoors for 

more than 3 hours a day. The only study with a cross-over design, comparing a situation with and without 

windows, reported several interesting differences on both physical outcomes, as behavior indicators. 

Since daylight availability is related to the location, window orientation, climate and time, the results of 

these studies should be handled with caution since what might be valid for a hospital located in Iran 

might not be applicable for a hospital in the Netherlands. Even so, the applicability is not even universal 

for two identical locations with different orientations and window sizes. 
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 Impact of light on nightshifts and rotating shifts 
Typical for the job of medical staff is, that it is not an ordinary daytime job, with normal daytime working 

hours. This means also working under difficult conditions; silently, under dark lighting conditions, and 

having to make decisions when being fatigued. This was concluded from a study among Swedish 

registered (RN), and enrolled nurses (EN), working at night [67]. The main goal of night staff is to deliver 

high quality care while not interfering with the patients’ sleep. Nurses working during the night also have 

to prepare the ward for daytime activities. Nilsson and colleagues concluded that the nurses, the 

enrolled (EN) and the registered (RN) should operate more as a team during the night. At daytime the 

tasks and responsibilities of both types of nurses are more distinct, this fades during nighttime. 

Furthermore, nighttime work is underappreciated compared to daytime work. Communication is 

suggested as a solution to that problem. 

The literature is quite abundant in studies reporting on the (potential) hazardous situation of medical 

staff working rotating shifts and specifically the nightshift. The potential hazard of developing breast 

cancer when working rotating shifts for more than 3 nights in a row [68] or when being exposed to light 

at night [69,70] is the most severe. Shift work impacts the general health of care professionals and the 

quality of life [71–74]. Therefore, it indirectly impacts patient safety but also directly by more errors 

when being less alert, and a lower performance [72,74–79].  

However, not all studies confirm the impact of shift work. Admi and colleagues [80] concluded that 

‘gender, age, and weight were more significant factors than shift work in determining the well-being of 

nurses. Shift work by itself was not found to be a risk factor for nurses' health and organizational 

outcomes in this study.’ Also, evidence was found that less adaptive nurses do not jeopardize patient 

safety in terms of absenteeism from work and involvement in professional errors and accidents. 

Working schedules of shift-work nurses differ per continent, per country and sometimes even per 

hospital. Working rotating shifts of 12 hours is standard for many countries like the USA, Canada, and 

Ireland [81]. Working over-hours, resulting in a shift of 13-14 hours, is quite common. Studies report 

that these long working hours (≥12 hours) lead to an increase of (near) errors, patient mortality, burn 

out rate, and decrease in patient safety, job satisfaction, and vigilance compared to working 8 hours or 

less [81–84]. In the Netherlands, a three shift schedule of 8 hours per shift is the most commonly applied 

schedule [85]. Therefore the impact of too long working hours is no direct issue here. 

 Light for circadian alignment 
Already more than 40 years ago, the impact of photobiology, in this case related to the absence of 

daylight openings in specific areas of hospitals, was addressed [25]. In 1989, Czeisler et al. [86] studied 

the impact of light on the response of human circadian pacemakers and concluded that the sensitivity 

to light is far greater than earlier assumed. This was one of the first studies initiating a new study domain, 

later defined as the Non-Image Forming effects of light. In the nineties of the last century, a study by 

Efinger et al. [87] presented scientific principles of circadian rhythms and recommendations to maintain 

healthy nightshift workers and aiming to increase patient safety and satisfaction. One of the suggestions 

was to change the time to shift a 12-hours schedule from 7:30 am/pm to 3 am/pm. The reason is that 

when driving home, the suprachiasmatic nucleus, the pacemaker in the brain[29,30] would not be reset 

by the daylight. Also, in 2006 [88] several suggestions to improve shift-work tolerance were given, like 

changing the direction of the rotating pattern, the number of consecutive nightshifts and the food and 

drink intake. Also power napping, elimination of overtime (>12 hour shifts) and executing compelling 

tasks at the beginning of the shift were suggested. Lighting measures were not proposed. A study [89] 

exposed 37 night workers to bright light (4*20 min, 5000 lx), both in summer and winter and found that 
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it helped to reduce distress. It also improved subjective well-being, especially for those suffering from 

seasonal mood and behavioral swings. Grundy et al. reported that when people worked a so called 123-

rotating shift (meaning 2*12 hours day, 2*12 hours night and five days off), the normal light exposure 

did not seem to show a strong correlation to melatonin suppression, given that the light exposure was 

significantly higher during the nightshift than the day shift. Also the pattern of melatonin production 

showed no difference between the day and the nightshift [90]. In a follow-up of that study, no 

correlations between melatonin and sleep duration nor activity were found [91]. Therefore, the 

conclusion was that working 2 nights has no effect on circadian adjustment. 

Summary 

Working during the night means also being exposed to light. Additional light exposure during the night 

can be beneficial on distress and seasonal swings in mood/behavior. When working less than two nights 

in a row this has no impact on the melatonin pattern.  

 Light related to alertness and performance during night time 
Bright light is known for its alerting effect during night-time. Two publications [92,93] describing the 

same study (set-up from the same research groups) reported the (exact) same results: In a hospital 

setting, nurses were exposed during their two breaks at their evening/nightshift to bright light (4500lx). 

Several subjective and objective indicators of the circadian rhythm phase indicated that bright light 

exposure increased the cortisol levels and body temperature and improved their subjective alertness 

significantly during the nightshift. Actually, one of the challenges when working nightshifts is to stay alert 

without shifting the clock as that impairs the sleep during daytime. Costa and colleagues exposed 15 

nightshift nurses to 4*20 min. of bright light (2350lx) during the night and concluded that it improved 

physical fitness, reduced tiredness, and sleepiness, and resulted in higher performance efficiency and a 

more balanced sleep pattern without attributing to a change in the circadian clock [94]. Especially the 

short wavelengths of light (~480 nm) are the most effective part of the light spectrum for melatonin 

suppression [95,96]. Therefore particularly the bluish part of the light spectrum might cause circadian 

disruption. The effect of filtering these wavelengths during the night on performance and sleep was 

studied [97]. Rahman and colleagues demonstrated that filtering the short wavelengths out of the 

spectrum induced maximal circadian phase resetting during nightshifts, and improved sleep on the first 

non-working day after a series of nightshifts (N=9). A similar finding was reported from a lab study (N=17) 

showing that monochromatic red light (630nm) did not suppress melatonin during the night while 

certain measures of performance were higher than under dark lighting conditions [98]. In a Japanese 

study [99], 61 nurses working a rapidly rotating schedule, were exposed to bright light at daytime and 

concluded that brief bright light exposure on mornings, preceding a day shift is effective in improving 

sleepiness and performance during day-shift work, subjective nighttime sleep on day-shift days, and 

perceived fatigue for the subsequent two weeks, in rapidly rotating shift nurses. A study from Taiwan 

[100] demonstrated that bright light at night (≥30 min. 7000-10000lx) in combination with no daytime 

exposure decreased the severity of insomnia significantly. Clinical insomniac shift working nurses (N=46) 

reported lower anxiety and depression rates. 

Not only light but also other environmental conditions have an impact on nightshift nurses. A study 

among Iranian nurses [101] showed a stronger (and significant) correlation between thermal comfort 

and eye fatigue than between illuminance and eye fatigue. They also reported a weak and positive 

correlation (r=.017) between illuminance and the PSQI (Pittsburg Sleep Quality Index). These findings 
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indicate a potential global difference; the effect of one environmental condition might be prevalent over 

another, depending on the climate zone. 

Summary 

Several studies show how light can improve alertness and performance during the night without 

interruption of the circadian system. Since different outcome measures, type of shifts, timing, and 

duration of different quantities and compositions of light are used, a conclusive strategy cannot be 

defined. 

 Conclusions from the literature 
While many guidelines for hospital design stress the importance of good lighting for care professionals, 

only three studies actually report a direct correlation between light and medication errors/patient safety 

in hospitals. Two of which are related to visual performance (illuminance) [27,46] and one is related to 

the time of year [26], presumably to daylight availability. Other studies report about the potential impact 

of lighting on patient safety via light for shift work, (day)light to prevent stress, burnout and job 

satisfaction, and alertness/performance. Only a limited number of studies actually report quantifiable 

measures of light in relation to effects. Due to the different methodological set-ups, outcome measures, 

and interventions, combined with the relatively low number of participants, we can conclude that many 

studies indicate the potential of light and lighting, but no study has proceeded beyond this point. At this 

point it is not possible to define conclusive light recipes to support the performance of nurses working 

in hospitals, in order to prevent medication errors. 

Being a hospital nurse requires flexible work schedules including working nightshifts. Working nightshifts 

means that you have to go against nature; being alert during night time and sleep during daytime. This 

directly impacts patient safety but also indirectly through the health of the nurses. Since light can also 

induce non-visual effects and is the key synchronizer of the biological clock, relating to the circadian 

rhythm, many studies demonstrated the impact of light during the night time on alertness, sleep, 

circadian alignment, indicating another potential pathway of how lighting can impact patient safety. 

Therefore in this thesis, both the image forming effects of light on nurses in relation to patient safety 

will be addressed as well as non-image forming effects. Examples of NIF are alerting effects [102], 

circadian aspects for example at nightshift [103] or light and view to reduce stress [55]. These effects 

impact work performance and potentially, via job satisfaction safety of patients. A framework of 

pathways through which light can impact patient safety is visualized in Figure I-4. Windows, facilitating 

daylight and view, show potential for stress relieve, burn-out reduction, and restoration, but are not 

addressed in this thesis, which focusses on medication errors in relation to visual performance as fatigue 

during the nightshift, and the health aspects of shiftwork. 

 Outline of the thesis 
This thesis aims to elucidate the gap between proven effects of light and every-day reality of hospital 

nurses working under presumably less than optimal light conditions. It, therefore, focusses both on the 

vision related effects (Chapter II and Chapter III) and NIF-effects of light (Chapter VI). Therefore, different 

research methodologies will be applied. As mentioned earlier, one of the roles of a lighting-scientist is 

to define methods for measuring light in the so called melanopsin era. 
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Figure I-4 Framework how light can support patient safety through nurses 

 

 

The photopic quantities like illuminance (E), luminous flux (φ), luminous intensity (I), and luminance (L), 

correlated color temperature (Tcp), don’t suffice anymore since they are not related to the action spectra 

presumed to be responsible for NIF effects, although we are so familiar with these terms. In this thesis, 

Chapter IV and Chapter V, focus on the methodology and suggestions on how to measure light when 

studying NIF effects. 

The outline of this thesis with the addressed topics are: 

Chapter II Medication handling errors in the context of hospital lighting 

This Chapter continues on the question of how lighting can support hospital staff, working in direct 

patient-care, to prevent errors. Therefore the current lighting situation in hospital patient-wards was 

mapped. Besides the light measurements, the nurses’ experience of the light conditions was inventoried 

as well as their view on how lighting can support their work. Additionally, the medication errors of three 

different hospitals in the Netherlands, over several years were analyzed to identify a potential 

correlation with light. In this case, the location of the errors, and the time (time of day, day of week, and 

time of year) were analyzed. 

Chapter III Lighting to prevent misreading of medication labels 

This Chapter zooms in on the question of what light condition best supports the visual performance of 

staff when reading the labels on packages of medication, with sometimes extremely small printed 

information. The potential for improvement was based on the light measurements, indicating lower than 

recommended illuminance levels in the medication room, and a reading performance test under normal 

working conditions in the hospital. The latter indicated that more light aided nurses to read smaller 

prints. 
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Chapter IV How to describe light when studying its Non-Image Forming effects?  

Studying non-image forming effects (NIF) of light is a relatively young scientific field. It means that many 

of the quantities appropriate for studying vision related aspects of light, e.g. illuminance, and correlated 

color temperature, are not that applicable anymore. A major difference is that the to-vision related 

aspects are related to the light of the visual task, while for the NIF aspects, the ocular light is relevant. 

As a result, when studying NIF of light, the aspect ‘light’ should be measured and described differently. 

In this Chapter, methods on how light could be described and measured in the so-called ‘melanopic age’ 

are proposed. 

Chapter V Accurately measuring light exposure in relation to light induced effect studies in the field 

This Chapter, like the previous, addresses methods on how to measure light in light-induced effect 

studies under field conditions. It starts with a summary of potential methods, zooming in on ambulant, 

person-bound measurement equipment. A practical method on how to classify the quality of such light 

logging devices is proposed and the quality of seven devices is determined, following up on the proposed 

method. 

Chapter VI Exploring the impact of light exposure from the perspective of nightshifts working nurses 

This chapter is dedicated to how light can support nurses during the nightshift work cycle. When 

identifying the potential of implementing a successful light intervention, one has to identify the normal 

routines, light exposure, sleep, and sleepiness of nightshift working nurses. A placebo-controlled cross 

over design was implemented to indicate the impact of light glasses on measures like sleepiness and 

sleep (quality and quantity). 

Chapter VII General Discussion and Conclusion 

The findings of these studies are summarized and discussed in the general discussion. An overview of 

the key findings is given, the scientific novelty of the findings, and the practical implications are 

discussed. The chapter finishes with recommendations for hospital design and for future studies, and a 

conclusion. 
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II. Medication handling errors in the context of hospital lighting 
 

This chapter describes two different context related studies, aiming to identify the relationship between 

medication errors and the physical hospital environment. From literature, lighting is identified as a 

significant design characteristic to help prevent medication errors, although the studies supporting 

these claims are limited (see Chapter I).  

The first step is to identify the shortcomings of current lighting in hospitals, described in subchapter II.1 

Light conditions in hospital medication rooms and nurses’ appraisal. Therefore the lighting situation was 

measured in different wards and hospitals and a structured interview was held among the nurses 

working at these wards on their personal experience with the light condition. The results show that the 

light conditions are not always up to standard, although this is hardly recognized by the nurses; most 

nurses are unaware of how lighting can support their performance.  

The follow-up study, described in the second subchapter, II.2 Medication errors in hospitals, was to 

identify where, when and in which part of the medication handling process most errors occur. Analyses 

were performed on the VIM-notifications (Veilig Incident Melding, translated to “Safe Reporting of 

Incidents”) of three top-hospitals in the Netherlands, over 2-8 years. The aim was to identify a potential 

connection between medication errors and lighting. Most incidents relating to nurses, occur in the 

process of medication dispensing, typically occurring in the patient rooms. A positive correlation 

between the number of VIM notifications and the number of hospitalizations was found. Significantly 

more incidents were reported in November and winter than spring/summer suggesting a correlation 

with (day)light availability. In the morning, most medication related actions and also most incidents take 

place. Interesting is that while most medication actions take place in the time-frame between 04:00h-

08:00h, most incidents are reported between 08:00h-12:00h. On Mondays significantly lower numbers 

of incidents occur compared to Wednesdays and Thursdays. This might indicate that care professionals 

are more alert at the beginning of the work-week. 

The results of these two studies demonstrate the potential impact lighting can have on medication errors 

and therefore on patient safety, while there is hardly relevant evidence from literature yet supporting 

these statements. The impact lighting can have on patient safety is not recognized, as demonstrated by 

the sometimes inadequate lighting conditions observed and the obliviousness of this issue in hospital 

employees.  
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 Introduction  
In hospitals medication follows a long route before it reaches the targeted patient. In this process (e.g. 

prescribing, transcribing, order entry, preparation, dispensing, administering, and monitoring of 

medication), human mistakes are easily made. Missed dose, missed medication or wrong medication 

are the primary errors [17]. These can result into a life threatening situation for patients. Human 

mistakes might for example originate from a too high workload, or from distractions such as noise 

disturbance or interruptions by colleagues, although nurses associations have regulations for medication 

safety and for minimizing disturbance and distractions. Another cause could be the light conditions. The 

most important purpose of applying the right lighting is to be able to perform certain visual tasks. 

Mistakes in medication are more pronounced during nightshifts, when there is not enough lighting, not 

the right spectral distribution or distracting lighting. Since the main focus in a hospital lies with the 

patients, keeping the lighting dimmed during night check-ups enhances the patients sleep but turns out 

to be too low for the nurses to read the dose, to tell apart different pills and to check whether the 

infusion is still working properly. This effect becomes even worse for nurses whose vision is declined due 

to presbyopia and eye fatigue due to biological ageing. Therefore it is crucial to have a lighting situation 

that enhances the visual performance of nurses managing medication [38,45]. This study focusses on 

the lighting situation in relation to the preparation and dispensing of medication. Therefore the lighting 

situation of the medication rooms is determined. This is combined to the nurses’ personal appraisal on 

the light condition, by a structured interview.  

 Method 
 Light measurements 

In order to assess the light condition in the medication room, the lighting was measured in four different 

wards of two Top-Clinical hospitals (will be named H1 and H2) in the Netherlands. H1 is built according 

to the healing environments concept. The key principle of healing environments is that the interaction 

between patient, care professionals and its environment positively contributes to the healing process 

and/or wellbeing [6]. One example of applying this principle is that the medication rooms on all different 

wards are at the same position, and have the same size and lay-out. The other hospital (H2) was 

completed in 1973. Since this hospital was involved in a large renewal project, some of the wards had 

recently been renovated. The measurements took place in three different wards; two non-renovated 

(H2-A and H2-C) and one renovated (H2-B), layout see Figure II-1). The light measurements (illuminance 

and correlated color temperature) were performed with a Konica Minolta CL-500A spectrometer 

(calibrated 2015). Linearity for illuminance was determined before testing, by using the BPS-lab 

reference illuminance-meter, Hagner EX4 (calibrated 2015). Values were corrected accordingly. The 

illuminance (E) and correlated color temperature (Tcp) are measured horizontally at the desk(s) and on 

the floor and horizontally and vertically close to the medication closets. The measurements were 

performed under maximum electrical light conditions, without daylight. The window in H2-C was 

blocked during measurements. Measurement positions see Figure II-1 Luminance pictures were made 

from both short-sides of the room pointing inward. A Canon EOS-300 photo-camera equipped with a 

fish-eye lens was used to make High Dynamic Range (HDR)-images with different bracket-times. The 

HDR-images were processed to one luminance picture and analyzed with the software tool Evalglare, 

running under the light simulation software program RADIANCE, as described in [104]. From the 

luminance pictures, the maximum UGR (Unified Glare Rating, indicating glare) was determined.  
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H1 H2-A H2-B H2-C  

Figure II-1 Top, the lay-out, luminaire positions, and measurement positions of the horizontal illuminance and Tcp. 
The position where also the vertical illuminance and Tcp at cupboard level are measured are J and K (H1, H2-A, H2-
C), and I and J for H2-B. The yellow lines indicate the position of the luminaires in the ceiling (drawings by L. Mennen). 
Bottom, picture of the rooms. The red arrow, H2-B, indicates an extremely dark working position. This is where 
infusion bags are prepared (pictures by L.Mennen) 
 

 Participants 
In total, 28 hospital nurses and one pharmaceutical assistant, participated (27 female, mean age 33.7 

years old (SD=10.8yrs), mean work experience 10.7yrs (SD=10.3yrs)). Of the participants, 17 were 

registered nurses (HBO-level), 10 were enrolled nurses (MBO, 10), and two were in training. Nine nurses 

worked in H1 (four different wards) and 20 in H2 over three wards (six H2-A, eight H2-B, and six H2-C). 

The head of the ward gave permission for the interviews and on-duty nurses were personally asked by 

the researcher for their participation. The interview took roughly 20 minutes. For reasons of privacy, the 

name of the participant was not asked. The raw data was only shared among the researchers. 

 Structured interview 
The questions were asked, following the same procedure, in a one-on-one interview with the researcher 

or research-student. All interviews were held with participants on duty on that ward, during daytime 

(between 9:30h and 16:30h, M=14:56h). Questions on the lighting, were to be answered on a 5-point 

scale, ranging from ‘never’ to ‘always’, ‘too dark’ to ‘too bright’(amount of light), ‘too cool’ to ‘too warm’ 

(color of the light) and ‘too little’ to ‘too much’ (amount of daylight). See Appendix A for the questions 

(in Dutch). The interviews were conducted in November 2016 (H1), and in November and December 

2016 in H2. Based on the responses in H1, more specific questions e.g. on infusion fluids were added to 

the list of questions used in H2. 
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 Data analyses 
The illuminance values were averaged over the data points on the Desk and the Floor. The Tcp data was 

averaged over all the measurement points. The maximum UGR was determined from the two luminance 

pictures. The results from the interviews were collected and processed in Microsoft Excel (version 2013). 

 Results  
 Light measurements 

The light conditions are given in Table II-1. According to the recommended values [105] the Tcp and UGR 

are according to the standards in all medication rooms. The desk illuminance is too low in hospital H1, 

as well as in the not renovated medication room of H2 (H2-A).  

Table II-1 Light conditions for different medication rooms, luminance picture, and the appreciation of the light 
condition where 3 = neutral. Amount of lighting (0=too dark, 5= too bright), Color (0=too cold, 5=too warm), Daylight 
(0=too little, 5= too much), and Amount of light medication room (0=too dark, 5=too bright). M=mean and SD = 
standard deviation 

 
Mean 
E [lx] 

Mean 
Tcp  [K] UGR [-] Nurses’ appreciation 

 Desk Floor   

Amount 
of light 
M (SD) 

Color 
M (SD) 

Daylight 
M (SD) 

Medicatio
n room 
M (SD) 

Recommended 
value/all 500 100  <19 2.9 (0.4) 2.6 (0.7) 2.3 (0.9) 3.0 (0.5) 

H1 397 325 2823 4-8 2.8 (0.4) 2.6 (0.7) 2.6 (1.0) 2.9 (0.4) 

  

    

H2-A 195 315 2784 6-7 3.0 (0.0) 2.3 (1.0) 1.8 (0.8) 2.8 (0.8) 

  

    

H2-B 839 3 3092 10 3.0 (0.0) 3.1 (0.4) 2.6 (0.9) 3.0 (0.5) 
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H2-C 521 773 3039 9-17 3.0 (0.6) 2.3 (0.5) 2.5 (0.6) 3.0 (0.0) 

  

    

 

 Measured light conditions in relation to the subjectively perceived lighting. 
The light related results of the survey are shown in Figure II-2  

The nurses expressed no explicit complaints on the amount of light in the medication room. 81% 

considered the lighting good. Although the measurements revealed a rather large difference in 

horizontal illuminance at desk level between the different medication rooms, this was not experienced 

as such by the nurses. The lighting was considered cold by 38 % of the participants while 6% found it 

warm. The remaining 56% were neutral. The measured Tcp, in all medication rooms was < 3100 K. A Tcp 

of 3000 K is considered warm white while a Tcp of 4000 K is considered cool white. When asked about 

the amount of daylight, 40% wanted to have more daylight, one person wanted less daylight, while the 

rest considered the amount of daylight in the ward good. Due to the lay-out of the wards, the patient 

rooms are connected to a hallway with the nurses’ station centered in the hallway, with at the end a 

window. All patient rooms have windows. 

 

 
Figure II-2 Perceived light conditions according to nurses. 3 is neutral. Amount of lighting (0=too dark, 5= too bright), 
Color (0=too cold, 5=too warm), Daylight (0=too little, 5= too much) Amount of light medication room (0=too dark, 
5=too bright). H1=Hospital 1, H2= Hospital 2. The letter indicates the ward 

 

Additionally, 60% of all nurses indicated to be least alert during (the end) of a nightshift and 60% is the 

most alert in the morning. 
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 Discussion 
In none of the medication rooms of hospital 1, and in one ward out of the three of hospital 2, the 

illuminance on the task meets the recommendations. The illuminance on desk level in medication room 

of H2-A is extremely low (see Table II-1). A value of 195 lx was measured under unobstructed conditions. 

This value decreases when a nurse is actually working on the desk. Values < 50 lx on the desk were 

measured under realistic conditions. Only one person working in H2-A indicated to have extremely much 

difficulty when preparing the infusion fluid in the medication room. The other five nurses working in H2-

A, encountered no problems at all. Small printed medication labels combined with low lighting 

conditions might lead to fatigue and possibly errors, and as a consequence negatively impacts patient 

safety. The nurses hardly indicate that the light condition is actually too low. This is also indicated by 

other studies [13,38]. The findings underline the importance of sufficient lighting but also indicate the 

apparent unawareness of staff and hospital organizations on this matter.  

The amount of daylight was experienced as a bit too little (Mean = 2.3), and the color a bit too cold 

(Mean = 2.6). No serious problems were encountered when installing and checking the infusing fluid at 

the patient room (TotalMean = 1.3, 0 meaning not at all, 5 is extremely much).  

 Conclusion 
Not all light conditions in the different medication rooms follow the currently recommended values for 

hospitals in the Netherlands, although the participating nurses did not experience problems with the 

current lighting.  
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 Introduction 
Hospitals take all kind of measures to prevent medication errors. Until now, hardly any of these 

measures relate to enhancing the awareness of nurses regarding the connection between light and 

medication errors [38]. Information about implications for nursing practices and studies regarding light 

and medication errors are limited. The same holds for the field of building engineering, although it is 

well known that environmental aspects like lighting contribute to the health and safety of patients and 

staff [12,106]. A recent study has shown the relevance of lighting for preventing reading errors of 

medication labels, which will be described in subchapter III.2, and thus for patient safety. 

The US National Coordinating Council for Medication Error Reporting and Prevention (NCCMERP) 

defines a medication error as: “..any preventable event that may cause or lead to inappropriate 

medication use or patient harm while the medication is in the control of the health care professional, 

patient, or consumer” [11]. Errors made in any part of the medication process (procurement, 

prescribing, transcribing, order entry, preparation, dispensing, administration, and monitoring of 

medications) could be harmful for patients [14]. Missed doses, missed medications or wrong medication 

are the most common errors [17]. A study in the UK reported a 19% medication administration error 

rate [107]. 

Errors can be prevented when feeling comfortable with the work environment [12]. The largest number 

of errors in the medication handling process is related to the handwriting by the physician. Many nurses 

agree that bar coding or other medication dispensing technology will reduce medication errors. The 

second most important cause is not following “the 5 rights” (right patient, right drug, right dose, right 

route, right time) [13].  

The errors that are made during the medication process are either active failures or latent failures. Active 

failures occur due to human cognition, memory and continuous distractions leading to medical errors 

[15]. The latent failures arise from work conditions on which nurses don’t have an influence like 

workload, routine procedures, or supervision and leadership [16]. Lack of privacy, overview, location and 

size of charting space, noise, interruptions, location of the medication room, and inadequate lighting are 

mentioned as potential causes [17,18]. A solution is not always at hand, even when a cause is identified. 

Only one study reported the direct impact of lighting on misread medication labels [27].  

Many hospitals acknowledge the importance of preventing medication errors. For reasons of patient 

safety, every Dutch hospital has to possess a Safety Management System (VMS) [108]. VIM-registration 

(Veilig Incident Melding, translated to “Safe Reporting Incidents”) is the generally applied method to 

improve patient safety. VIM are registered based on reported incidents by staff [109]. Every (near-) 

incident is to be reported on hospital level, indicating when and where the incident occurred as well as 

the likely cause.  

The aim of this study is to explore the potential relation between light and medication errors in hospitals 

which are connected to the process of medication handling by nurses. The objective is to identify 

implications for practice about how the medication handling can be improved from the perspective of 

lighting. 

 Method 
VIM data were provided by three Top Clinical hospitals (500-700 beds) in the Netherlands. To patients 

or staff traceable information was omitted. The hospital names will be named HA, HB, and HC. These 

names have no relation to the actual hospital name. VIM-registrations are not meant to be able to 

reprimand people but to act in a preventive manner. To encourage people to come forward with these 
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(near)-incidents, mistakes are accepted and the process is handled fully discretely. In Table II-2 an 

overview of the data provided by the hospitals is given.  

Table II-2 Overview of available data per hospital. Dark grey rows indicate that similar data was available for all 
three hospitals, a light grey cell means that data of two hospitals was available. The others are unique to that 
hospital. *registered from 2016 onwards. **June 2016-Feb 2019 

 HA HB HC 

Data available  Jan. 2010-Dec. 2018 Jan. 2014-Dec. 2016 Jul. 2015-Oct. 2018 
Per month X X X 
Per day  X - X 
Per time (≤ 4 hours period) X - X* 
Per incident type X X X 
Per ward/specialization X X X 
Total number of medication actions X - - 
Indication of risk - - X 
Potential cause - - X 
Number of hospitalizations  X - X** 

 

 Data handling and analyses 
An analyses is made of Safe Reporting Incidents (VIM) related to medication of three hospitals over 

several years, focusing on the location of the (near-) incident (e.g. patient rooms, medication rooms), 

cause of the incident (latent or active), the time of day/week (work stress, alertness/nightshift, less staff 

in weekend) and time of year (seasonal effects, transition Daylight Saving Time). 

Every hospital has its own VIM-registration method. To allow analyses between and within the different 

hospitals, the values were normalized to the total number of VIM and presented as percentage of the 

total per hospital (see formula II-1). To analyze whether for example the time of year has an impact on 

the number of VIM the data was first transformed into a daily average number of VIM per month per 

hospital. To enable a comparison between the hospitals, these values were calculated as percentage of 

daily average VIM per month, relative to the total daily number of VIM for that month. Only the data of 

complete years were used in this analyses. For the potential effect of the light conditions on the risk of 

medication errors, data were analyzed per season. The analyses included the data of all three hospitals 

when analyzing per month, and only the data of HA and HC when analyzing per day and per time period.  

 

(
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑉𝐼𝑀 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ 𝑥 𝑖𝑛 ℎ𝑜𝑠𝑝𝑖𝑡𝑎𝑙 𝑌

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑉𝐼𝑀 𝑖𝑛 ℎ𝑜𝑠𝑝𝑖𝑡𝑎𝑙 𝑌
) ∗ 100%    (II-1) 

 

Statistical analyses were performed on the number of VIM in relation to the number of hospitalizations 

(Pearson’s correlation). Independent sample t-tests were performed to analyze whether time of week 

and time of year result in significantly different numbers of VIM and hospitalizations. Seasons were 

categorized as follow: autumn (Sept, Oct, and Nov), winter (Jan, Feb, March), spring (Apr, May, June) 

and summer (Jul & Aug). December was excluded from these analyses due to the special character of 

that month with many public holidays. Since the number of hospitalizations was significantly lower 

during the weekends than during the week, Saturday and Sunday were also excluded from these 

analyses. Despite violating the assumption for homogeneity based on Levene’s test of Equality of Error 

Variances for the categories Weekdays, Months for HA, and Weekdays for HC, ANOVA tests were 

performed with Bonferroni correction when analyzing the number of VIM, correcting for the number of 

hospitalizations. The reason for performing these ANOVA tests is that the non-parametric variant not 
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allows for a correction for the number of hospitalizations. To analyze the impact of switching to and 

from daylight-saving time on the number of VIM two weeks pre and post switching were analyzed for 

HA and HC. For the two-tailed analyses, significance was defined at the p-level of <.05. The software tool 

IBM SPSS 25 was used for the statistical analyses.  

 Results 
 Process of medication handling 

In this paragraph the percentage of VIM related to the process steps is described. In chronological order, 

first the regular medication of a patient is transferred, followed by the prescription of (new) medication, 

then the preparation of the medication, the administering or dispensing of the medication to the patient 

and finally the patient and its medication will be transferred from hospital to home (see Figure II-3).  

 

 
Figure II-3 Chronological order of the process of medication handling. Green parts are typically tasks of nurses 

 

Since two hospitals make no distinction between the medication errors pre- and post- hospital transfer, 

both types of transfer are combined for the third hospital. Two hospitals divide the preparation of the 

medication per patient in two categories namely: 1. Prepare infusions liquids and 2. Daily sort all 

medication per patient. Since this typically takes place in the medication rooms, these two categories 

are added to ‘prepare’. The results of the analysis on the distribution of number of incidents per process 

step are shown in Figure II-4. All the other types of VIM, like logistics, are added to ‘others’. 

 

 
Figure II-4 VIM per medication handling  per hospitals (as percentage of the total number of Veilig Incident Melding 
(VIM) per hospital) AVG = average of all three hospitals, HA = Hospital A, HB = Hospital B, and HC = Hospital C  
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 Location of medication handling 
Some categories typically relate to a certain location, for example the administering and/or dispensing 

takes place in the patient rooms, while sorting and preparing typically takes place in the medication 

rooms. The location is relevant to examine when aiming to capture the quality of the work environment 

(e.g. light, noise, thermal comfort). Prescription is less location defined and can take place in the nurses’ 

station or patient room. For transfer, the location is the least defined since it can relate to the transfer 

to the hospital, between wards in the hospital, and out of the hospital. The dataset from HB provided 

additional information for each category and shows that in the category ‘transfer’, on average twice as 

many VIM for transfer to the hospital occur (50%) as for transfer from the hospital (25%) and transfer 

between wards (25%). Typically, dispensing and administering of the medication takes place in the 

patient rooms. Preparation and distribution takes place in the medication room and mostly in the 

corridor. Prescription as well as transfer of medication could take place in the patient room, the corridor, 

or the nurses’ station. Therefore, potentially, most incidents take place in the patient rooms (> 35%). In 

the medication rooms likely around 5% - 10% of the incidents takes place. 

 Potential cause of incident 
In HC, the potential cause of incident is registered from 2015-2016 (3413 VIM in total). 48 different 

causes were identified and by the first author of this article classified into five categories; Human (active 

failure), Communication (latent), Protocol (latent), Management (latent), and Others. In total 37% VIM 

were attributed to more than one cause. In the analyses, each cause is counted separately. Most 

incidents fall in the category Communication errors (32%), mostly related to transfer of patients, medical 

files, and incorrect execution of the task. Human causes are responsible for 18% of the incidents of which 

disruption (5%) and work pressure (4%) are the most frequently reported causes. Not following up a 

protocol or an agreement accounts for 19% of the 22% protocol related incidents. One can dispute 

whether this should be attributed to Protocol or to Communication or to Human. The remaining 9% are 

caused by management and 19% was not categorized. 

 Time of year 
The daily average % of VIM per month, per hospital is presented in Figure II-5. The number of VIM is 

lowest in August and on average the highest in November. Especially in the second half of the year 

(starting at July), the number of VIM of the three hospitals follow a similar monthly trend. 

 Relation between number of VIM and the number of hospitalizations 
Since the number of VIM is likely related to the number of hospitalizations, the data of HA and HC are 

compared to the number of hospitalizations. (For HB, no data on hospitalization was available). The 

Pearson’s correlation coefficients show for both hospitals a medium effect size and a significant 

correlation between the number of hospitalizations and the number of VIM (HA, r=.337, p<.000 and HC, 

r=.289, p<.000). The results are based on the data of HA from January 2010 until December 2018, and 

HC from July 2016 until June 2018. To make a fair comparison, only the VIM of hospitalization wards 

were used. For both hospital HA and HC, a significant correlation is found between the number of VIMs 

while controlling for number of hospitalizations and the weekday (HA, r=.038, p=.03 and HC, r=-.112, 

p<.000). Table II-3 shows the results of the analyses. The right picture of Figure II-5 shows the ratio 

between VIM and hospitalizations per hospital, per month. The higher values indicate a relative high 

number of incidents. For HA shows a peak in August and is lowest in October while HC is lowest in August 

and December while having a peak in April. The analyses of VIM per month and season, considering the 

number of hospitalizations as a co-variate, show a significant difference in VIM for HA between the 



Chapter II  

28 

month November and January, May, and August. For HC, no significant differences between the months 

were found. The analyses over the seasons only shows a significant difference in HC, between winter 

and summer.  

  
Figure II-5 Left: daily average VIM per month as percentage of the total per year. Right: ratio between number of 
VIM and number of hospitalizations per month 

 

Table II-3 Number of VIM and hospitalizations per season*. Average value. p<.01**and p<.05*.n indicates the number 
of days the analyses are based on. N indicates the number of days it is based on 
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N 

VIM, 
M(SD) 

Hospitalizati
ons, M(SD) 

Jan-Feb-
Mar 

Apr-May-
Jun 

Jul-Aug 
Sep-Oct-
Nov 

Hospital A        

Jan-Feb-Mar 580 3.7 (2.2)  1 .774 .553 .007** 

Apr-May-Jun 585 3. 8 (2.3)   1 .402 .019* 

Jul-Aug 399 3.7 (2.2)    1 .002** 

Sep-Oct-Nov 585 4.1 (2.4)     1 

Hospital A        

Jan-Feb-Mar 580  90.1 (14.0) 1 .000** .000** .098 

Apr-May-Jun 585  85.3 (17.0)  1 .000** .000** 

Jul-Aug 399  80.0 (13.4)   1 .000** 

Sep-Oct-Nov 585  88. 8 (12.0)    1 

Hospital C        

Jan-Feb-Mar 130 4.5 (2.4)  1 .149 .000** .032* 

Apr-May-Jun 135 4.0 (2.4)   1 .012* .527 

Jul-Aug 133 3.4 (2.0)    1 .046* 

Sep-Oct-Nov 170 3.9 (2.4)     1 

Hospital C        

Jan-Feb-Mar 130  81.1 (9.1) 1 .001** .000** .024* 

Apr-May-Jun 135  76.4 (13.7)  1 .745 .000** 

Jul-Aug 133  75.9 (10.8)   1 .000** 

Sep-Oct-Nov 170  83. 6 (9.8)    1 
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To analyze the impact of switching to and from daylight-saving time on the number of VIM, two weeks 

pre and post switching are analyzed for HA and HC. The number of VIM show no unusual change 

therefore no further analyses were performed. 

 Time of week 
The VIM in relation to the number of hospitalizations are analyzed to detect differences between the 

days of the week, indicating a potential alertness or fatigue effect. Figure II-6 shows the results per 

hospital per month. The left graph indicates the number of VIM per hospitalizations. The results of the 

analyses are shown in Table II-4.  

When only considering the weekdays, a significant difference (ANOVA with hospitalizations as co-

variate) was found between Mondays and Thursdays (HA) and Monday and Wednesday (HC). When also 

the weekends are considered, significant differences were found between Wednesday and Sunday for 

both hospitals. In HA the highest number of incidents per patient (hospitalization) occurs on Saturdays. 

Significant difference was found between Saturdays and all five weekdays. On Sundays the least 

incidents occur. This is also significantly fewer than on Wednesday, Thursday, and Friday. 

 

 
Figure II-6 Left number of VIM per day of the week as percentage of the total number of VIM per week. Right, ratio 
VIM/Hospitalizations 

 
 

 

Table II-4 Number of VIM and hospitalizations per day per hospital (HA=Hospital A, HC=Hospital C). p-value of the 
difference between the different days.  p<.01**and p<.05*. N indicates the number of days the analyses are based 
on 
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HA           

Mo-day 470 3.6 (2.2)  1 .145 .038* .009** .880 .000** .000** 

Tu-day 469 3.9 (2.4)   1 .541 .285 .106 .000** .000** 

We-day 469 4.0 (2.4)    1 .667 .026* .000** .000** 
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N 

VIM, 
M (SD) 

Hospitali 
zations, 
M (SD) 

Mon-
day 

Tues- 
day 

Wedn
esday 

Thurs- 
day 

Friday 
Satur- 
day 

Sun- 
day 

Th-day 469 4.0 (2.3)     1 .005** .000** .000** 

Fr-day 470 3.6 (2.1)      1 .000** .000** 

Sa-day 470 2.3 (1.7)       1 .000** 

Su-day 470 1.8 (1.5)        1 

HA           

Mo-day 470  95.0 (16.7) 1 .000** .000** .000** .000** .000** .000** 

Tu-day 469  86.4 (12.9)  1 .000** .016* .000** .000** .000** 

We-day 469  90.1 (13.1)   1 .000** .000** .000** .000** 

Th-day 469  84.3 (13.8)    1 .000** .000** .000** 

Fr-day 470  74.6 (11.5)     1 .000** .000** 

Sa-day 470  32.7 (6.2)      1 .000** 

Su-day 470  43.6 (7.9)       1 

HC           

Mo-day 122 3. 5(2.0)  1 .276 .001** .061 .271 .000** .000** 

Tu-day 122 3.8 (2.4)   1 .141 .472 .975 .000** .000** 

We-day 122 4.4 (2.2)    1 .201 .053 .000** .000** 

Th-day 122 4.0 (2.4)     1 .500 .000** .000** 

Fr-day 123 3.8 (2.5)      1 .000** .000** 

Sa-day 123 2.5 (1.9)       1 .234 

Su-day 122 2.3 (1.7)        1 

HC           

Mo-day 122  84.1(14.7) 1 .021* .000** .001** .000** .000** .000** 

Tu-day 122  80.3(10.3)  1 .045* .146 .047* .000** .000** 

We-day 122  78.5 (8.9)   1 .826 .483 .000** .000** 

Th-day 122  78.2 (12.4)    1 .691 .000** .000** 

Fr-day 123  77.6(11.0)     1 .000** .000** 

Sa-day 123  43.7(7.4)      1 .223 

Su-day 122  44.8(6.9)       1 

 

 Time of day 
Figure II-7 shows the number of VIM per time of day for HA and HC, in 4-hour time intervals. Most 

incidents are reported in the morning between 8:00 and 12:00. Least incidents occur during the night. 
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Figure II-7 Number of average VIM per time-slot as percentage of the total number of VIM 

 

 Time of day related to actions 
The number of VIM only gives information about the potential relation between the physical 

environments like lighting, while the number of medication related actions might have a larger impact 

on the number of VIM. medication related actions in this case is defined as all executed activities related 

to the medication process. These data were provided for one month (Jan. 2016) by HA. Relating the 

number of VIM to the number of mr-actions for January gives a better indication of the impact of time 

of day, and possibly a connection to alertness (see Figure II-8). The ratio shows a clear dip between 

04:00h – 08:00h and is low in the afternoon and evening. The higher ratios occur during the night 

(00:00h-04:00h) and the morning/beginning afternoon (8:00h-12:00h and 12:00h-16:00h). 
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Figure II-8 Number of VIM per mediation related action, January 2016, Hospital A and number of mr-actions. Although 
the number of actions is highest between 04:00h - 08:00h, the relative number of VIM is low 
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 Discussion 
 Process and location 

Most of the incidents occur when dispensing and administering medication, which typically takes place 

in the patient rooms. With 5% - 10% of the reported incidents, the medication room seems to be less 

important. The numbers found in our study correspond best to the numbers reported by Hicks et al. 

[110]. Similar to our results, the majority of the errors occur during the process of dispens-

ing/administering the drugs. The contribution of prescription errors in our study (28%) is similar to that 

found by Hicks et al. (2007) (28.4%), a bit higher than what was reported by Pastó et al. [111] (16%), and 

lower than reported by León Villar et al. [112] (45%). Prescription errors originate most frequently from 

illegible handwriting, or incomplete prescription [113]. Two studies [111,112] reported a relatively high 

number of errors for transcription and validation (resp. 27% and 34%). These type of errors were not 

reported in our study since a second check is part of the normal preparation procedure and therefore 

not reported as incident. This might also explain why a relatively low number of errors are located to the 

medication rooms (preparation and distribution). That of course does not mean that good lighting is 

irrelevant; lighting has an impact on the visibility of medication labels with extremely small print, es-

pecially for people with a slightly lower visual acuity (see subchapter III.2). Of the reported incidents we 

found, miss-communication is the most frequent cause, followed by protocol and human aspects. The 

here reported contribution of the Human aspect category of causes (18%) is relatively low compared to 

the number in the study of Stratton et al. [114], who attribute 50% of the errors to distraction and 

interruption. The study by Deans [39] attributes 25.3% of the errors to interruptions and distractions, 

and 12.7% to poor communication between nurses/doctors. In our case communication holds for 32% 

of the incidents, but includes all communication so also between patients, family and other care pro-

fessionals. Another explanation for large differences found in our study was that the 48 different causes 

were clustered into five categories. It can be discussed whether each cause in our study was attributed 

to the same category as reported by the other studies. 

 Time of year 
Does the time of year play a role in the number of incidents? Interestingly, all three hospitals show a 

larger number of VIM in November and gradually decreasing numbers around spring and summer. Only 

for HA, corrected for the number of hospitalizations, a significant difference between November and 

January, May, and August was found. For HC, no significant differences between VIM per month were 

found. The analyses over the seasons show only a significant difference in HC, between winter (higher) 

and summer (lower). This last observation is also found by a study in Alaska where a significantly higher 

number of errors was registered at the beginning of the year [115], relating this potentially to the 

availability of daylight. Since the longitude of Alaska (~61o N) has a more extreme difference between 

seasonal daylight availability then The Netherlands (~52o N), an effect is still visible but less prominent. 

The results of this study are inconclusive on that aspect. The impact of daylight saving time on the 

number of RSI is not visible in the data.  

 Time of week 
There is a significant difference in number of VIM between weekdays and weekend days. During the 

weekend the average number of VIM is almost half of that reported during weekdays. A Turkish study 

[116] reported that next to work experience and the shift system, the number of patients were the main 

contributing factors resulting in medication errors. In the current study, a positive correlation was found 

between number of VIM and number of hospitalizations. Observed wat that on weekdays for both 
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hospitals (HA and HC), on Mondays the number of hospitalizations was the highest while the number of 

VIM was the lowest on Mondays. This difference was found to be significant, when corrected for number 

of hospitalizations, between Mondays and Thursdays (HA) and Monday and Wednesday (HC). Less (built-

up) stress, less fatigue, or a lower workload after the weekend [117,118] might be an explanation, 

although less time to report errors might be another explanation. In HA, most errors per hospitalization 

occurred on Saturdays. This demonstrates that although the number of hospitalizations is relatively low, 

not all of the incidents are explained by the number of patients. 

 Time of day 
The data related to the time of day demonstrate a strong peak in number of VIM between 08:00h-

12:00h. This is typically a busy moment of the day when patients wake up, get breakfast and when the 

first round of medication is dispensed and administered. When analyzing the ratio between the number 

of VIM and actions, a high value is registered between 0:00h-4:00h. This corresponds partly to the 

studies on nightshifts where nurses indicate to be the least alert between 3:00h-5:00h. Another 

explanation might be that during the night, nurses prepare medication for the daytime, which most likely 

happens at the beginning of the nightshift (starting around 23:00h). In the morning, most handlings take 

place. Another reason for more incidents could be related to the stress on the prospective memory of 

the nurses. 

 Implications for practice 
In the attempt to improve patient safety, medication errors should be prevented. The causes of 

medication errors are mostly not attributed to the physical environment while many studies indicate the 

value of a well-designed hospital environment to support the functioning of the professional staff as well 

[6,38,42]. Although this study indicates a potential for improvement related to location and to lighting, 

very low numbers of incidents were reported, specifically related to the number of medication handlings 

(< 0.2%). The number of VIM related to the number of patients is 5% (for HA and HC), meaning that 

every patients has a 5% change of a medication incident. Although ~45% of the incidents were not 

attributed to nurses’ tasks (prescription and others, see Figure II-4), nurses’ involvement in the patient-

related process of medication handling is around 65%. Combining these numbers, means that 2% of the 

incidents per patient are related to nurses’ tasks. Especially with an aging nursing population, good 

lighting can help overcome reading difficulties of small medication labels [119].  

 Limitations 
In general the number of VIM seems extremely low. This is a positive outcome but it is disputable 

whether this reflects reality. Stratton et al. [114] concluded that the number of reported incidents is 

lower than the actual number of incidents. The reasons for not reporting were management, and 

personal. There is no direct incentive to report an incident. Also the culture to report incidents is 

changing. In The Netherlands, the VIM-system was introduced less than a decade ago. This means that 

people have to get used to it and acknowledging the benefit of the extra work. Regarding the entire 

process of medication handling, many phases are digitalized and use a double-check routine to avoid 

mistakes. The study by Bertsche [120] indicated that of the medication errors they assessed in an 

Intensive Care unit 30.9% concerned processes of high risk, stressing the importance of improving the 

process. Only in the VIM of Hospital C, an indication was given of the risk potential of the incident. The 

data indicated that only 4% of all VIM of HC were identified as high risk.  

The data of only three medium size hospitals were analyzed. Although aspects like management, 

employees’ satisfaction, and work stress were not considered, the trends of the results of all three 
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hospitals are quite similar. Also the potential impact of a different composition of care-professionals 

over the shifts, the weekdays and the months could not be analyzed. Nonetheless, since the data was 

taken over several years focusing on trends, the results give a good indication of the incidents that take 

place around medication in hospitals. Another limitation was that there was no common strategy on 

how to report VIM. Therefore data had to be pre-processed to allow a fair comparison between the 

different hospitals. The data HB provided was only addressed per month, not per day or time. 

 Conclusion 
One can conclude that the environment and specifically lighting might play a role in the number of 

medication incidents in hospitals, although many other variables could have impacted the described 

differences. The patient rooms should get extra attention given the relatively high number of errors in 

relation to medication dispensing. The number of VIM was lowest in summer. When correcting for 

hospitalizations, more VIM were reported in early winter/winter than spring/summer suggesting a 

correlation with (day)light availability. The positive correlation between VIM and number of 

hospitalizations suggests to aim for a more even distribution of the number of hospitalizations. The risk 

of an incident is the lowest during the weekend and on a weekday on Mondays. When correcting for the 

number of hospitalizations, on Mondays significantly fewer incidents occur than on Wednesdays (HC) 

and Thursdays (HA) while in general Saturdays form the highest risk per patient (HA), and Sundays the 

lowest, although it is not clear what the reason could be. In the morning, most handlings and also most 

incidents occur. 
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III. Lighting to prevent misreading of medication labels 
 

This chapter addresses the issue of how light can contribute to patient safety in relation to the 

readability, specifically of medication labels. To identify the potential problem, an explorative study was 

conducted in a hospital aiming to demonstrate whether the current light condition could be improved 

in relation to the readability. This is described in subchapter III.1 Influence of light condition on 

medication care in a hospital. In different wards of two hospitals, nurses were asked to perform a visual 

acuity test. Results from these tests demonstrated significant differences in visual performance between 

the higher lighting condition than the lower lighting condition. 

The follow-up question, described in subchapter III.2 Impact of light on reading errors of medication 

labels was to identify which light condition, in terms of illuminance and correlated colour temperature 

would support the readability of the three most commonly used, medication labels best, with different 

font sizes. An experimental set-up was designed to test 9 different light conditions under controlled 

conditions. The female participants were recruited, aiming for a good VA in an age ranging from 18-30 

yrs. old and 55-67 yrs. old. These two categories represent the people with an ‘aged’ vision and a ‘non-

aged’ vision.  

It is concluded that age has a large impact on the readability of medication labels although the Visual 

Acuity had the largest effect on the need for a higher illuminance. The light condition that generates the 

least errors for all font sizes, and the three different types of label, was 1000lx and 4000K. This was also 

the light condition the participants preferred the most. People with an insufficient Visual Acuity (VA<1) 

benefit most from a higher illuminance level, especially for the Orange labels. When the VA is well-

adjusted (sufficient to good) and the font size is as suggested for medication labels (Arial Capital ≥ 4.5pt) 

the impact of the lighting on the number of errors is limited for all of age groups. Therefore the standard 

values of 500 lx, maintained illuminance on the task and 4000K, would suffice. When the VA is <1, an 

illuminance of 500 lx might be too low, adding to the fact that in reality the print quality is not always up 

to standard, the contrast between print and background is not always as high as in the study-design. 

Since the number of participants with a VA < 1 was limited (7 participants), a future study should focus 

on this particular group. 
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An explorative quick scan in patient-wards 
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Chapter III 

38 

 Introduction 
Medication follows a long route before it reaches the patient. In this process human mistakes are easily 

made. This can result in life threatening situations. According to Jones [42] patients are at risk due to 

medication errors. These errors are caused by difficult-to-read medication labels, the increasing age of 

the nursing population and poorly lit work environments. Appropriate lighting enhances visual 

performance. Mistakes in medication could, for example, originate from insufficient lighting, 

disadvantageous spectral distribution (i.e. lighting with a low color rendering index) or distracting 

lighting. Since the main focus in a hospital is on the patients, keeping dimmed lighting during night check-

ups enhances the patient’s sleep, but at the same time poses challenging light conditions for nurses to 

perform their visual tasks. These tasks include, but are not limited to, reading the dose, telling apart 

different pills and checking whether the infusion is still working properly. The impact of the light 

conditions becomes even larger for average aged and older nurses whose vision is deteriorated by 

presbyopia or eye fatigue. Therefore, it is crucial to provide light conditions that enhance the visual 

performance of nurses managing medication. Graves and colleagues [45] performed a semi-structured 

interview among 16 registered nurses in a hospital. They inquired about their attitude towards the 

influence of light on their work performance. They concluded that most nurses are unaware of how light 

can enhance patient safety and how they can influence their own light condition. Although several 

studies stress the importance of good lighting for preventing medication errors, actually only one 

research paper was found which assessed the influence of light on a medication related task, in this case 

capillary refills [46]. This study, among 309 care professionals, found that significantly fewer errors 

occurred for capillary refill assessments in bright (day)light conditions than in dark light conditions. The 

number of undetected refills during the bright light conditions was 3.9% whereas under dark conditions 

it was 66.7%. Since the two different light conditions occurred during daytime and night-time 

respectively, it remains unclear whether these large differences can be solely attributed to the visual 

performance or whether NIF-effects of light like stress or reduced alertness during the evening/night, 

might have an impact as well. In a study on the influence of daylight and darkness on medication errors 

by nurses in Alaska, the researchers concluded that darkness was one of the four predictors of the risk 

of medication error [115]. More than half of all medication errors occurred during the first 3 months of 

the year. Interestingly, there was a 2-months delay between the level of darkness and the rate of errors. 

This would indicate that medical errors are not only related to visual performance. 

The research presented in this paper focusses on the preparation and dispensing of medication. The aim 

was to answer the question to what extent the current light levels of medication rooms, impact nurses’ 

visual performance. 

 Method 
 Study design 

In two different hospitals (henceforth called H1 and H2) in the Netherlands the current light conditions 

in the medication rooms of different wards were measured. A survey among hospital nurses was 

conducted, enquiring about their perception of the light conditions with a special focus on their activities 

related to the medication process, see subchapter II.1. Additionally, a visual acuity (VA) test was carried 

out on two positions in the medication room where the preparation and sorting of medication take 

place. These positions represent a darker and a brighter location where normally visual tasks take place. 

The lighting design and room lay-out of the medication-rooms in H1 were all identical, except for the 

Intensive Care unit. In H2 not every medication room and lighting design was similar. For this reason, 
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the study was carried out in wards with a different lay-out and lighting design, on three different floors 

of the same building (these will be referred to as H2-A, H2-B, H2-C). The activities related to the 

medication process were similar in both hospitals. Only medication room H2-C had a window with an 

external view. Light measurements, Illuminance (E) and Correlated Color Temperature, Tcp were 

conducted with a Konica Minolta Spectrometer CL-500A (calibrated 2015). 

 Test locations 
Hospital H1 was completed in 2013 and H2 in 1973. In H2, some of the wards had recently been 

renovated. The measurements took place in three different wards; two non-renovated (H2-A and H2-C) 

and one renovated (H2-B). Figure III-1 shows the floor plan and layout of the medication-rooms of the 

different wards. 

 

 Participants 
With the approval of the manager of the ward, nurses on duty were asked to voluntarily participate in 

the study, also including the structured interview described in subchapter II.1, and took ~45 minutes of 

their time. The total number of nurses who participated in the VA-tests was 32 (28 female). The mean 

age was 33.3 years old, SD 10.6 y). 37.5% worked in H1, 62.5% in H2. The mean work experience was 

10.9 y (SD 10.2 y). Of the 17 participants who wore glasses or contact lenses, 8 were corrected for 

hyperopia or both hyperopia and myopia. 

 Visual acuity (VA) test 
The VA was tested with the ‘Logarithmic visual acuity chart 2000 “new ETDRS” by Precision Vision®. VA 

was tested under the darker condition and under the brighter light condition in the workspace (see 

Figure III-1 for the test positions). The reading distance was kept at 40 cm, measured from eye to chart. 

The lighting on the chart was measured for each test since the lighting was not identical in all medication 

rooms nor at all measured positions. 

In H1 the average illuminances on the two task areas were 240 lx (dark) and 610 lx (bright). In H2. The 

illuminances in H2-A were 190 lx and 280 lx, in H2-B were 252 lx and 808 lx and in H2-C, 310 lx and 560 

lx. The differences between both light conditions are presented in Figure III-3. 

H1 H2-A H2-B H2-C 
 

 

 

 

 

Figure III-1 Layout medication rooms H1, H2-A, H2-B, H2-C. The letters in the pictures refer to the measurement 
positions from II.1, and can be ignored. The yellow lines indicate the position of the luminaires in the ceiling. The 
VA-tests were performed at the positions indicated with the red circle. In H2-B no dark position was identified. 
Therefore this measurement was performed at the nurses’ station (drawings by L. Mennen) 
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The results are presented in LogMAR (Logarithm of the Minimum Angle of Resolution). An observer who 

can resolve details as small as 1 minute of visual angle, scores LogMAR 0 (the base-10 logarithm of 1 is 

0). A value of 0 indicates normal vision, a negative value indicates that smaller details are readable 

(better vision) while a positive value indicates worse vision. In this study, the value of the smallest 

correctly read sentence was used. The VA of the nurses was tested with the vision correction they used 

at that time. 

 Analysis 
Data analyses were carried out in Microsoft Excel (2013). A one tailed paired t-test was used to identify 

whether a significant difference in VA was found between the results under the darker and the brighter 

condition. A p-value < 0.01 was considered significant. IBM SPSS statistics 23 was used to analyze the 

correlation between the VA and illuminance and VA and Tcp.  A Pearson one-tail test was therefore 

carried out. 

 Results 
 Visual acuity. 

Each participant was asked to participate in a VA-test on a relatively dark and bright position in the 

medication room. Since not all medication rooms were identical, the light conditions and the difference 

between both light conditions are not identical either. Figure III-2 displays the difference between the 

VA per participant set-out against the age of the participants.  

Figure III-3 shows the VA difference per participant and the difference in illuminance between the dark 

and light condition.  

For both graphs, a negative value indicates better vision under the higher illuminance while a positive 

indicates the opposite. A value of 0 indicates no difference. 

Interpreting the graphs reveals, that most participants (15 out of the 32) had a score under zero, 

indicating that the VA was better under the highest illuminance. For 14 participants the score remained 

the same and 3 participants scored better under the dark conditions. A paired samples t-test allowed to 

compare the visual acuity results under the darker and the brighter condition, within subjects. There 

 Figure III-2 Visual acuity under light and dark condition for each participant, ordered by age. Per horizontal gridline 
is the data of on participant represented 
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was a significant difference between VA under the darker condition (M=0.04, SD=0.01) and the brighter 

(M=-0.01, SD=0.01) condition; (t (31) =3.30, p=0.001). When performing a Pearson test, no significant 

correlation was found between illuminance level and Visual performance (VA-test), and between Tcp and 

VA. 

 

 

Figure III-3 Difference in visual acuity between the light and the dark condition per participant, ordered by illuminance 
difference 

 

 Discussion and Conclusion 
Nearly half (15) of all (32) participants, the visual performance was significantly better on a relatively 

bright position in comparison to a relatively dark position in the medication room (see Figure III-2). In 

subchapter II.1 , the same nurses indicated that the lighting at the medication room was not too dark. 

Therefore, when considering the process of medication dispensing dealing with sometimes very small 

letter sizes, appropriate lighting might contribute to lowering the error rate. In the follow-up test 

described in the next subchapter (III.2), the light parameters illuminance and correlated color 

temperature will be varied systematically in order to find the most suitable light condition for reading 

different font-size on different types of medication packages. 
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 Impact of light on reading errors of medication labels 
A controlled lab study 

 

  

Based on: 

Aarts MPJ, Craenmehr G, Rosemann ALP, van Loenen EJ, and Kort HSM. Light for patient safety: 

Impact of light on reading errors of medication labels. International Journal of Industrial Ergonomics. 

2019;71:145–54. 
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 Introduction 
A hospital is a place where patients are being treated meaning to recover from a medical condition. 

Among others, medication is being used to support and accelerate the recovery process. In the process 

of the medication dispensing, many activities take place before the destined medication actually reaches 

the targeted patient; from prescribing, transcribing, order entry, preparation, administration, to 

dispensing the medication [14]. In this process, mistakes can be made, potentially jeopardizing patient 

safety. In in-patient settings, an estimate of 1 in 5 medication doses is administered incorrectly [121]. 

Errors can be either failure related to human functioning, cognition and memory, or failures related to 

the given work condition and process. Together with task interruptions the main reason for errors 

related to medication is the common use of handwriting which can be unclear or illegible [13,122]. Jones 

[42] also indicates that the combination of small print, poorly lit environments and increasing age of 

nurses result in higher risk of errors. Age of the medical staff impacts errors; older medical staff is mostly 

experienced and therefore make fewer errors while on the other hand aging has a negative effect on 

physical and cognitive conditions, resulting in more errors [41,123,124]. The physical work environment 

may positively or negatively influence nurses’ stress and is sometimes not acknowledged as such by 

nurses [3] but also not by hospital designers. For example, the duties of nightshift nurses have to be 

performed under difficult conditions (silently, and under dimmed lighting conditions) when fatigue 

threatens the ability to make the right decisions and to ensure qualified care [67]. Another example is 

the impact sound and noise distraction can have on the performance of especially more complex tasks 

[18]. 

Medication dispensing is typically a manual task. It has a large visual component, but it also requires 

concentration and distraction can lead to errors [125]. Lighting is known for impacting both the visual 

performance as the non-visual performance [126,127]. The parameters visual size, contrast and color 

difference, retinal image quality and retinal illuminance interact with each other and together determine 

a part of the visual performance [28]. Several studies have researched these interactions but none was 

directly related to the specific application of medication labels. The visual performance is impacted by 

the contrast [128], letter size [129] and therefore also related to the illuminance and luminance. The 

Relative Visual Performance (RVP) model by Rea and Ouellette [130] shows that the performance is most 

affected when the luminance and/or contrast is near the threshold. Studies regarding the color 

impression of the white light, expressed in correlated color temperature (Tcp) are inconclusive on 

whether it has an impact on visual performance. A low Tcp indicates a warm, more reddish color 

impression, while a high Tcp represents a cooler, more bluish color impression. Berman and colleagues 

[131] found better visual performance with a higher Tcp than with a lower among schoolchildren. 

Another study [132] found no improvement in performance among both younger and older people. 

Aarts et al. [133] also found no significant increase in visual acuity when increasing the Tcp from 2700K 

up to 12.000K with illuminances of 500lx under normal working force (age between 20-65 years old). 

Regarding age, a literature review [134] on vision, light and aging concluded that only few studies are 

available on this topic but that the visual conditions and lighting design have an impact on work 

performance of those over the age of 65. This is related to several aging processes [135]. A higher light 

intensity when ageing is recommended [28].  

 Research question 
In this subchapter, a study on the impact of lighting on the visual performance of nursing staff related 

to the process of medication handling will be described, focusing on the impact of the light condition on 

the readability of commonly used medication labels. The results will contribute to the development of 
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the optimal lighting environment in hospitals focusing on the visual process of medication handling, e.g. 

reading of medication labels. 

This study aims at answering the question: Which light condition generates the fewest reading mistakes 

of medication labels?  

For this, the following sub-questions have been defined: 

Is there a difference in the number of reading errors under different light conditions for different age 

groups, related to material of the label and font size? 

 Method 
In this paragraph the set-up of the experiment is described. An overview of the applied methods to 

determine the experimental set-up of this study is illustrated in Figure III-4.  

 

 
Figure III-4 Decision scheme for defining the experimental set-up 

 

 Define the issue 
First, an observational study was performed focusing on the medication selection task in hospitals. This 

study was performed in two non-academic Dutch hospitals. In both hospitals, one nurse was shadowed 

during the process of medication selection to get a better understanding of the medication process. In 

this process, the medication is being prepared per patient per ward. Each ward has its own medication 

room where the most frequently used medication for that ward is stored. More specific medication is 

supplied by the hospital pharmacy. The nurse picks and collects the medication per patient for that 

specific day and stores this in a box, per distribution time. The shadowing-study concluded that various 

A. Define Issue:

•Observations (inventory of 
process and used labels)

•Light measurements 
(subchapter II-1).

•Interview with nurses on 
appraisal of current light 
condition (subchapter II-2)

•Readability test under current 
light conditions (subchapter 
III-1).

B. Determine the
Experimental Set-up :

•Font size, type and letter 
sequence (pilot n=3)
•Materials (observations)
•Light conditions (literature  & 
light measurements from A)
•Participants (literature)
•Duration of tests (pilot, n=3)
•Surveys (literature)

C. Experimental Design 
and Procedure: 

•Recruite participants             

•Define the final procedure 

•Install , control and validate 
lighting installation

•Install measurement 
equipment to control other 
factors which might impact 
the outcome.
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reading tasks take place in the process of medication selection, from reading text on a computer screen, 

reading labels stored in the ward, to reading handwritten text on medication labels. Many different 

medication labels are used from printed on the medication boxes, strips (Blister), and sachets (Baxter) 

to handwritten on colored labels (Yellow or Orange colored labels). The medication selection task 

consists both of inspecting but also calculating doses of medicines a patient needs. In addition to the 

observational study, a visual performance test was conducted among nurses in hospital medication 

rooms under actual light conditions, which showed that the light conditions have a relevant impact on 

visual performance, as described in subchapter III.1. Light measurements and a survey were conducted 

which showed that the lighting is not always up-to standard. It confirmed that nurses are not always 

aware of the light conditions and how it can influence the task performance, as described in subchapter 

II.1. 

 Defining the experimental set-up 
Font size, font type and letter sequence 

The ETDRS chart (Early Treatment Diabetic Retinopathy Study) is based on the design principles of the 

Bailey and Lovie Chart [136]. The letters used in this EDTRS chart are the Sloan letters (S, K, H, N, O, C, 

D, V, R, Z), which show similarities to the Snellen chart but provide more accurate results [137]. Mathew 

and colleagues [138] concluded that the different letters in the test show similar legibility, although 

some letters are more difficult to read than others, for example the letter C is more likely to be misread 

than the letter Z. This indicates that the difficulty of recognizing the different letters varies. To eliminate 

the impact of diverse difficulties, the text sequence in the experiment will contain every Sloan letter 

once, resulting in ten letters per text sequence. Ten letters in a row can be pronounced in one breath. 

Additionally, the ten Sloan-letters were randomized for each text sequence. Sequences spelling out 

words or common acronyms were omitted. The non-serif font Arial Capital was used for the text 

sequences [139]. The font size was based on the ETDRS chart, where the font sizes were given at the 

decimal equivalent values (arc minutes) of 0.5 (1.13mm, 4.5 pt. Arial), 0.63 (.9mm, 3.5 pt. Arial), 0.8 (.76 

mm, 3pt Arial) and 1.00 (.63mm, 2.5pt Arial). The recommended font size for medication labels is 

minimum 8pt [140], so larger than used in the test. The reading distance was set to 40 cm. This distance 

is the same as for the ETDRS chart. A head rest was used to ensure the same constant distance of the 

participant’s eyes to the labels (see Figure III-6.) 

Materials for medication labels 

Three typical materials for labels were used for the experiment. Throughout the experiment these label 

materials will be referred to as “Orange”, “Blister” and “Baxter”, see Figure III-5. It was not possible to 

print our own text (size and letter type) on original labels. Therefore, we mimicked the original ones. See 

Figure III-6. The luminance contrast calculated by the formula (Lbackground-Lprint)/Lbackground ) between the 

material and the print in the experiment is for Blister > 0.96, Baxter >0.95 and Orange > 0.92. Identical 

text sequences were used to perform a direct comparison between the text sequences of each light 

condition independent of the order of the characters in the text sequence. Repeating text sequences 

increase the chance that participants remember the text sequences later in the experiment. Therefore, 

also unique text sequences were added.  

 



III.2 Impact of light on reading errors of medication labels  

47 

 
Figure III-5 Overview of the materials for medication labels as used in the study. Left will be referred to as Orange, 
middle to Blister, and right to Baxter. The label on the top is the normal label as used in hospitals and on the bottom 
as used in the experiment 

 

The four different font sizes, a repeating and unique text sequence for each font size (except font size 

1.13 mm) and three materials, results in a total of 21 labels, which were bound in a booklet. Six different 

booklets were made for the experiment so each booklet was used at most twice. One booklet was used 

for the dummy test and the other five for the nine different light conditions. Each booklet consisted of 

21 pages which contained one label with a printed text sequence. Twelve pages contained an identical 

label (same text, font size and material) and eleven a unique label. To eliminate a potential order effect, 

the 21 labels were randomized by using a script in the data processing and analysis tool MATLAB, which 

resulted in a variance in order of materials, font sizes and text sequences in every booklet. 

To ensure that fatigue from the test would not impact the results, a pilot experiment was run with three 

participants under the same light condition. It showed no change in visual performance for the test 

duration of 60 minutes containing 10 booklets of each 21 different labels. In the experiment, the possible 

impact of fatigue was monitored by asking participants to score their sleepiness after each light 

condition according to the method from [141]. 

 Experimental Design and Procedure 
This lab experiment focusses on the visual performance involving the printed medication labels. 

Therefore, it eliminates the potential influence of light coming from a computer screen. Handwritten 

labels are also excluded from this study as handwriting is not standardized. 

Since the initial focus is on visual performance, a methodology has been designed that simulates only 

the visual performance task. This is done by eliminating the cognitive and motor tasks such as the 

memory and calculation components of the medication selection task. Instead, participants are asked 

to read out loud not-logical, random offered text sequences printed on medication labels under different 

light conditions. 

Experimental Box 

The experiment was performed in front of an experimental box (0.8 x 1.2 x 0.8 m) placed on a table. The 

box contains a luminaire (Philips Smartbalance tunable white, RC484B LED78S/TWH PSD W60L60 VPC 

PIP), an illuminance photo spectrometer (Konica Minolta CL-500A, calibrated 2015), a sound level meter 

(Tenma Sound level meter) and a temperature and relative humidity logger (Rotronic) to monitor the 

indoor climate, a webcam to observe the participant during the experiment and a microphone to record 
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the results. The luminaire is connected to a laptop from which the lighting is controlled via a DALI system 

(using program Digidim by Helvar). The experimental set-up is depicted in Figure III-6. 

 

 Figure III-6 Illustration of the experimental set-up (Picture by G. Craenmehr) 

 

Light conditions 

For each participant, the number of errors under nine different light conditions was recorded (see 

Figure III-6). These nine light conditions are chosen based on recommendations and measurements in 

real hospital environments [142]. Measurements in a medication room showed a minimum horizontal 

illuminance of 195 lx and approximately 3000K at the desk where the medication selection task is 

performed see subchapter II.1. Since the staff blocks part of the light with their body when the 

medication is prepared, in practice this value was even lower (< 100lx). The lighting standard, NEN 

12464-1 [105], recommends a task illuminance of 500lx. An additional higher illuminance level is chosen 

to assess whether the visual performance improves over the recommended 500lx. 

The correlated color temperatures are also based on measurements in hospitals, with commonly used 

Tcp’ s being 3000K and 4000K. Literature indicates that a higher Tcp may increase the visual performance 

especially at low illuminance levels [133]. Therefore, also a Tcp of 6500K was included in the experiment. 

The order of light conditions was randomized by the use of a Matlab script, to prevent any impact on 

the results. During testing, continuous measurements were conducted to retain the same light condition 

for each participant. The deviation of illuminance and Tcp from the initial values was less than 2%. 

Participants 

In literature, no gender-related difference in visual performance was found, although a recent study 

[143] concluded that sex differences in light sensitivity and brightness perception exist. Specifically, 
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the study stated that blue-enriched light induces a faster reaction time in men than in women. 

Because of that and since the majority of nurses in hospitals are women, it was decided to exclude 

male participants. People were asked to participate via an e-mail invitation sent to all employees of 

the Department of the Built Environment (Eindhoven University of Technology), and by using 

personal (social media) networks. A total of 40 women participated on voluntary basis without any 

financial compensation. Informed consent was given prior to the start of the study. 

Older people benefit from more light and since the retirement age will increase further, the 

experiment was conducted distinguishing between two age groups; a younger (20-32 years old) 

and an older (53-65 years old). Each group consisted of 20 participants. 

Assuming that medical staff working in hospitals have normal vision, this aspect was one of the 

inclusion criteria. If the participant had an insufficient vision in accordance with the ETDRS-test 

(Visual Acuity (VA) <1 or LogMAR>0), glasses were provided to be used during the experiment. The 

visual acuity was determined for each participant with (additional) glasses or lenses. Participants 

with a VA < 0.63 (or LogMAR>0.2) including corrective lenses, were excluded from the study. This 

because the aim was to assess age as a co-variant and not VA. The VA (with additional glasses or 

lenses) of the older, included participants was: six participants had a VA<1, nine a VA=1, and three 

VA>1. For the younger participants: one had a VA<1, four had a VA=1, and 14 VA>1. 

When testing for outliers, the data of three participants were excluded from analyses. A data point 

was considered an outlier when it varied for more than 3x the boxplot length. In total 18 older 

participants were included (Mage=57.9YrsOld, SD=2.7) and 19 younger participants 

(Mage=26.0YrsOld, SD=3.1). 

Test Procedure 

The total experiment took 60-90 minutes per participant and consisted of ten sessions in which a booklet 

with 21 labels consisting of 10 letters each, were read out loud. The reading errors were scored by the 

experimenter simultaneously. The sessions were also recorded to validate the scoring of the recorded 

errors afterwards. In-between these ten sessions, participants were asked to fill out a survey enquiring 

about their sleepiness and satisfaction with the current light condition.  

Before starting the experiment, a short explanation about the procedure was given by the researcher 

and the signed informed consent form was collected. After that, the visual acuity test was performed to 

determine the VA of the participant. The experiment started with a ‘dummy’ test to allow participants 

to get accustomed to the experiment. After the dummy test, the lighting was changed and the real testing 

started. Every time a booklet was completed, the lighting setting was changed allowing the participant 

to adapt to the new light condition. During this adaptation time, participants had to complete a survey. 

This procedure was repeated nine times. The experiment ended with a final survey that also asked 

feedback from the participants on the test-procedure itself. The study was conducted between May 9 

and June 16 (2017). 

Surveys 

A total of three different surveys were filled out by the participants. The first one was to identify the 

demographics of the participants, their opinion on the current indoor climate, and their self-rated 

sleepiness in accordance with the Karolinska Sleepiness Scale, KSS [141]. The second survey was filled 

out between each of the ten sessions and addressed visual inconveniences, a subjective lighting rating 

part of the Office Lighting Survey, [144] and the KSS. The third and final one was similar to the previous 

survey, but additionally enquired participants if they experienced readability difficulties for the different 



Chapter III 

50 

labels and which of the three labels had their preference. For completeness, their opinion on the indoor 

climate was assessed again. The procedure of the surveys is illustrated in Figure III-7. 

 

 
Figure III-7 Illustration of the different surveys used in this experiment 

 

 Outcome measure and errors scoring 
A study by Eklund et al. [145] showed an experiment that measured errors and time, which were 

combined afterwards into one measure for visual performance. Since there is a large variance in 

pronunciation duration of text between the different participants and the extremely short length of each 

label to pronounce (<5 seconds), in this experiment, only the number of errors is taken as a measure for 

the visual performance. 

To determine the number of errors, a control sheet was designed. This control sheet contains all text 

sequences the participant had to pronounce. As the participant pronounced the text sequences, the 

researcher read the text sequence on the control sheet simultaneously. When the participant read a 

letter incorrectly, the experimenter marked this letter on the control sheet marked with a number 

between 1 and 5 indicating the type of mistake. The numbers 1 to 5 refer to the following occurrences: 

1. A letter was skipped by the participant; 
2. An incorrect letter is pronounced by the participant; 
3. The participant swaps two adjacent letters; 
4. No letter is read by the participant as she indicates not to be able to read this letter; 
5. A combination of the above. 

This was done for the entire experiment. The experiment was audio recorded and this was used to 

double-check afterwards. 

 Data analyses 
All the data was documented in Microsoft Excel. The data is organized in such a way that the letter read 

incorrectly plus the type of error is noted down for all labels per participant. The data from the surveys 

are documented in the same file. Per participant, maximal 1890 errors could be made in total. The results 

are presented as percentage of the maximum number of errors possible, under that specific condition 

or situation. For example, the maximum number of errors per participant per light condition was 210 

(1890/9). For the statistical analyses, the original absolute numbers of counted errors were used. 

Statistical analyses where conducted with the use of the software program IBM SPSS statistics 25. 

The experiment consists of 108 within-subject factors (nine light conditions, three materials and four 

different font sizes) and one between-subject factor (age). The intended statistical analysis was a Mixed-

ANOVA, but had to be rejected due to non- normality and the variance in sample sizes. The count was 

based on the number of errors per material and light condition. 

Start Survey

•Descriptives

•VA-test

•Caffeine intake

•Perception indoor
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•KSS

Survey after each of
the 9 light conditions
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•Rating current light
condition
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Therefore, non-parametric tests were applied. For more than two independent variables, Friedman 

ANOVA tests were used. For post-hoc testing, Wilcoxon signed-rank test was used for pairwise 

comparison. In the rare cases the data was normally distributed, paired samples t-tests were used. For 

testing the independent variables, the Kruskal-Wallis test was used. A p-value < .05 is significant for the 

two-tailed tests. 

Statistical tests performed per hypothesis: 

 Light condition: Friedman ANOVA test. Post-hoc testing with Wilcoxon signed-rank; 

 Age: Kurskal-Wallis-test; 

 Material: Friedman ANOVA test. Post-hoc testing with Wilcoxon signed-rank; 

 Font size: Friedman ANOVA test. Post-hoc testing with Wilcoxon signed-rank. 
The hypotheses tested are: 

A) Light condition 
H0: There is no effect of light condition on the number of errors made. 

H1: There is an effect of light condition on the number of errors made. 

B) Age 
H0: Older people and younger people make the same number of errors. 

H1: Older people and younger people make not the same number of errors. 

C) Material  
H0: There is no effect of material on the number of errors made. 

H1: There is an effect of material on the number of errors made. 

D) Font size 
H0: There is no effect of font size on the number of errors made. 

H1: There is an effect of font size on the number of errors made. 

 Results 
This section presents the results of the study. First the variable ‘light condition’ is discussed, then age, 

material, and font-size.  

Results per light condition; the mean percentage of errors per light condition Table III-1 shows the mean 

percentage of errors per light condition. The least errors (M=4.2%) were made for condition 8 (E=1000lx, 

Tcp = 4000K), and more than twice as many (M =9.6%) for condition 1 (E=100lx, and Tcp = 3000K).  

The difference in the number of errors between the participants is large: many participants made in 

total less than 1% errors and others more than 25% errors resulting in a non-normal distribution of the 

results. The light conditions have a significant effect on the number of errors (χ2 (8) = 48.94, p<.001). 

Results of the post-hoc tests, Table III-2, show the effect sizes and whether the differences are 

significant.  

When analyzing the cumulated data of the three different illuminance values there is a significant 

difference, χ2 (2) = 16.76, p<.001. The differences in number of errors between 500lx (4.7%) vs 100lx 

(9.2%) (p=.003, r=.54) and 1000lx (5.5%) vs 100lx (p=.001, r=.57) are significant. The difference between 

500lx and 1000lx is not significant. Performing the same tests for the three different correlated color 

temperatures as done for the three illuminance values shows no significant difference in errors for the 

total test population. 
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Table III-1 Mean percentage of errors per light condition (bold is most, underlined is least within that specific 
category) 
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All, n=37 6.4(9.5) 9.6 9.2 8.8 5.6 5.5 5.3 5.1 4.2 4.6 

Age           

Younger, n = 19 2.1(5.9) 3.2 2.3 2.6 1.9 2.3 1.7 2.0 1.7 1.5 

Older, n = 18 11.0(10.5) 16.3 16.4 15.3 9.6 8.9 9.1 8.5 6.9 7.9 

Visual Acuity           

VA<1, n = 7 24.2(6.8) 33.8 31.8 30.5 22.7 22.5 20.8 21.0 16.4 18.0 

VA=1, n = 13 3.9(2.7) 7.0 7.1 6.8 2.9 2.2 2.4 2.0 2.1 2.3 

VA>1, n = 17 1.1(0.5) 1.5 1.5 1.4 0.7 1.0 1.1 1.0 0.8 0.9 

Material           

Blister 5.3(8.5) 7.2 7.6 6.4 5.2 5.1 4.6 4.2 4.0 3.9 

Baxter 6.4(9.7) 10.0 9.6 8.8 5.5 5.0 5.2 5.6 3.3 4.4 

Orange 7.6(10.5) 11.5 10.3 11.2 6.3 6.4 6.0 5.6 5.3 5.6 

Font size           

4.5pt 0.4(1.3) 0.5 0.6 0.5 0.4 0.5 0.4 0.2 0.3 0.5 

3.5 pt. 1.4(3.2) 1.1 1.6 1.9 0.7 1.4 1.1 1.1 2.0 1.7 

3 pt. 3.1(8.3) 6.6 4.5 4.1 2.1 2.8 1.9 2.5 2.3 1.4 

2.5pt 16.6(26.7) 24.1 22.7 24.2 15.5 14.2 13.9 12.3 10.7 12.1 

 

Table III-2 Effect size based (absolute values) on the Wilcoxon’s rank test for the nine different light conditions 
(*p<.05). 
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1 100lx & 3000K  0.00 0.13 0.42* 0.35* 0.44* 0.35* 0.44* 0.34* 

2 100lx & 4000K   0.08 0.43* 0.32* 0.46* 0.40* 0.46* 0.41* 

3 100lx & 6500K    0.42* 0.38* 0.51* 0.42* 0.47* 0.41* 

4 500lx & 3000K     0.02 0.05 0.12 0.20 0.18 

5 500lx & 4000K      0.03 0.07 0.24* 0.15 

6 500lx & 6500K       0.00 0.20 0.06 

7 1000 lx & 3000K        0.19 0.12 

8 1000 lx & 4000K         0.08 



III.2 Impact of light on reading errors of medication labels  

53 

 Age 
An overview of the total number of errors per participant per used material ranked per age is depicted 

in Figure III-8. The mean percentage of errors made by the younger population is lower (M=2.1%, 

SD=5.9%) than the number of errors by the older population (M=11.0%, SD=11.5%) see Table III-1. The 

difference in errors between both age groups is significant, H (1) = 19.434, p<.001. 

 

 

Figure III-8 Total number of errors per participant and material, ordered by the age of the participant 

 

For the older population the difference in errors of the accumulated data show a significance for the 

same light conditions as for the total test population (see Table III-2). For the younger population there 

was only a significant difference between light condition 3 (Mdn=1.00) and 6 ((Mdn=.00): z=-1.970, 

p=.049, r=.32). When analyzing the results of both age groups separately for the three different 

illuminances, significance is only found between 100lx and 500lx for the older participants (χ2 (2) = 25.44, 

p<.001) but not for the younger group. The three different correlated color temperatures show no 

significant differences, neither for the older population nor for the younger. 

When analyzing the data, it was noticed that a few younger participants showed a large number of 

errors, seemingly related to the VA under which they performed the test. To analyze the impact of the 

visual acuity on the number of errors per light condition, three categories were distinguished: the 

insufficient (VA<1, 7 participants), the sufficient (VA=1, 13 participants) and the good (VA>1, 17 

participants). The analyses show that the total number of errors is significantly impacted by the VA, H 

(2) =24.49, p<.001. The pairwise comparisons with adjusted p-values showed that there was a significant 

difference between all three VA groups. VA=1 and VA<1 (p=.050, r=.54). This is similar to the pairwise 

comparison between VA>1 and VA=1 (p=.015, r=.51). A very large effect is found between the 

participants with a good VA and an insufficient VA (p=0.000, r=.98). Table III-1 and Figure III-9 provide 

the total number of errors per VA-group per light condition for all materials and font sizes.  

Although the number of participants with a VA<1 is rather low, a statistical analysis has been performed 

on the number of errors per light condition. Since the data were normally distributed, paired samples t-

tests were performed for the nine different light conditions. The t-tests show a significant difference for 

the same light condition as for the cumulated data. The only addition is that the number of errors under 

light condition 4 (M4= 47.57, SE=5.09) is significantly higher than under condition 8 (M8=37.86, SE=3.05) 

for the participants with a VA<1 (t (6) =2.8, p=.03, r=.727). For all significantly different paired light 

conditions the effect size is very large (.69<r<.91). When performing the same test for the participants 
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with a VA=1, the errors made under the light conditions with an illuminance of 100lx (1, 2 and 3) and 

the rest (4, 5,6,7,8 and 9) are also significantly higher. For the group with good vision (VA>1) only the 

number of errors made under condition 4 is significantly lower than under condition 1 (z=-2.87, p=.04, 

r=-.50).  

 

 
Figure III-9 Mean percentage of errors per light condition per VA-group. Condition 1=100lx & 3000K, 2=100lx & 
4000K, 3=100lx & 6500K, 4=500lx & 3000K, 5=500lx & 4000K, 6=500lx & 6500K, 7=1000 lx & 3000K, 8=1000 lx & 
4000K, and 9=1000lx & 6500K 

 

 Material 
Subjectively, the 37 participants ranked the Blister material as most preferred (82% first rank), Baxter as 

second (16% first rank) and the Orange labels as least preferred (3% first rank). This ranking also 

corresponds to the number of errors over the cumulated data: fewest for Blister, next for Baxter and 

most for Orange labels (see Table III-1). The results show that there is a significant difference between 

the number of errors between the three materials, (χ2 (2) = 22.22, p<.001). This is similar for the pairwise 

comparison between Orange vs Baxter (p=.032, r=0.42) and Orange vs Blister (p<.001, r=.75). The 

difference in the number of errors between Baxter and Blister is not significant (p=.126, r=.33). When 

testing this for the older and younger group separately, the difference in errors is only significant 

between the Blister and Orange label, for both age groups. The mean number of errors per light 

condition for the materials is shown in Table III-1. No distinction is made between the different font 

sizes. The fewest errors for all three labels are made under the high E (1000lx) condition and the largest 

number of errors is made under the low E (100lx). Per material the number of errors is impacted by the 

Tcp. For Blister and Orange most errors are made under condition 1 and least under condition 8. For 

Baxter, condition 2 generates most errors and condition 9 the least. When performing pairwise 

comparisons between the different light conditions per material, several light conditions show 

significant differences but the largest effect size is found for Baxter between condition 1 and 6 (p<.001, 

r=.42), for Blister between condition 4 and 9 (p<.001, r=.42) and for Orange between 1 and 8 (p<.001, 

r=.49). 

When comparing the number of errors per material for different VA’s, the impact of the light condition 

for the participants with a good VA for the total number of errors is relatively low. For participants with 

a sufficient VA, performance is much better under the light condition with a horizontal illuminance of 

500lx and 1000lx than 100lx. Participants with a VA < 1 make on average the least errors for the Blister 
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material under light condition 9 (1000lx and 6500K) while for the Orange and Baxter the least errors 

occur under condition 8 (1000lx and 4000K). Based on the statistical analyses by pairwise comparison, 

the difference in errors between the light conditions (VA<1, Material is Baxter) is not significant between 

1 and 8 (Largest Difference of Errors, LDE), but is significant for 2 and 9 (z=-2, 23, p=.026), 3 and 8 (z=-

2.00, p=.046), and between 4 and 9 (z=-2.37, p=.018). For Blister, only 4 and 9 show a significant 

difference in the number of errors (z=-2.37, p=.018). For the Orange labels, 14 compared light conditions 

show significantly different number of errors between 1 and 8 (LDE). When performing the same 

analyses for participants with a VA =1, for Baxter, 11 pairwise compared light conditions show significant 

difference but not 1 and 8 (LDE). Blister, 10 compared light conditions show a significant difference, of 

which 2 and 7 (LDE) and for Orange 14 of which 3 and 7 (LDE). For participants with a good VA (>1), 

Baxter shows significant differences in errors between five light conditions, including 2 and 6 (LDE), 

Blister between three, including 2 and 8 (LDE), and Orange between five, including 1 and 4 (LDE) and 1 

and 8 (LDE). 

 Font Size 
Four different font-sizes were used to identify the impact of the light condition on the number of errors 

related to the font size (Table III-1.) The analyses over the cumulated data show a significant difference 

in the number of errors between the font sizes, (χ2 (3) =52.29, p<.001). The pairwise comparison with 

adjusted p-values shows that the differences are only significant between the smallest font size, 2.5pt, 

and all other three font sizes, (p<.001, r>.6). The statistical analyses show that for the 4.5pt Arial, the 

light condition has no impact on the number of errors, (χ2 (8) = 3.90, p=.87). Also the errors with font 

sizes 3.5pt (χ2 (8) = 10.03, p=.26) and 3.0pt (χ2 (8) = 12.7, p=.123) are not significantly influenced by the 

light condition. The lighting has only an impact on the number of errors for the smallest font size, 2.5pt 

(χ2 (8) = 71.00, p<.001). When performing pairwise comparison of the cumulated data, excluding the 

labels with font size 2.5pt, non-parametric tests show that only the number of errors under light 

conditions 1 and 2, 1 and 8, 2 and 4, 2 and 7, 4 and 8, and 7 and 8 are significantly different. 

 Surveys 
Between the nine different light conditions, the subjective alertness was assessed by using the Karolinska 

Sleepiness Scale (KSS). The average scores of the subjective alertness after each session were between 

3 (=Alert) and 4 (Rather Alert) (see Table III-3). The results show no significant differences between the 

scores at the beginning of the experiment and the end of the experiment. The alertness was also not 

different between the nine light conditions. The contentment results show that participants were most 

content with light condition 8 (score 4.7) and least with light condition 3 (score 2.9). 
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Table III-3 Results of the surveys after every light-condition given the mean (standard deviation) 

Light condition 1 2 3 4 5 6 7 8 9 

 

1
0

0
lx

 &
 3

0
0

0
K

 

1
0

0
lx

 &
 4

0
0

0
K

 

1
0

0
lx

 &
 6

5
0

0
K

 

5
0

0
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 3

0
0

0
K

 

5
0

0
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 &
 4

0
0

0
K

 

5
0

0
lx

 &
 6

5
0

0
K

 

1
0

0
0

lx
 &

 3
0

0
0

K
 

1
0

0
0

lx
 &

 4
0

0
0

K
 

1
0

0
0

 lx
 &

 6
5

0
0

K
 

KSS 
0=extremely alert 
8=extremely sleepy 

3.4 
(1.1) 

3.7 
(1.3) 

3.6 
(1.1) 

3.7 
(1.0) 

3.7 
(1.3) 

3.7 
(1.1) 

3.6 
(1.2) 

3.7 
(1.1) 

3.7 
(0.8) 

Contentment 
1=very in content 
7=very content 

3.4 
(1.8) 

3.0 
(1.5) 

2.8 
(1.2) 

4.2 
(1.3) 

4.3 
(1.5) 

3.6 
(1.4) 

4.3 
(1.4) 

4.6 
(1.2) 

4.6 
(1.3) 

Amount of light  
1=much too dark 
7=much too bright 

2.4 
(1.1) 

2.3 
(0.9) 

2.7 
(1.4) 

3.6 
(1.1) 

3.9 
(1.1) 

3.5 
(1.2) 

3.8 
(1.2) 

4.6 
(1.1) 

4.3 
(0.9) 

Color of the light  
1=much too cold 
7=much too warm 

5.0 
(1.2) 

4.0 
(1.2) 

3.3 
(1.0) 

4.9 
(1.0) 

3.9 
(1.0) 

3.3 
(1.1) 

4.6 
(1.0) 

4.1 
(1.2) 

3.4 
(1.0) 

 

 Discussion 
The study is conducted to examine the impact of light conditions on the readability of medication labels. 

Such errors put patients at risk. In this study the number of reading errors in relation to light conditions 

for two different age-groups, medication-label material, and font size is tested under controlled 

conditions. 

The results show that there were significant differences between the numbers of errors made under 

different light conditions. The light condition with the fewest errors (cond. 8) and the most errors (cond. 

1) differs more than a factor two (4.2% vs 9.6%) Therefore the H0 hypothesis of A, should be rejected. 

Based on the pairwise comparison between the different light conditions, the number of errors made 

under the three conditions with E=100lx are all significantly higher than the number of errors made 

under 500 and 1000lx. These results align with an earlier study [27] which concluded that the number 

of description-dispensing errors in an outpatient pharmacy was significantly lower under 1570lx than 

under 480lx. In our study, no significant difference was found between 500 lx and 1000lx for the 

accumulated data of all participants. This could imply that the 1000lx is too low. In the recommendations 

from an ergonomic perspective [146,147] the illuminance for a critical task with very low contrast and 

letter size is 1500 lx for younger people (<40 years old) and 2000 lx for older people (>55 years old). 

Since the participants with a good VA hardly made any reading mistakes, and the difference in errors 

between 500 lx and 1000lx was not significant, the requirement of 1500 lx or 2000 lx task lighting is not 

confirmed by this study. The Correlated Color Temperature (Tcp) shows no significant impact on the 

number of errors. Other studies relating the Tcp to the visual performance found inconclusive results 

although the range of illuminances in these studies was between 200 - 500lx [131–133,148]. This study 

confirms the conclusions of three out of these studies. An explanation why some studies do find a better 

visual performance under high Tcp is that stimuli that are rich in short wavelengths (e.g. expressed by a 

high Tcp) results in smaller pupil sizes, which produces a better quality retinal image [28]. 

The results show that the older participants make significantly more errors than the younger 

participants, so the H0 hypothesis of B should be rejected. When distinguishing between age, the older 
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participants make the least errors under condition 8 (1000 lx and 4000K) (6.9%) and almost 2.5 times 

more under condition 2 (16.3%). All three conditions with E=100lx result in significantly more errors than 

all the other light conditions. Under light condition 8 (1000lx and 4000K), older participants also 

performed significantly better than under condition 5 (500lx and 4000K). For the younger population 

the number of errors is very low, although the difference between the average maximum number of 

errors (condition 1, 100lx and 3000K) and the minimum number of errors (conditions 9, 1000lx and 

6500K) is still more than a factor two (3.2% vs 1.5%). The statistical test only results in a significant 

difference in errors between condition 3 (100lx and 6500K) and 6 (500lx and 6500K). It is known that 

when age increases, human vision decreases due to several factors.  

Since Visual Acuity might explain the number of errors between the younger and the older participants, 

three sub-groups where defined, based on the Visual Acuity tested with visual aid devices. The results 

show that there is a significant difference in the number of errors between the three VA-groups. A very 

large effect size (r=.98) is found between the participants with a VA<1(insufficient) and a VA>1 (good). 

The results of the analyses for the different VA-groups per light condition show that the same conditions 

show significance as for the results of the data of all 37 participants for the ones with a VA<1 and VA=1. 

The only exception is that light conditions 5 (500lx and 4000K) and 8 (1000lx and 4000K) are not 

significantly different for the participants with a VA=1. For the participants with good vision, VA>1, the 

number of errors is significantly higher under condition 1 than under 4. 

The difference in the absolute number of errors per light condition is highest for the participants having 

an insufficient VA (<1). This group has on average the lowest number of errors under light condition 8 

(1000lx and 4000K, 18.0%), compared to condition 1 (100lx and 3000K, 33.8%). For the participants with 

a VA=1, the relative difference is with factor three the largest. In absolute values, the light condition has 

the least impact on participants with a good VA (>1), maximum errors 1.5%. Taking this into 

consideration, the VA seems to have an even bigger impact than age (max. difference is 9.5%). One may 

assume that the difference in number of errors between age groups is explained by the VA. 

Unfortunately, this could not be tested since the data distribution did not allow for a multiple regression 

analyses. 

The analyses on the different labels show that there is a significant difference in the number of errors 

between the Orange labels and both the Blister and the Baxter label. Therefore, the H0 hypothesis of C 

should be rejected. When identifying whether these differences are related to age, the same difference 

is found significant for both younger and older, namely between Orange and Blister. Also when 

comparing the differences per VA-group per material, most significantly different numbers of errors are 

found for the Orange labels, and least for the Blister, independent of the VA-group. The explanation for 

this difference is most likely related to the contrast between the black print and the Orange background 

which is lower (.92) than the other two materials (.95 and .96). Rea [128] concluded that reading 

performance is related to the task contrast. Other parameters, like ink specularity and viewing angle, 

have the least impact when the contrast is higher than 0.2, as is the case in our study. 

Finally, when testing whether font-size has an impact on the number of errors, again the H0 hypothesis 

of D should be rejected. The number of errors for the smallest font size, 2.5 pt., is significantly higher 

than that for the other font sizes. The light condition has only an impact on the smallest font sizes. When 

testing the different light conditions for all font sizes except the smallest, only seven conditions remain 

significant. A study on the task performance in relation to font size, illuminance, and contrast [129] 

showed an increase in mean work speed for increasing character size and illuminance level. 

Furthermore, character size highly affects the mean work speed, where the illuminance level increases 

the work speed up to a certain level. Any further increase in the illuminance will not show much 
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improvement beyond a certain level. Although the illuminance levels and the font sizes where different 

(> 6pt) and speed was not an outcome measure, the results of our study show the same trend. 

Therefore, the light condition has little impact on the number of errors when the conditions are ‘normal’ 

(high contrast, pt.>6 pt., and VA≥1), but it could impact the working speed. 

 Limitations 
The tests were performed in a glare-free environment. In reality, this might not be the case, and 

therefore glare may impact the readability of labels negatively. In addition, the print on the labels had a 

constant quality. Especially prints on the plastic Baxter material do not always give the same high quality 

of printing as used in the test. The specular reflectance of the sachets might impact the readability but 

this aspect was not tested. Normally, the text on the Orange labels is manually written. The individual 

handwriting impacts the readability as well, but was for methodological reasons not subject of this study. 

Therefore, the number of errors of Baxter and the Orange labels are expected to be higher under real 

conditions than reported in this subchapter. Since the test was set-up as a within subjects experiment, 

using only the number of errors as an outcome measure is justified. In a follow-up study, the time to 

complete each test under the different light conditions might most likely bring more nuance to the 

results.  

In the set-up, only nine conditions are selected. Although for all cumulated data, 100lx generates most 

errors and 1000lx the least, one optimum illuminance cannot be defined.  

The test-set-up was such that it simulated on average the time it takes for nurses to typically sort out 

the medication per medication room (~45 minutes). The KSS-data show that the self-reported alertness 

did not change significantly over the test period nor after each individual light condition. This is in line 

with the initial aim of this study, namely to find the optimum light condition for visual performance. A 

follow-up study, the impact of the lighting on the work performance, also relating to fatigue, should be 

addressed. No multiple regression analyses could be executed to examine the impact of one parameter 

in relation to another on number of errors made. 

 Conclusion 
Based on the hypothesis tests, the following conclusions can be drawn: 

 There is an effect of light condition on the number of errors; 

 Older people and younger people do not make the same number of errors; 

 There is an effect of material on the number of errors made; 

 There is an effect of font size on the number of errors made. 
 

For font sizes < 4.5 pt. (Arial), reading medication labels (Blister, Baxter and Orange) under illuminance 

levels of 100lx, will lead to significantly more errors than E ≥ 500lx. The impact of the absolute number 

of errors is largest for the older population. The light condition that generates the least errors for the 

total test population, all font sizes, and all different materials was 1000lx and 4000K. This was also the 

light condition the participants preferred the most. The light condition of 100lx and 6500K was the least 

appreciated condition. People with an insufficient Visual Acuity (VA) benefit most from a higher 

illuminance level, especially for the Orange labels. When the VA is well-adjusted (sufficient to good) and 

the font size is as suggested for medication labels (Arial Capital ≥ 4.5pt) the impact of the lighting on the 

number of errors is limited for all of age groups. Since in reality the print quality is not always up to 

standard, the contrast is not always as high as used in the study, and the VA is not always good, we 

recommend to illuminate the task area of locations where medication sorting takes place (horizontally) 
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and the cupboards where medication is stored (vertically) with a minimum maintained illuminance of 

500lx and a correlated color temperature of 4000K, as long as the VA (including corrective lenses) is 1 

or higher.  

This study also demonstrates the large impact of especially font size but also the type of material. To 

prevent potential reading errors, using normal white, non-specular labels and a font size printing of > 

4.5pt is highly recommended. In this study the print quality was high and handwritten labels were 

excluded, although this is common practice in hospitals and will most likely have an impact on the 

number of errors. It might be worthwhile to take this into consideration. Finally, being aware that a 

lower VA impacts the visual performance is another point of attention and could be addressed by 

(occupational) health experts. 
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IV. How to describe light when studying its Non-Image Forming 

effects? 
 

In the previous chapters, light and its effect on visual performance was studied. In this chapter, light and 

its NIF-effects have the focus. Light and light therapy are used as a non-pharmacological treatment for 

a variety of health related problems, such as circadian (miss)-alignment due to shiftwork but also mental 

related issues like Seasonal Affective Disorders (SAD). Ocular light exposure can be administered by 

different light sources (daylight, electrical lighting) in various ways like going outdoors, light boxes, light 

glasses, and ambient bright light via for example ceiling mounted luminaires. Due to heterogeneity in 

the methodology of the different studies and the outcomes, the relevant light characteristics for 

inducing a specific effect, at this point, cannot be defined.  

To accelerate the research on defining the light characteristics responsible for inducing a specific effect, 

a uniform manner for specifying the spectral power, or the weighted irradiance, at the eye should be 

defined. This allows a genuine comparison between light-effect studies. Important factors impacting the 

luminous irradiance at the eye when considering impact of light therapy boxes are the radiant 

characteristics of the used light therapy device, the viewing distance and angle between the eye and the 

luminous surface of the light therapy device, and the room characteristics where the therapy takes place.  

 

This chapter consists of three subchapters. The first subchapter, IV.1 Shedding a light on phototherapy 

studies, gives an overview of the aspects to report in relation to light that influence the light exposure, 

relevant for non-image forming effects. Although in this subchapter light studies focusing on people with 

dementia were analyzed, the proposed check-list is also applicable for other target groups like nurses.  

The second sub-paragraph, IV.2 Towards a uniform specification of light therapy devices. Radiant 

characteristics, focusses specifically on light-therapy devices. It demonstrates the differences in the 

spectral power distribution, the alpha-opic radiances, and the result of the usage of different light-

sources (LED vs Fluorescent) of commercially available devices.  

The third subchapter, IV.3 Towards a uniform specification of light therapy devices. Impact room 

characteristics and position addresses the impact of the viewing position (distance and direction), as well 

as environmental characteristics on the (melanopic) irradiance of light therapy devices. Based on the 

findings in subchapters 2 and 3, a suggestion is made for the technical light specifications that should be 

included in the specification of light-therapy devices. These specifications are also relevant to include in 

the research method of studies aiming to identify the impact of light on non-image forming effects, and 

to accelerate the identification of the lighting condition liable for affecting a specific aspect of human 

functioning. 
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 Shedding a light on phototherapy studies 
An evaluation of the methodology from a light perspective  

  

Based on: 

Aarts MPJ, Aries MBC, Diakoumis A, and Hoof J van. Shedding a Light on Phototherapy Studies with 

People having Dementia: A Critical Review of the Methodology from a Light Perspective. American 

Journal of Alzheimer’s’ Disorders and Other Dementias. 2016 Nov 1 :551–63. 
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 Introduction 
The discovery that light stimuli via a ‘novel’ photosensitive ocular cell [95][96] can follow a different 

pathway then to the visual cortex opened a whole new field of research[149]. The insights that this new 

pathway is connected to the position in the brain from where different endogenous and hormonal 

processes are orchestrated related to the biological clock [150], opened the opportunities for the use of 

light for circadian related health issues. These insights resulted in studies on the use of light therapy as 

a non-pharmacological treatment for a variety of health related problems, such as the therapy of a 

variety of skin conditions [151], circadian rhythm related problems [95,152–154], and mental conditions 

[155,156]. It can be administered in various ways, from exposure to daylight, to exposure of light emitted 

from wall, ceiling or table-mounted devices and luminaires [51,157–159]. A specific niche of light 

therapy focuses on older people with the dementia syndrome as a target group. This type of light therapy 

aims to improve the cognitive behavior and to enhance the extent of behavioral symptoms by exposure 

to (high) levels of (ambient) light aiming to reset a free-running biological clock. Studies on any form of 

light therapy on (older) people with dementia [160–165] found a number of short- and long-term 

effects: a more stable sleep-wake rhythm, improvement in restless and agitated behavior, and beneficial 

effects on the cognitive functioning.  

The health-related effects of light therapy that are associated with dementia have been reviewed by 

Forbes et al. [166] in a Cochrane systematic review. These reviews concern the effects of interventions 

for prevention, treatment and rehabilitation and assess the accuracy of a diagnostic test for a given 

condition in a specific patient group and setting. The review by Forbes et al. [167] included all relevant, 

randomized clinical trials in which any form of light therapy or treatment was compared to a control 

group for the effect on managing cognition, sleep, function, behavioral, or psychiatric disturbances (as 

well as changes in institutionalization rates or cost of care) in people with dementia of any type and 

degree of severity. The studies included were Randomized Controlled Trials (RCTs) in which the 

participants were diagnosed with dementia (Alzheimer’s disease, dementia with Lewy bodies, vascular 

dementia, or dementia due to another cause). One group received a type of light therapy of any intensity 

and duration for the management of cognitive, sleep, functional, behavioral, or psychiatric disturbances 

associated with dementia. Results were compared to a control group. The conclusions, drawn by Forbes 

et al. [166,167] were, “[T]here is insufficient evidence to assess the value of light therapy for people with 

dementia. Most of the available studies are not of high methodological quality and further research is 

required.” and “There is insufficient evidence to recommend the use of bright light therapy in dementia”. 

The studies were basically reviewed on their methodological quality from a medical point of view. In 

addition, van der Ploeg and O’Connor[168] reviewed the studies by Forbes et al. and proposed guidelines 

for research methods in future studies. Again, these recommendations were related to study design, 

participant selection, light delivery modalities and outcome measures, not on the more technical aspects 

of light and lighting. Van der Ploeg and O’Connor[168] anticipated that the quality of this evidence will 

be improved if researchers refine their study methods and adopt a more uniform approach. Since light 

therapy studies on people with dementia have been reviewed from different perspectives, the aim of 

this study is to review the same studies from a light engineering perspective. 

For future research and application of light as a therapeutic means, the methodological quality of effect 

studies is of high importance. Originally, light was predominantly studied for the visual aspects. 

Therefore, the nomenclature as we know it is directly related to these aspects of light. We use 

radiometry as the measurement of optical radiation, which is electromagnetic radiation within the 

frequency range between 3×1011 and 3×1016 Hz (0.01 to 1,000 µm). Photometry is the science of 
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measuring radiation in units that are weighted against the visual sensitivity of humans. It is a quantitative 

science based on a statistical model of the human visual response to light under carefully controlled 

conditions. The quantity ‘illuminance (lx)’ for example is the to human vision related quantity of the 

irradiance (W/m2). This only takes the part of the electromagnetic spectrum into account ranging 

between 380 and 780 nm with a peak at 555 nm. Illuminance, or the areal density of the luminous flux, 

is measured in the metric system in lumens per square meter or ‘lux’. When considering a non-image 

forming aspect like melatonin suppression, the most effective wavelength is approximately 460 nm 

[95,96,169], which is more in the bluish part of the spectrum. Since most research points out that for 

specific health related effects the exposure duration, timing, light flux density, as well as the wavelength 

are of influence, such a visual related quantity is not appropriate for describing non-image forming 

effects [153]. Bellia et al.[170] suggested a theoretical approach to enable to implement both effects in 

indoor lighting design. Analogue to the expressions “luminous efficiency in the visible field, V (λ)” the 

need for a “circadian efficiency in the visible field C (λ)” is obvious. The need to describe light-sources for 

the visible aspects in the two dominant quantities, luminous flux () and Correlated Color temperature 

(Tcp) are missing the sensitivity the quantity for non-image forming aspects should have since in both, 

the duration and timing aspects are not incorporated. This has also been acknowledged by a group of 

researchers within this specific domain of light related effects on humans [33]. 

Van Hoof et al. [157] pointed to the flaws in the methodological approaches in light therapy studies from 

the point of view of building services engineers and building physicists. They provided an overview of 

errors and short-comings of studies from the light-engineering perspective in terms of the description 

of light systems and light exposure. These types of short-comings are not considered in the latest 

appraisal of the methodological quality of studies by Forbes et al. [167] although it was concluded that 

further research is required in order to draw final conclusions on the effects of light therapy for the 

treatment of people with dementia.  

In our opinion, there are two parallels that can be drawn between the methodological weakness in light 

therapy and medicine, by using the following two examples: 

1. When engaging in pharmacological research and testing new drugs on human beings, it is of 

the utmost importance to know the active substance and the exact doses in which this 

substance is administered to a research participant or patient. In the case of light therapy, 

people are being exposed to a type of radiation (light) which can be compared to administering 

pills that are either a placebo, or contain either ibuprofen, paracetamol, or aspirin, in unknown 

doses. Light therapy without an adequate description of the equipment and characteristics of 

the exposure is like doing pharmacological research of which the methodology section only 

states “we tested a pill”. 

2. A similar parallel can be drawn to radiotherapy in oncology. When patients, for instance, a 

woman with mamma carcinoma, receive treatment, the physician involved knows exactly the 

doses and the properties of the radiation, including the source of the radiation and type of 

particles. Light therapy without describing the source of light and the spectral distribution and 

wavelength of light, can be compared to uncontrolled radiotherapy in terms of methodological 

error, although the negative side effects of improper radiotherapy are, of course, potentially 

more severe. 

This study critically reappraises the studies that were included in the Cochrane systematic review by 

Forbes et al. [167] in terms of the methodological quality from the light- engineering perspective. The 

first goal is to point the light therapy community to the need for valid and reliable methodological 

approaches in light therapy research from both a medical, statistical, and engineering perspective. The 
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second goal is to provide a checklist for researchers to help incorporate the relevant lighting aspects in 

a correct manner.  

 Method 
The thirteen studies included in the review by Forbes et al. [167] were considered for a second analysis 

of the methodological quality but from an engineering perspective. Of these studies, twelve were 

included [171–182]. The thirteenth study by Nowak [183] was left out because it concerned a 

dissertation that was not publically available online.  

The methodological elements known for influencing the areal light density at a certain contextual 

position, adopted from van Hoof et al. [157] are:  

1. The description of light measurements;  
2. The description of the lighting system; 
3. The description of the environmental properties, the room and daylight openings.  

 

Based on these elements, a protocol was developed to be used as a checklist on what to describe and if 

necessary adjust the used research methodology. These checklists can be found in Table IV-1, Table IV-2, 

and Table IV-3.  

The first step in the here described review process was to check for a relevant description of the ‘active 

substance’, in this case the characteristics of the light exposure; whether this was monitored at eye level, 

and if monitoring occurred only ones or continuously. If person-bound light exposure related to the eye 

was measured, the descriptive procedures (lighting system and environmental properties) are 

redundant. If these were not explicitly mentioned, a second analysis was made on aspects which might 

indicate the above mentioned aspects. The description of the used lighting system, the influence of the 

effective exposure of the therapeutic room or environment, and finally the influence of light/irradiance 

exposure other than the therapeutic. The most likely and the most influential light source for expected 

side effects is daylight. In general, when going outdoors, the light values exceed the indoor values by 

factors of at least 10.  

The process of evaluation was the following: first, the papers were read by the four authors (MAa, MAr, 

AD, and JvH), according to the four-eyes principle [184], in their entirety, and thereafter, read again and 

analyzed by scoring the appraisal protocol described in Table IV-1,Table IV-2, and Table IV-3. In the 

second stage of the analysis, the scoring lists of the authors were compared and consensus had to be 

reached on every entry in the appraisal protocol, for each article. This was done on April 2nd 2015 and 

articles were discussed in random order. 

The tables were filled out for each study as follows: 

1. Green field: description is correct and complete; 
2. Orange field: description given, but incomplete; 
3. Red field: not mentioned in the paper; 
4. Yellow field: not applicable. 
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Table IV-1 Checklist concerning participants and the light measurements 

1. Type of therapy 

a. Daylight (window, skylight, outdoors) If indoors, continue to 2. If outdoors, tables 
are not applicable 

b. Light box Continue to 2 

c. Ambient bright light (ceiling-mounted device) Continue to 2 

2. Light measurement method 

a.i Was light exposure continuously measured at eye level during therapy? 

b.i Was light exposure continuously measured at eye level outside the therapy? 

or  

a.ii Was light exposure continuously measured not at eye level (e.g. wrist) during therapy and converted 
into eye level values?  

b.ii Was light exposure continuously measured not at eye level (e.g. wrist) outside therapy and converted 
into eye level values? 

If answers to a.i and b.i or to a.ii and b.ii are ‘Yes’, question 3. Location of the participants,  Table IV-2 Checklist 

on the lighting system, and Table IV-3 Checklist on the description of the environmental properties, the room and 

daylight openings, are redundant. 

c. For each device that measures the light flux density (illuminance [lx] or irradiance [W/m2]: 

c.i Manufacturer and type of device 

c.ii Floor plan of the position of equipment in relation to the light emitting surfaces (include daylight 
openings if applicable) and the eyes of the participant (x-y-z coordinates, viewing direction). 

c.iii If applicable, measurement angle (e.g. in sr) 

c.iv Was the device calibrated?  

d. For each device that measures the spectral power density of the irradiance per wavelength [W/m2 nm]: 

d.i Manufacturer and type of device 

d.ii Floor plan of the position of equipment in relation to the light emitting surfaces (include daylight 
openings if applicable) and the eyes of the participant (x-y-z coordinates, viewing direction). 

d.iii If applicable, measurement angle (e.g. in sr) 

d.iv Was the device calibrated?  

3. Location of the participants 

a. Position of the eyes of the participant in the room (floor plan and height, x,y,z-coordinates) 

b. Orientation (viewing angle) of the eyes of the participant relative to the light emitting surface  

c. Orientation (viewing angle) of the eyes of the participant relative to the daylight opening(s) 

d. Distance of the eyes of the participant to the light emitting surface and/or the daylight opening(s) 

e. Consideration/description of the eye conditions of the participant 

f. Registration of exposure of participant to daylight or light equipment not related to the study 

 

Table IV-2 Checklist on the lighting system 

1. Luminaires used for light therapy 

a. Number of luminaires (for each type) per treatment situation 

b. Manufacturer 

c. Type (for example: spot, wall-mounted, table-mounted, built-in, line array, standing) and/or luminaire 
type. Product type/number/code, luminous intensity diagram 

2. Light sources (lamps) 

a. Number of light sources (per type) 
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b. Spectral power distribution of the radiant flux (in W/m2 nm) 

c. Positioning of the light sources (if different types) within the luminaire 

d. Type of light source, manufacturer, and series or line 

e. Hours in use at the moment of the therapy  

f. Ambient temperature (temperature of environment) (°C) 

3. Filters (if used, otherwise not applicable) 

a. Number of filters per type 

b. Applied on which light source 

c.i Manufacturer 

or  

c.ii Type and color 

4. Positioning 

a. Attached to/placed on 

b. Placement/coordinates in a floor plan of the room 

c. Orientation of the light emitting surface 

5. Control protocol 

a. Duration of the therapy  

b. Time scheme of therapy 

c. Illuminance or irradiance (lx or W/m2) or spectral power distribution of the irradiance (W/nm.m2) during 
the therapy 

 

Table IV-3 Checklist on the description of the environmental properties, the room and daylight openings 

1. Location and climate 

a. Country or State 

b. City 

c. Date 

d. Time of year 

e. Weather conditions  

2. Floor plan and section of the room (including orientation and scale) 

a. Height of floor 

b. Interior length 

c. Interior width 

d. Interior height 

e. Positioning and dimensions of daylight openings and doors 

3. Interior design 

a. Color, reflection factor and type (diffuse/specular) of the walls 

b. Color, reflection factor and type (diffuse/specular) of the floor 

c. Color, reflection factor and type (diffuse/specular) of the ceiling 

d. Color, reflection factor and type (diffuse/specular) of the window frame and sill 

e. Color, reflection factor and type (diffuse/specular) of the door(s) 

4. Objects in room 

a. List of furniture with color and reflection type (diffuse/specular) 
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b. Floor plan with positioning of the furniture (including scale and orientation) 

c. Figures of furniture in the room available 

d. Document the position of all other people (e.g. researchers, fellow residents) in the room during light 
therapy in floor plan. 

5. Façade  

a. A section of the façade and direct surroundings (incl. scale and orientation)  

b. Obstructions (like foliage or other buildings) 

c. External building elements (such as balconies and shading systems) 

d For ground floors: ground reflectance of specular surfaces (water, snow) near the façade 

e. In case of other building(s) that are reflecting daylight,  the reflectance of the specular surfaces of that 
building 

6. Window properties (per window) 

a. Dimensions (surface and thickness) of the daylight opening 

b. Total glass area 

c.i Light transmission factor of the glass and spectral filtering of the glass 

or  

c.ii Glass type and color 

 

The studies receive a total score for each element. A green score counts for 1 point, orange fields for 0.5 

points, and red as 0 points. The yellow fields are counted as 0 and deducted from the maximum possible 

score. This way, the topics that are not applicable are not included in the total score. In some categories, 

two elements/methods are possible and indicated by ‘or’. Therefore, it can score for only 1 point 

maximum. Finally, all scores are rated to the maximum score per category and added resulting in a 

maximum reachable score per paper of 1. 

 Results 
Table IV-4, Table IV-5, and Table IV-6 show the results of the analyses of the light measurements, light 

system, description of the room, and the description of the influence of daylight. 

The checklist concerning the measurement of light (Table IV-4) shows that the majority of studies were 

conducted using light boxes, in particular, table-mounted devices. The best scores were obtained for the 

description of the distance to the light source and the description of the health condition of the eyes. In 

six of the twelve studies the distance of the participant to the light box is mentioned. In the studies of 

Dowling [173,174,182], daylight was also considered to be therapeutic. In the study of Riemersma-van 

der Lek et al. [179] ambient bright light was used, not a bright light box therapy. Since the illuminance 

was measured on the eyes, the distance to the light source is less relevant. However, due to the fact 

that it was not measured continuously it still scored negatively. In none of the studies the height of the 

participants’ eyes is mentioned. Unfortunately, the exposure to light sources other than the therapeutic 

one is only described in both studies by Ancoli-Israel [171,172] and the study by Fontana-Gasio [176] 

since they monitored the light-exposure continuously. It would have scored positively if it was monitored 

on a position close to the eye and not via a wrist-worn actigraph. Daylight is a major contributor to light 

exposure, and failing to describe this exposure is a major flaw in any study. In analogy it is like being 

administered a specific active substance of a specific drug during a test, but allowing to take an unlimited 

and unregistered number of these pills. 
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The description of the measuring equipment is poor. In some studies, only the brand of the measuring 

device is given. Even the best quality of measuring equipment can have an error of 5%. In only three 

studies, a calibration is mentioned, which is an essential step in the use of measuring equipment. It is 

not mentioned if these instruments were actually used in a proper way, for instance, if sensors were 

unblocked by researchers. In the study by Ancoli-Israel et al. (26,p. 197), it is written that “Research staff, 

using hand-held photometers, confirmed that light levels at the eye were >2,500 lux each time patients 

changed position or activity.” It is not described whether these researchers actually shielded off the 

ambient light or light being emitted from the light box. Almost all studies included in this review 

mentioned the presence of other people, but did not discuss whether these people prevented light from 

entering sensors. 

The spectral distribution of the light is not measured or described at all, although it may be deduced 

from the type of luminaire/light source used, such as in the study by Riemersma-van der Lek et al. [179] 

who described the tubes. Ancoli-Israel et al. [171](pp. 25-26) described the use of “cool-white 

fluorescent, non-UV full spectrum light bulbs”, which does not adequately describe the system, as the 

readers are left puzzled about the actual spectrum. Fontana-Gasio et al. [176](p. 209) failed to describe 

the wavelength of the red light or the type of light source used in the study, and mentioned no more 

than “red light”. Dowling et al. [173](p.740) goes one step further when the authors compared “morning 

bright light exposure to usual room light exposure” and used the words “usual light conditions” without 

adequately describing these usual conditions. The study by Mishima et al. [181](p 694) described the 

times that lights were turned on and off, and was one of the few studies that described the overall 

lighting system used in the experiment. 

In several studies, participants were allowed to engage in activities during therapy. For example, Ancoli-

Israel et al. [171](p25), [172](p197) defined in their studies: “Patients could eat, converse, play cards, 

watch television, and so on during treatment sessions as long as they remained facing the light box.” In 

about half of the studies the care professionals involved or the researchers made sure that the 

participants remained facing the light box. In Fontana-Gasio et al. [176], Mishima et al. [181], and 

Riemersma-van der Lek et al. [179] this type of fixation was not applicable, since the light boxes were 

ceiling mounted or mounted on a standard. The studies of Dowling et al.[173,174,182] and Riemersma-

van der Lek et al.[179] used ambient light as therapy. Dowling et al.[173,174,182] described the ambient 

light levels for the control group as ‘usual’ indoor light. The other studies did not mention the ambient 

light levels of the room.  

Overall, luminaires and the duration of the bright light therapy are addressed by the majority of studies 

Table IV-5. The light sources are hardly described, even though a detailed description is, as already 

mentioned before, as essential as mentioning the substance in pharmaceutical research. Burns et 

al.[175](P.712) described a “randomized controlled trial of full spectrum BLT <bright light therapy> versus 

normal light for agitation in dementia.” The authors failed to describe the full spectrum lighting system 

as well as the ‘normal’ light conditions.  

Table IV-6 shows that researchers don’t report the environmental conditions in which their participants 

stay and undergo the light therapy. The daylight opening design and its access, reflective properties of 

the built environment, and furniture present are never addressed, even though all influence the light 

exposure. 

Generally, there is an overall lack of understanding of nomenclature used for light characteristics. 

Lyketsos et al.[178]p.521) speak of “[b]right light therapy [that] was administered for 1 hour every 

morning using a 10,000 lux full spectrum lamp at 3 feet.” Apart from the minor flaw of using feet as a 

unit of distance, a lighting system emits a luminous flux, expressed in lumens, and the luminous intensity 
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of the light source is expressed in candelas. Moreover, Dowling et al.[174](p.242) speak of a median light 

exposure for the treatment groups of “6,204 ± 2,668 lux”. This is rather specific considering a 

measurement deviation of 5% is acceptable for the highest quality of light measuring equipment.  

Table IV-4 Checklist concerning the participants and measurement of light. Green field: description is correct and 
complete; orange field: description given, but incomplete; red field: not mentioned in the paper, and yellow field: not 
applicable 

Participants and light measurements 

[1
7

1
] 

[1
7

2
] 

[1
7
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] 
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] 

[1
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] 
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[1
7

8
] 

[1
8

1
] 
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7

9
] 
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8

0
] 

[1
7

5
] 

 1. Type of therapy 
a. Daylight (window, 

skylight, outdoors) 
If indoors, 
continue to 2. 
If outdoors, 
table NA 

  X X X        

b. Light box Continue to 2 X X X X X X X X X  X X 
c. Ambient bright light 

(ceiling-mounted 
device) 

Continue to 2          X   

 2. Measuring equipment 

a.i Was light exposure measured at eye 
level during therapy? 

            

b.i Was light exposure measured at eye 
level outside the therapy? 

            

 or 

a.ii Was light exposure measured not at 
eye level (e.g. wrist) during therapy and 
converted into eye level values?  

            

b.ii Was light exposure measured not at 
eye level (e.g. wrist) outside therapy 
and converted into eye level values? 

            

  For each device that measures the light flux density (illuminance [lx] or irradiance (W/m2]: 

c.i Manufacturer and type of device             

c.ii Floor plan of the position of equipment 
in relation to the light emitting surfaces 
(include daylight openings if applicable) 
and the eyes of the participant (x-y-z 
coordinates, viewing direction). 

            

c.iii If applicable, measurement angle (e.g. 
in sr) 

            

c.iv Was the device calibrated?              

  For each device that measures the spectral power distribution of the irradiance (W/m2 nm) 

d.i Manufacturer and type of device             

d.ii Floor plan of the position of equipment 
in relation to the light emitting surfaces 
(include daylight openings if applicable) 
and the eyes of the participant (x-y-z 
coordinates, viewing direction). 

            

d.iii If applicable, measurement angle (e.g. 
in sr) 

            

d.iv Was the device calibrated?             
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Participants and light measurements 

[1
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1
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 3. Participants 

a. Position of the eyes of the participant 
in the room (floor plan and height) 

            

b. Orientation (view angle) of the eyes of 
the participant relative to the light 
emitting surface  

            

c. Orientation (view angle) of the eyes of 
the participant relative to the daylight 
opening(s) 

            

d. Distance of the eyes of the participant 
to the light emitting surface and/or the 
daylight opening(s) 

            

e. Consideration/description of the eye 
conditions of the participant 

            

f. Registration of exposure of participant 
to daylight or light equipment not 
related to the study 

            

 

Table IV-5 Checklist on the lighting system. Green field: description is correct and complete; orange field: description 
given, but incomplete; red field: not mentioned in the paper, and yellow field: not applicable 

Lighting system 

[1
7

1
] 

[1
7

2
] 
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7
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7

8
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8

1
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7

9
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8

0
] 
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7

5
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1. Luminaires used for light therapy 

a. Number of luminaires (for each type) per 
treatment situation 

            

b. Manufacturer             

c. Type (for example: spot, wall-mounted, 
table-mounted, built-in, line array, 
standing) and/or luminaire type. Product 
type/number/code, luminous intensity 
diagram 

            

2. Light sources (lamps) 

a. Number of light sources (per type)             

b. Spectral power distribution of the radiant 
flux (in W/m2 nm) 

            

c. Positioning of the light sources (if different 
types) within the luminaire 

            

d. Type of light source, manufacturer, and 
series or line  

            

e. Hours in use at the moment of the therapy              

f. Ambient temperature (temperature of 
environment) [°C] 

            

3. Filters (if used, otherwise not applicable) 

a. Number of filters per type             

b. Applied on which light source             

c.i Manufacturer             
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Lighting system 
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or 

c.ii Type and color             

4. Positioning 

a. Attached to/placed on             

b. Placement/coordinates in a floor plan of 
the room 

            

c. Orientation of the light emitting surface             

5. Control protocol 

a. Duration of the therapy              

b. Time scheme of therapy             

c. Illuminance or irradiance (lx or W/m2) or 
spectral power distribution of the 
irradiance (W/ m2 nm.) during the therapy 

             

 

Table IV-6 Checklist on the description of the environmental properties, the room and daylight openings. Green field: 
description is correct and complete; orange field: description given, but incomplete; red field: not mentioned in the 
paper, and yellow field: not applicable 

Description of room 
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1. Location and climate 

a. Country or State             

b. City             

c. Date             

d. Time of year             

e. Weather conditions              

2. Floor plan and section of the room (including orientation and scale) 

a. Height of floor             

b. Interior length             

c. Interior width             

d. Interior height             

e. Positioning and dimensions of daylight 
openings and doors 

            

3. Interior design 

a. Color, reflection factor and type 
(diffuse/specular) of the walls 

            

b. Color, reflection factor and type 
(diffuse/specular) of the floor 

            

c. Color, reflection factor and type 
(diffuse/specular) of the ceiling 

            

d. Color, reflection factor and type 
(diffuse/specular) of the window frame 
and sill 

            

e. Color, reflection factor and type 
(diffuse/specular) of the door(s) 
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Description of room 
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4. Objects in room 

a. List of furniture with color and reflection 
type (diffuse/specular) 

            

b. Floor plan with positioning of the furniture 
(including scale and orientation) 

            

c. Figures of furniture in the room available             

d. Document the position of all other people 
(e.g. researchers, fellow residents) in the 
room during light therapy in floor plan. 

            

5. Façade  

a. A section of the façade and direct 
surroundings (incl. scale and orientation)  

            

b. Obstructions (like foliage or other 
buildings) 

            

c. External building elements (such as 
balconies and shading systems) 

            

d For ground floors: ground reflectance of 
specular surfaces (water, snow) near the 
façade 

            

e. In case of other building(s) that are 
reflecting daylight,  the reflectance of the 
specular surfaces of that building 

            

6. Window properties (per window) 

a. Dimensions (surface and thickness) of the 
daylight opening 

            

b. Total glass area             

c.i Light transmission factor of the glass and 
spectral filtering of the glass 

            

or 

c.ii Glass type and color             

 

Table IV-7 shows the scores of each study on the three different appraisal score forms for 

methodological quality. If all issues were addressed correctly, an indicative total score of 1.0 could be 

obtained.  

Table IV-7 Indicative results of the studies reappraised for their methodological quality from an engineering 
perspective 
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Participants 
and light 

5.5/ 
16 

5.5/ 
16 

2.5/ 
16 

4.5/ 
16 

5/16 4/16 
1.5/ 
16 

1.5/ 
16 

1.5 
/16 

3.5/ 
16 

4.5/ 
16 

1.5/ 
16 

Lighting 
system 

6.5/ 
17 

6.5/ 
17 

4.5/ 
14 

4.5/ 
14 

5.5/ 
14 

7/17 3/14 2/14 
6.5/ 
14 

6.5/ 
17 

6/14 3/17 

Environment 1.5/ 
27 

1.5/ 
27 

3.5/ 
27 

3.5/ 
27 

3.5/ 
27 

3/27 
1.5/ 
27 

0.5/ 
27 

1.5/ 
27 

2.5/ 
27 

0.5/ 
27 

2.5/ 
27 

Indicative total 
score 

0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.2 0.2 0.2 0.1 
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 Discussion, conclusions, and further actions 
The methodological quality of light therapy studies not only requires attention from a research method 

point of view, but even more from an engineering perspective. This pleads for a multidisciplinary 

approach. 

 Strengths and limitations 
This study is the first to systematically score the methodological quality of light therapy studies that 

passed the internationally accepted inclusion criteria for quality set by the Cochrane Database of 

Systematic Literature [185] from the perspective of engineering. The list of criteria used for this study is 

very extensive, and not all parameters are of equal importance. Yet, we believe that future studies need 

additional engineering-based quality standards, apart from the standards in the medical sense. In this 

study, the checklists were filled out, solely using the available data documented in the reviewed papers. 

The scores, therefore, do not give an absolute value on the methodological quality of the studies, as 

researchers may have all the needed data available upon request. At this point in time, questions about 

exposure intensity, exposure duration, and exposure timing are still unanswered.  

 The need for multidisciplinary studies 
Within the domain of medical studies, Cochrane systematic reviews represent the highest degree of 

evidence. To practitioners and physicians, the quality of evidence is very important, but the focus can 

be limited. Anything but a randomized controlled trial cannot be appreciated as a proper study, 

completely overlooking other quality indicators. Results from studies focusing on the effects of light 

therapy are essential to create a healthy environment. This requires a proper coordination and 

translation of light data. Light for non-image forming effects follows a different pathway in the human 

brain than for the formation of images (visual). The rods and cones, related to image forming effects, 

are connected to the visual cortex in the brain. They have a direct response and are most sensitive to 

wavelengths of 507 respectively 555 nm. The non-image forming intrinsically photosensitive Retinal 

Ganglion Cells (ipRGCs) are connected to other parts in our brain[186]. The ipRGCs are connected to the 

biological clock which regulates our daily rhythm, and therefore ‘builds up exposure effects’ as well as 

depends on the timing of exposure, and seems more sensitive to the more bluish part of the spectrum. 

Taking all of this into consideration, further research may unveil multiple unknown effects light can have 

on humans, other than the vision related effects. A well described protocol for ‘light’ exposure on the 

eye level accelerates this process. Stepping over traditional disciplines is essential for determining the 

influence light can have on human functioning and to implement these findings in the context of the 

built environment. Light engineering scientists, electrical engineering scientist, and physicists require an 

adequate description of obtained results in order to design and develop high-quality lighting solutions 

that cater to the needs for light therapy. If research results are not correctly or insufficiently documented 

they cannot be implemented. 

General consensus on the description of irradiance is necessary for all research on the fundamentals of 

non-image forming effects, but also to enable the development of light sources which enhance these 

effects. Without a multidisciplinary approach combining knowledge from the medical and engineering 

domains, essential data are not reported in the studies, which decrease the value of the results and 

leaves many open questions to those professionals developing new lighting solutions for application in 

the medical field. It is also uncertain whether studies and their study outcome can be compared.  
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 Quality of the studies 
The quality scores resulting from this study range from 0.1 and 0.2. These numbers are unsatisfactorily 

low, as the results cannot be used by the lighting engineering, building services engineering, and/or 

construction communities for implementation in practice. For instance, architects cannot design a 

nursing home with adequate ambient light systems as the studies currently available do not reveal which 

lighting systems have been used. There are simply too many basic flaws in the methodologies, which 

could have been prevented if technical details of the equipment used had been stated in the papers. 

Both the additional contributions of electric light systems and daylight exposures have been largely 

ignored. Concerning the light measurements, although several aspects of the related eye exposure of 

the participants were taken into consideration, this was still insufficient. None of the studies report on 

daylight exposure or certain restrictions of going outdoors or residing outside the day lit area. Daylight 

levels can easily exceed the values participants have been exposed to under (electrical) light therapy 

conditions. Even when staying indoors, a position close to the window can reach similar or even higher 

values than some of the lighting systems used in the studies. None of the studies measured light levels 

continuously at the eye level. This is important to be able to get the effective exposure, so taking the 

duration into account as well. None of the studies measured the spectral power distribution of the 

irradiance. There are strong indications that, next to illuminance levels, also directionality and spectral 

composition of light plays a role in the effectiveness of light therapy [95].  

  Future actions 
Proper light provides great new opportunities to be used as a non-obtrusive therapeutic treatment. The 

quality of the photometric, radiometric, and colorimetric light description in measurements regarding 

light therapy research are, seen from a light engineering point of view, not sufficient and not complete. 

International experts gathered in Technical committees of the Commission Internationale d’Eclairage 

(CIE) identified the urgent need for an international consensus on defining the right nomenclature and 

effective quantities for eye-mediated non-image forming effects of optical radiation [187]. The next step 

is the development of a protocol providing instructions on the correct and complete documentation of 

measurement execution and description of effective light dose for light therapy studies. It should be 

noted that there are multiple inherent difficulties that accompany doing research in nursing facilities 

populated by residents with dementia. Some of the parameters cited in this study that are deemed 

necessary for methodological rigor would be quite difficult to obtain within these settings and 

populations, even with the added expertise of a lighting engineer scientist. Collaboration between 

biological, medical, and technical researchers provides input for a protocol including study design, 

participant selection, light delivery modalities, outcome measures, and all technical aspects of light and 

lighting, that will be fully accepted and understood by the different scientific disciplines.  
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 Introduction 
Light therapy is the treatment of a disorder by exposure to electromagnetic radiation in and close by the 

visible spectrum (i.e., visible, ultraviolet and infrared radiation). Depending on the type of ailment, 

treatment is mediated through the skin or through the eyes. This subchapter only focuses on light 

mediated through the eyes, used in the treatment of Seasonal Affective Disorder (SAD) or circadian 

related issues like jet-lag.  

Radiation that is considered from the point of view of its ability to excite the human visual system is 

called light [188]. However, new insights show that light excites not only the human visible system 

(Image Forming, IF) but also the non-image forming (NIF) system. The IF system is mediated via the cones 

and rods enabling respectively photopic and scotopic vision. Activation of the different types of cones 

(L, M and S-cones) is required for color vision. The NIF system is known for taking cues from the absence 

or presence of light for example to entrain or adjust the human internal clock to daily (circadian) and 

seasonal rhythms [86,189–192]. The photosensitive retinal ganglion cells (ipRGCs) are considered to be 

the main photoreceptors to mediate light to the NIF system, although the cone and rod cells also 

contribute [153]. Light therapy is successfully applied to re-adjust the internal 24 hour clock, e.g. in sleep 

disorders [193] or to regulate it, e.g. for jetlag and shift work [93,194]. Moreover, light therapy is 

successfully applied to treat seasonal affective disorders (SAD; winter depression), other forms of mild 

depression [56,156,195], and to enhance cognitive performance or to prevent agitation in patients with 

dementia [157,179,196].  

A guideline on the treatment dose of Seasonal Affective Disorders [197] suggests that the higher the 

illuminance, the shorter the necessary exposure time per day: 10.000 lx for 30 minutes, 5000 lx for 45-

60 minutes and 2500 lx for 1-2 hours. To validate this statement, published studies from literature that 

reported on the use of light as a treatment for SAD, were analyzed. A systematic search was performed 

in five different search engines (Scopus, Google Scholar, Science Direct, PubMed, and Focus). Keywords 

comprised different terms of ‘light’ and ‘Seasonal Affective Disorder’. Studies were included when 

reporting on the duration and the type of light exposure, more than 10 human subjects over 18 years 

old without eye problems nor other types of depression participated, light was the only dependent 

variable, a standard and comparable diagnose tool was used to determine the severity of SAD, and the 

paper was published in English, between 2000 and 2015. In total six studies fulfilled the criteria [198–

203]. The analyses showed that many positive results for treating SAD were found outside the suggested 

dose boundaries. In Figure IV-1, the different dots represent the studies that reported positive results. 

This indicates that the dose for treating SAD is different than earlier suggested.  

Although light therapy is used as treatment for diverse (affective) disorders, there is currently no 

consensus in literature on a particular effective radiant exposure (dose depending on the amount, 

duration and spectral composition) that a light therapy device needs to provide. 

In the above mentioned studies, the light exposure is described in different quantities, restricting a 

comparison between these studies. It is therefore essential for bringing Affective Disorder studies with 

light therapy to the next level, to describe the light exposure of future studies in similar and comparable 

quantities. 
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Figure IV-1 Exposure used for SAD studies based on literature. Each dot represents one study. According to the 
outcome measures defined by the authors, the combination of exposure (expressed in illuminance) and duration, 
resulted in a positive result. Similar colors represent the same study, in some cases the placebo condition The area 
depicts the assumed relationship between the illuminance and the time [197] 

 

Currently there are numerous (> 200) different light therapy devices available without medical 

prescription. The devices vary in characteristics such as size, light source, light output, recommended 

placement of the device, ultraviolet blocking screens [204] and price. Most devices come with some 

technical specifications while others lack any. Relevant information indicating the purpose of a device 

for a specific affect is missing in many cases. Some devices lack a user manual while other products 

indicate the preferred distance between the user (eyes) and the device as well as the recommended 

duration of a light therapy session. According to the manual of some devices, the viewing direction is 

not relevant as long as ‘the light reaches the eyes’. In general, the specifications and information 

accompanying the light therapy devices are not standardized, non-uniform, and incomplete.  

Considering the above and the technical information provided in different non-comparable quantities it 

becomes close to impossible for a researcher or a medical practitioner to base a purchase or prescription 

of a device on an informed decision. 

The impact of light therapy from the technical perspective depends on the effective irradiance received 

by the eyes (energy and spectral composition) in relation to the timing and duration of the exposure 

[33]. 

Since a light therapy device could potentially serve different purposes, the timing and duration of the 

exposure needs to be based on the aimed effect and consequently also on the individual needs and 

(ocular) conditions, for example due to the biological ageing of the eye.  

As for standard photometry, the illuminance or spectral power at eye level depends on:  

1. The radiant characteristics like the radiant flux of the device, the directionality, the luminous surface 

of the device;  

2. The position of the eyes relative to the position of the device;  
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3. The room characteristics.  

When assessing the influence of the eye position relative to the device, one has to consider the direct 

as well as the indirect radiation (i.e. via multiple reflections) reaching the eye. When light therapy is 

given in a highly reflective white room, the reflected radiant flux adds significantly to the total spectral 

power. This is similar for the photometry where the total illuminance is the sum of the direct luminous 

flux and the reflected luminous flux. In a dark room with low reflective surfaces, the direct component 

will mainly contribute to the total effective irradiation on a certain position. Therefore the impact of light 

therapy is dependent on the radiant characteristics of the device, the room characteristics and the 

position of the device with respect to the eyes. See Figure IV-2. Additionally, also the compliance of 

patients to undergo medical treatment is essential for the impact, and depends on flicker, safety, 

luminance, colors and design of the device [204]. 

 

 
Figure IV-2 Different technical aspects impacting the outcome of light therapy. Focus of this study are the radiant 
characteristics 

 

When considering NIF effects, it is acknowledged [8,33,205] that photometric quantities cannot be used. 

According to the definition of the International System of Units (SI), “a photo biological or photochemical 

quantity is defined in purely physical terms as the quantity derived from the corresponding radiant 

quantity by evaluating the radiation according to its action upon a selective receptor. The quantity is 

given by the integral over wavelength of the spectral distribution of the radiant quantity weighted by 

the appropriate actinic action spectrum” [206]. For the visibility the action spectrum is the spectral 

sensitivity of the human eye for photopic vision, the V (λ) curve. With that action spectrum and the 

maximum of luminous efficacy Km, one can convert a radiometric quantity Xu to a photometric quantity 

X: 

 

𝑋 = 𝐾𝑚 ∙ ∫
𝜕𝑋𝑒(𝜆)

𝜕𝜆𝜆
∙ 𝑉(𝜆)𝑑𝜆       (IV-1) 

Instead of referring to the spectral distribution of a quantity via the differential, this is often simplified 

by referring to this differential using the symbol 𝑋𝑒,𝜆. 

The International Commission on Illumination (Commission Internationale de l’Eclairage, CIE) proposes 

in their technical note TN002 [187] definitions of new terms relating photochemical quantities to 
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photometric quantities using the same weighing of the radiant quantity with the action spectrum of one 

of the different effects of light. As an example this technical note gives the blue light hazard weighted 

radiance, which mathematically is expressed as in Equation (IV-2): 

 

𝐿𝐵 = ∫ 𝐿𝑒,𝜆(𝜆) ∙ 𝐵(𝜆) ∙ 𝑑𝜆        (IV-2)  

Where 𝐿𝐵  the blue light hazard weighted radiance; 

 𝐿𝑒,𝜆 the spectral radiance; 

 𝐵  the blue light hazard spectral weighting function.    

 

Since the impact of the different photosensitive cells in the eye on NIF effects is not fully comprehended, 

it has been suggested to use not one action spectrum, like for photometric quantities, but five. The 

ipRGCs are considered to be the dominant photoreceptors of the NIF system. The ipRGCs combine their 

melanopsin based photosensitivity with the photoreception signals of the rods and cones in the ipRGCs 

network [33]. In the CIE TN003 [8] the spectral sensitivity functions are defined, based on the spectral 

efficiency of the five photo-pigments detected in the human photoreceptor cells and the spectral 

transmission properties of the eye: 

 Melanopsin is the photo-pigment of the ipRGCs with a peak sensitivity, λmax around 480nm. 

Human pre-receptoral filtering (in the standard observer) shifts λmax to around 490nm. 

 Rhodopsin is the photo-pigment of the rod photoreceptors with λmax around 498nm. Human 

pre-receptoral filtering shifts λmax to around 505-510nm, the peak for scotopic sensitivity. 

 Three cone opsins are the photo-pigments of the cone photoreceptors; the S-cone opsin 

cyanolabe with λmax around 420nm, the M-cone opsin chlorolabe with λmax around 534nm, and 

the L-cone opsin erythrolabe with λmax around 564nm. Human pre-receptoral filtering shifts 

λmax towards 440nm, 545nm, and 570-575nm respectively. 

 

The CIE proposes the use of five α-opic weighted irradiances when describing light in relation to NIF 

effects, mathematically calculated in the same way as in equation (IV-2), weighing the spectral irradiance 

with the action spectrum of the above mentioned photo pigments, see equation (IV-3).  

𝐸𝑒,𝑎 = ∫ 𝐸𝑒,𝜆(𝜆) ∙ 𝑠𝛼(𝜆) ∙ 𝑑𝜆       (IV-3) 

Where 𝐸𝑒,𝑎 the α-opic irradiance;  

 𝐸𝑒,𝜆 the spectral irradiance;  

 𝑠𝛼  the α-opic spectral efficiency function. 

 

Similar to the description for the α-opic irradiance, the α-opic radiant flux can be described. With this 

metric the radiated energy emitted by the device, related to a specific action spectrum can be 

determined (see equation IV-4). 

𝛷𝑒,𝛼 = ∫ 𝛷𝑒,𝜆 (𝜆) ∙ 𝑠𝛼(𝜆) ∙ 𝑑𝜆       (IV-4) 

Where  𝛷𝑒,𝛼 the α-opic radiant flux; 

  𝛷𝑒,𝜆  the spectral radiant flux;  

 𝑠𝛼  the α-opic spectral efficiency function. 

The aim of this subchapter is to propose uniform specifications for light therapy devices. This will enable 

researchers studying the effects of light therapy to compare a dose, independent of the applied device 

and location. Using one set of metrics for describing the (light) exposure characteristics is necessary to 

compare results of different studies. This will accelerate the research on defining the light characteristic 
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for inducing a specific effect. Introducing a uniform set of specifications for light therapy devices will also 

help consumers to reach an informed purchase decision. 

The factors that influence the exposure to light therapy devices, the spectral power at the eye, are 

investigated in the study. These factors are the α-opic radiant flux, the positions of the eyes related to 

the device (distance and angle), and the material properties of relevant room surfaces. The first 

specification was defined based on spectral radiant flux measurements. For the other two, spectral 

irradiance measurements were performed under different environmental conditions and at different 

positions.  

 Method 
When considering the radiant characteristics, a parallel can be drawn with the specifications of 

luminaires. These specifications provide the relevant information for making a lighting design, aiming to 

fulfill the visual requirements of the users. These include, among others, the luminous flux (‘quantity 

derived from the radiant flux, Φe, by evaluating the radiation according to its action upon the CIE 

standard photometric observer’ [188]. An important difference between the visual system and NIF is 

that instead of photometric quantities, light therapy devices need to provide characteristics based on 

radiant quantities. In order to indicate the differences between devices the five α-opic radiant fluxes as 

proposed by CIE TN003 [8] will be determined for different light therapy devices. 

 Light therapy devices 
The light therapy devices used for this study have been selected based on the following criteria: 

1. The manufacturer reported that it effectively treats SAD;  

2. Contains different types of lamps (white LED, blue LED, fluorescent) and therefore different 

spectral distributions;  

3. Commercially available in the Netherlands (the country where this study has been performed).  

Based on these criteria five devices have been selected. An overview of the specifications provided in 

the manual of the device are listed in Table IV-8 

Table IV-8 Specifications of light therapy devices used in this study as provided in the manual. A dash (-) indicates 
that information was missing 

 Type light 
source 

Light sources Nominal 
Irradiance 

Illuminance Dimensions 

Device A LED Single peak.  
λ = 470-475 nm 

1.5-2.5 
mW/cm2 
(46 cm) 

350-400 lx - 

Device B LED - 1.9 W/m2 
(50cm) 

220 lx (50cm) 14.3 x 14.3 x 3.5 
cm3 

Device  C LED - 29 W/m2 (50cm) 2750 lx (50cm) 29.4 x 37.6 x 4.1 
cm3 

Device D Fluorescent PL-L/36W/840 
 

- - - 

Device E Fluorescent PL-L/ 36W/ 865 
 

- 10000 lx - 

 

 Measurement set-up 
The spectral distribution of radiant flux of each device was measured by using an integrating sphere with 

a diameter of 3 m. The measurement setup in the integrating sphere can be found in Figure IV-3. 
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Figure IV-3 Left: Schematic section of the integrating sphere (d=3m) used in the measurement set-up where L=the 
device, B=baffle, F=measurement location, and A=a calibrated auxiliary lamp. Right: the integrating sphere used 
for these measurements. During the measurements the sphere was closed. The device is placed in the center and 
the picture was taken after the measurements, with the device still switched on 

 

The measurements were conducted in the photometric lab by the firm LEDNED, according to the 

guidelines described in LM-79-08 [207]. The spectrometer used for these measurements was the Torus-

25-OSF (bandwidth 360-825 nm, values in steps of .27nm). The raw measurement data was internally 

post-processed with the Spectra suite software package. Both, the device and the software, are products 

from Oceanoptics. 

Before starting the actual measurement, the influence of the device itself was determined by performing 

an absorption measurement. Throughout the absorption measurements, the device was switched off 

while placed in the center of the integrating sphere (position L, Figure IV-3), the only light source 

switched on was the calibrated auxiliary lamp (A). The TORUS spectrometer was placed at point F. The 

baffles (B) ensured that no direct measurements can be taken at position F. The absorption 

measurement of each device was directly processed in the result of the actual measurement to correct 

for the dimensions of the device. For the actual measurement, the device was switched on. A reading 

was taken every five minutes for a total duration of 30 minutes, the recommended duration of a light 

therapy session. These five minute interval time series measurements were conducted to check for 

potential stabilization effects. During the measurements, the air temperature in the sphere was 26oC 

and the relative humidity was 32%. 

 Data analyses 
All the measurement data were provided in Microsoft Office Excel-files. The CIE toolbox [8] to calculate 

the α-opic-related values is a tool developed in MS-Excel. 

The spectral radiant flux was measured with a spectral resolution of less than 1nm for a 2o standard 

observer. The values were converted into the five α-opic values, by using the CIE toolbox ([208], a MS-  

Excel sheet developed alongside the CIE Technical Note ([8]. As the spectral radiant flux was measured 

for wavelength intervals of less than 1nm, the measurement data had to be averaged for a 1 nm range 

resolution to match the resolution of the α-opic action spectra. The toolbox calculated the α-opic radiant 
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fluxes in accordance with equation (IV-4). Post data processing of all data was conducted using MS-Excel 

2013 and Matlab2013a.  

 Results 
The spectral distribution of radiant flux of the different light therapy devices is shown in Figure IV-4. The 

two on the top are the light therapy devices with a blue LED, showing its characteristic monochromatic 

peak. Device C, equipped with a white LED, shows a smooth curved graph with a peak around 450 nm. 

The spectral power distribution graphs of Device D and device E show the typical band-with spectrum 

of a fluorescent lamp. The graphs of both devices show typical peaks at around 450 nm (Blue), 550 nm 

(Green), as well as 600 nm (Red). The stabilization time is illustrated by the different colored lines based 

on measurements taken every 5 min until constancy was reached.  
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Device C 

 

 
Device D 

 

 
Device E 

 Figure IV-4 The spectral power distribution of radiant flux of the devices. Left: a picture of the device in the integrating 
sphere. Right: the spectral power distribution of the device. Devices D and E were measured every 5 minutes until 
stabilization was reached after 30 minutes 
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Figure IV-5 shows the five α-opic radiant fluxes for all devices in order to demonstrate the individual 

differences between the five light therapy devices. Table IV-9 gives an overview the different radiant 

fluxes as well as the photometric quantity, luminous flux. 

 

 
Figure IV-5 The five α-opic radiant fluxes in Watt of the five measured light therapy devices 

 

Table IV-9 α-opic radiant fluxes of the different light therapy devices  
 
 
 

 Cyanopic 
radiant 
flux in W 

Melanopic 
radiant flux  
in W 

Rhodopic 
radiant 
flux in W 

Chloropic 
radiant 
flux in W 

Erythropic 
radiant flux 
in W 

Spectral 
Radiant 
flux in W 

Luminous 
flux in lm 

Device A 0.66 0.86 0.72 0.41 0.23 1.13 80.5 
Device B 0.22 0.53 0.46 0.29 0.17 0.60 68.7 
Device C 0.62 0.89 1.21 1.64 1.84 3.24 1116.0 
Device D 1.85 2.93 4.03 5.37 6.19 11.15 3714.9 
Device E 0.90 0.93 1.06 1.14 1.11 2.50 656.3 

 

The radiant flux of the three LED devices remained constant over time. The two devices with fluorescent 

light sources reached stable conditions after 30 min. Table IV-10 shows the deviation of the melanopic 

radiant flux over time relative to the stable condition.  

Table IV-10 The deviation of the melanopic radiant flux from the stable condition over time 

 0min 5min 10min 15min 20min 25min 30min 

Device D -8.5% 15.7% 11% 5.5% 1.8% 1.2% 0% 

Device E 49% 30% 8% 5% 1% 0% 0% 

 

 Discussion 
Table IV-9 shows the differences in α-opic radiant fluxes and luminous fluxes between the five therapy 

devices. Device A and Device B were developed to trigger a melanopsin response with its peak sensitivity 

in the bluish part of the spectrum. This explains why the melanopic radiant flux is higher than the other 

α-opic radiant fluxes of both devices. Additionally, it was expected that the melanopic radiant flux would 
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be similar for all five devices but the opposite was found; the melanopic flux of Devices A and B where 

lower than that of Devices C, D and E. The difference of melanopic radiant flux between all five devices 

is close to a factor six. This is rather large when considering all devices are to generate a similar effect. 

This also implies that since the dose is higher, the exposure time for the devices with the highest values 

might be reduced. Since it currently remains unclear which α-opic action spectrum contributes to what 

extent to which affective disorder or other NIF effect, it is recommended to determine all five α-opic 

radiant fluxes of a device. The highest overall values are emitted by Device D and the lowest by Device 

B.  

The measurements over a period of 30 minutes after switching the device on indicate that devices with 

a fluorescent light source do not have a constant radiation over time. The other, LED-based, devices are 

and maintain stable after ignition. Both devices D and E remain nearly stable after 15 minutes Table 

IV-10. Device D at ignition gives a lower melanopic radiant flux than the stable value but after 5 minutes 

gives a slightly higher output. The clinical relevance of this effect for Device D will probably be minor. 

For Device E, the radiant exposure at ignition is 48% higher than after 30 minutes. The instable character 

of Devices D and E is most likely caused by the temperature; the luminous flux of fluorescent light 

sources depends on the ambient temperature [209]. The thermal condition inside the device takes a 

considerable amount of time to reach thermodynamic equilibrium.  

The limitation of this study is that only five devices were measured. Radiant flux is the first step to identify 

uniform specifications for light therapy devices. The next step would be to identify the (weighted) 

irradiance at the eye.  

 Conclusion 
For scientific research that aims to identify a relationship between light therapy and an effect, it is clear 

that merely mentioning the used device is not sufficient.  

The results of this study clearly show that the five radiant fluxes of the five tested light therapy devices 

are not identical. Therefore, it is suggested to provide all five α-opic radiant fluxes. Preferably, the 

devices should come with a spectral power distribution of the radiant flux. This enables researchers to 

determine the radiant flux for any spectral efficiency function, not limited to these five.  

Another finding was the impact of thermal stabilization of the devices equipped with fluorescent lamps. 

Light therapy devices are typically used for treatment purposes during the warm-up period since users 

may not wait for devices to warm up before starting treatment. Future standards should consider how 

this is to be addressed when making comparisons between different treatment lamps. The three devices 

equipped with LED lamps, do not need any stabilization time. 

The subsequent procedure for enabling a comparison of the impact of light therapy devices from a 

technical perspective, is to define the impact of room characteristics and the position of the viewer 

related to the ocular light exposure, from the luminous device. This is described in the next subchapter, 

IV.3).
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 Introduction 
Next to the α-opic radiant flux, other factors influence the spectral power at the eye and therefore the 

effectiveness of the therapy session. One of them is the position of the eyes relative to the luminous 

surface of the device. Most manufacturers of light therapy devices allow for a certain freedom of 

movement and viewing direction of the subjects. Next to the relative position (distance and viewing 

direction) of the user to the light therapy device, the surrounding environment may also impact the 

overall effect of the devices. As indicated above, the (spectral) reflectance of internal room surfaces 

determine the indirect spectral power at the eye as a result of inter reflections inside the room. Some 

manufacturers recommend using their devices in well-lit rooms, most likely for comfort reasons with the 

intent to prevent discomfort glare. The room surfaces influence the amount and the spectrum of the 

irradiance at the eye [210]. Radiation emitted from the light therapy device will be reflected by the 

surfaces as well as objects in the room. The overall impact also depends on the amount of effective 

radiation emitted in various directions, i.e. the effective radiance distribution of its luminous surface. 

The aim of this study therefore is, to identify the impact of viewing position, the direction of the user 

and the environmental characteristics on the spectral power at eye level (see Figure IV-6). 

 

 

Figure IV-6 Technical aspects impacting the outcome of light therapy. Focus of this study are the room 
characteristics and the position of the device related to the eye 

 

 Method 
 Light therapy devices 

The devices used in this study are described in Table IV-8 of subchapter IV.2. Additionally, special light 

glasses were implemented in the study. Here the spectral power per wavelength was measured at ‘eye-

position’ when wearing the glasses. 

 Experimental set-up 
The spectral power distribution (SPD) of the devices was measured at several distances and viewing 

angles to assess the impact of the user’s position relative to the device. The SPD measurements were 

conducted in a small room under two different conditions. The first condition was a room with dark, 

diffusely reflective surfaces (luminous reflectance ρ < 2%, measured by Konica Minolta 
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Spectrophotometer CM2600D) realized by covering the interior surfaces of the room with black fleece 

cloth. This measurement setup will be referred to as the absorbing room. The second condition was a 

room with white, diffusely reflective finishes (average luminous reflectance ρ = 94%, measured by Konica 

Minolta CM2600D). This measurement setup is called the reflective room. These two conditions were 

chosen to demonstrate the maximum impact of the interior reflections on the spectral power at the eye.  

Both room conditions are shown in Figure IV-8.  

The measurement positions were based on the distances recommended by the manufacturers (see 

Table IV-8, subchapter IV.2). The angles are based on recommendations and guidelines for light therapy 

sessions [197,211], as well as the instructions of the manufacturers on the position of the eye as 

previously mentioned (“the light must reach the eye/bathe your face…looking into the lamp is not 

recommended…. you can read, eat, work at the computer, watch TV or exercise while you use the 

appliance”). Measurements were conducted along three axes, one in the center line of the device (C), 

the second one to the right of the center line under an angle of 30o to the light emitting surface (R), and 

the third line left of the center line, also under a 30o angle with respect to the light emitting surface (L). 

Along these three lines, measurements were 

taken at distances of 25cm, 35cm, 50cm, and 

75cm from the light emitting surface. At each of 

the measurement points, a spectrometer was 

tilted to take measurements in nine different 

angles of viewing direction. The resulting 108 

measurement positions (3 lines, 4 points, 9 

viewing directions) are shown in Figure IV-7.  

The light therapy devices were placed on a table 

(height 0.70m). The spectrometer was placed at 

eye level for a seated person (1.20m above the 

floor). The measurements were conducted 

using a spectrometer (Konica Minolta CL-500A, 

calibrated 2015). The data was digitally stored in 

the Konica Minolta spectral template for 

Microsoft Office Excel. The measurements were 

controlled remotely from outside the room. 

Both the stand of the spectrometer as well as 

      
Figure IV-7 The measurement positions for the spectral 
power distribution measurements. The yellow figure 
stands for the light therapy device. Left: the cross-section 
of the measurement room and setup. Right: the floor plan 
of this experimental setup. All distances are in mm 
(Picture  by A. Diakoumis) 

 

       

Figure IV-8 The rooms in which the Spectral power distribution (SPD) measurements were conducted. Left: the 
absorbing room setup Middle: the reflective room. Right: measurements of the light glasses. During the experiment, 
the light therapy device was the only source of illumination in the room (Pictures by A. Diakoumis)  
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the table were covered with the same fabric covering the dark room to avoid reflections from the 

measurement setup.  

 Light glasses 
The light glasses were measured on the position of someone wearing the glasses (Figure IV-8). This was 

done for both eyes to identify potential differences. Here, the same procedure was used for measuring 

the spectral power and calculating the deduced α-opic irradiances. The impact of the room finishes, and 

the viewing position was not assessed since the impact is assumed to be negligible due to the small 

distance between the eye and the light emitting surface. 

 Data processing and analyses 
All the measurement data were provided in MS Office Excel-files. Similar to the measurements of the 

spectral radiant flux, the background irradiance was measured at the central position at 25 cm distance 

from the device, at a viewing angle of 0°, prior to turning on the light therapy device. All SPD 

measurements were conducted after the devices were turned on for at least 30min. to account for any 

stabilization effects. For each position three measurements were conducted and averaged, to minimize 

measurement errors. The measurements resulted in Microsoft Office Excel sheets, with the spectral 

power distribution of the measured device in the spectral range λ=360-780nm for a 2o observer. The 

background irradiance was subtracted from the values per position. The values were converted into the 

five α-opic values, by using the CIE toolbox [208], a Microsoft Office Excel sheet developed alongside the 

CIE Technical Note [8]. Post data processing of all data was conducted using MS Excel 2013 and 

Matlab2013a. The graphs were made in Matlab2013a. 

 Results 
The initial analyses showed that the ratios between the five α-opics remain constant throughout the 

measurement set. Therefore, the results are only presented in melanopic irradiance. The melanopic 

irradiance is chosen while these are related to the sensitivity of the ipRGCs, which are considered to be 

the key photoreceptors that mediate effects related to the Non-image forming system. Figure IV-9 show 

the melanopic irradiance per device under the absorbing room conditions and the reflective room 

conditions. Table IV-11 gives an overview of the values and deviations of the different devices relative 

to the median melanopic irradiance values measured in the absorbing room. The values for the light 

glasses are shown in Figure IV-10. 

 

Table IV-11 Deviation of each of the light therapy devices relative to the median in the absorbing room  
Name device Median melanopic 

irradiance (absorbing 
room) 

Deviation related to 
distance 

Deviation related to 
position of the eye 

Deviation related to 
room condition 

Device A 0.52W/m2 -75-44% -51-53% 34% 
Device B 0.30W/m2 50-150% -33-150% 40% 
Device C 0.25W/m2 40-60% -60-60% 300% 
Device D 2.00W/m2 25-190% -25-40% 15% 
Device E 0.50 W/m2 66-266% -50-50% 12% 
Light glasses 0.15 W/m2 (right eye) 

0.23 W/m2 (left eye) 
- - - 
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Figure IV-9 Boxplot of the distribution of the melanopic irradiances per device as obtained from the SPD 
measurements on the 108 different positions per device and condition, in the absorbing room (in dark blue) and in 
the reflective room (in light blue) 

 

 

  
Figure IV-10 Left: Spectral power distribution of the light glasses. Right: The α-opic irradiances 

 

 Discussion  
The overview of the results of the SPD-measurements (see Table IV-11) confirm the impact of the room 

characteristics and of the position of the eyes relative to the device.  

The characteristics of the room influence the spectral power at the eye, similar to what is known from 

photometry. The overall melanopic irradiances are generally higher for the reflective room then for the 

absorbing room (see Figure IV-9). The influence of the room seems to be almost negligible for Device E 

and extremely high for Device C (300%). The values for Device C in the absorbing room are extremely 

low. One of the possible explanations was related to the set-up. The small dimensions of the device 

combined with the viewing direction (viewing direction is above the device) might have captured only a 

small portion of the irradiance. The measurements were performed with maximum 10° observer angle, 

it did not capture the values ‘looking straight in the device’. The room conditions clearly indicate that 

the irradiance values are higher when the room is reflective, leading to higher interquartile ranges and 
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more outliers in the measurement data.  The influence of the position of the eye decreases as the 

distance from the device increases. This is especially the case in the reflective room where the reflected 

rays are expected to influence the measurements. The devices equipped with blue LEDs show a different 

trend though. For Devices A and B, the deviation of the angles at 35cm distance is the highest in the 

absorbing room.  

For the devices with the largest luminous surface area (Device D and E), the irradiance is inversely 

proportional to the distance of the device, regardless of the room condition. The same trend can be 

seen for the device with the white LED (Device C) in the reflective room. In the absorbing room the 

median melanopic irradiance is the same for the distance closest to the device. The devices with a blue 

LED show a different trend, reaching the highest values on the median at 35cm instead of 25cm. The 

explanation for this is that the viewing angles in this study induce a point of gaze that lies above the 

luminous device instead of on it. Therefore, the luminous intensity of these blue LED devices does not 

follow a Lambertian distribution, explained by the inherently-directional optical distribution of LED’s. 

Device A shows this trend for all room conditions; Device B only for the absorbing room. The measured 

irradiance of the light glasses are lowest of all devices. Also a relatively large difference between the 

irradiance on the right and the left eye was measured (~35%). In 2018, CIE published the ‘System for 

Metrology of optical radiation for ipRGCs-Influenced responses to light’[34]. It is a follow-up on the in 

2014 published recommendations and here used toolbox [8,208]. Also suggested is to use one term, the 

so called melanopic equivalent daylight (D65) illuminance, expressed in lux. It is understandable that one 

term is preferred over five different terms, or even as suggested, the complete spectral distribution, but 

it is expected to lead to major confusions between the original, to photopic vision related illuminance, 

expressed in the identical term lx. That is the reason why this was not implemented as such in this thesis. 

 Limitations 
Although a limited number of devices was measured it already shows the large differences in radiant 

flux, melanopic irradiances, and the different impacts of the eye locations relative to the device and the 

room characteristics. Although we are likely to assume that the identical electronic devices perform 

identical, we know that this is not a fact [212]. In our study, we used brand new and used devices. From 

lighting technique, we know that depreciation of light sources over time takes place. For fluorescent 

sources the luminous flux at the end of its life-span can be ~15% lower than at the beginning. The aim 

of this study was to identify differences therefore it does not affect the conclusions. The results from 

the light glasses did not consider the different facial structure and skin tone.  

 Conclusion 
The results of the studies, described in subchapter IV.2 and IV.3, clearly show that α-opic irradiances of 

the five tested light therapy devices are not identical. The factors impacting these values are the type of 

light source, the distance and the viewing angle between the device and the user, and the material 

properties of the room surfaces.  

To enable a comparison for therapists and/or users of light therapy devices it is recommended to include 

at least the following information and specification of the devices. 

1. The radiant flux of the five α-opics. 
2. The stabilization time for optimal output. 
3. The optimal viewing distance or the area.  
4. The minimum viewing distance (for safety reasons[213]) 
5. The optimal viewing angle. 
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Table IV-12 gives an overview of the suggested specifications for light therapy devices to enable 

comparison of devices and allowing customers to come to an informed decision.  

Table IV-12 Suggested specification of light therapy devices 
Recommended distance 0.75 m 

Specification lamps, peak wavelength, alpha-opic 
radiant flux (W) 

LED, single peak λ 470 - 475 nm, 
Ee,α= 6 W/m2 

Nominal Melanopic Irradiance  (W/m2 ) absorbing 
room) 

0.52W/m2 

Impact of distance 
-.3m 
-.15m 
+.15m 
+.3m 

 
+% 
+%,  
-%, 
-% 

Position of the eye 
Altitude  
-15°  
+15° 
+30° 
Azimuth  
30° 
45° 
90° 

 
Altitude  

%  
% 
% 

Azimuth  
% 
% 
% 

Max. impact room conditions % 

Time to stabilize (>90%) 0 min. 

Life Span  30000 hrs. 
 

Next to this, one should be aware of the impact the room condition has on the irradiance. Some devices 

recommend applying light therapy in a well-lit environment to prevent glare problems. 

For scientific research aiming to identify a relationship between light therapy and an effect, it is 

recommended to describe the five α-opic irradiances measured at eye level. Only mentioning the used 

device is, as shown in this study, not sufficient to indicate the exposure and the dose. 
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V. Accurately measuring light exposure in relation to light induced 

effect studies in the field 
 

When assessing the light induced effects in field studies, different methods can be applied to determine 

the amount of light received on the eye of a person. The aim of most field studies is to ecologically 

validate the findings of studies under controlled settings [214]. That means that the applied 

methodology should be sound and robust in the sense that they are technically and functionally reliable 

and measurements are adequate for establishing the light impact on the aimed effect. In this Chapter, 

first the potential methods will be discussed and a method most suitable for accurately measuring light 

exposure in relation to light induced effect studies in the field is chosen, described in subchapter V.1 

Overview of potential methods to identify light exposure in field studies. 

In subchapter V.2 Performance of person-bound lightloggers to study non-image forming effects of 

light, the technical quality of personally worn measurement devices are evaluated. Additionally the best 

position on the body is identified with respect to the deviation from the eye as well as the obtrusiveness 

and user comfort.  

In conclusion, for field studies where continuous light-monitoring over several days is crucial, the most 

appropriate method is to use ambulant or person-bound light logging devices. Based on the study 

results, the device that performed best on technical quality, user comfort, and the option to measure a 

wider range of spectral irradiances than the photopic illuminance was the LightWatcher OT. 

Nowadays, ambulant spectrometers are being developed and tested but these were unavailable at the 

time of our studies. 
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 Introduction 
In the paper by Knoop et al. [215] a decision scheme is presented to aid the selection of the most suitable 

measuring equipment per study design. Although the focus of their paper is on quantifying the light 

conditions in research on non-image-forming effects in a laboratory set-up, the recommended method 

for field studies is to use ambulant light logging devices. In the next paragraphs more potential methods 

to identify light exposure in field studies will be described. Roughly these methods can be divided in 

three groups. The first method is to make an estimation of the individual light exposure based on data 

mining were data from multiple sensing devices are combined. The second is to use no sensing devices 

but to derive the light exposure merely on the input from the participant, e.g. location. The third option 

is to use an ambulant light measurement device and to continuously log the light exposure. Each method 

has its advantages and disadvantages which will briefly discussed in the next paragraphs. 

 Method 
 Identifying individual light exposure using external sensing devices 

In general, the least obtrusive method is when the personal light exposure can be derived from 

measurements or data that are already collected or known. For example under windowless conditions 

in an environment with a constant and uniform light condition, little variation in light exposure is 

expected. Pre-testing validation should take place to identify the values and margins. When a window is 

added, the complexity immediately increases. First of all, daylight is not static but dynamic in intensity 

and color (spectral distribution). The lighting condition depends largely on the context and the 

environment people reside in as well as external conditions like the location on earth and derived from 

that the climate, the weather, the time of day, and the time of year[216].  

Lighting simulations can be used to predict the light exposure as suggested by Andersen et al.[217]. The 

authors propose a modeling framework for occupant exposure to non-visual effects (N-VE) of daylight. 

In this model (static) threshold values for illumination in terms of spectrum, intensity and timing of light 

at the human eye are assumed and related to the context (room characteristics). Based on these insights, 

lighting simulations, using local climate data, are proposed to indicatively predict the occupant exposure 

[218]. The limitation of this model is that it relies on instantaneous illuminance and a static thresholds. 

From the perspective of validating a light induced effect, the model does not include dependencies on 

timing, duration and history of light exposure. Although the demonstrated model is based on daylight, 

electrical lighting can be easily be added. 

Another option is to continuously measure the vertical daylight illuminance or preferably the spectral 

irradiance per wavelength on the window or relevant locations in the room and use this input for 

predicting the exposure. This so-called Location-Bound Estimations (LBE) method is described in the 

studies by van Duijnhoven et al. [219]. This method gives a relatively good fit for small to medium size 

offices but becomes less accurate when applied in larger, open plan offices with different window 

orientations. A deviation of at least 33% was found between the LBE and ambulant, person-bound light 

measurements, the so-called Person-bound Method (PBM). To get a good fit, the location of the people 

in the building, as well as the viewing direction should be identified in order to improve the estimated 

light exposure [220]. The impact of the viewing direction is also supported by a simulation based study 

with real weather data over one year [221]. Figure V-1 shows an example of the order of magnitude the 

location and viewing position can have on the light exposure, in this case the duration to > 1000 lx over 

a whole year between a given time-range. 
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Figure V-1 Percentage of the time Ev >1000 lx between 10-11am. Left picture is when viewing away from the 
window, right is when viewing towards the window. Simulations based on weather data of the Netherlands  over a 
reference year (Picture by Ilse Nugteren [221]) 

 

Since the temporal aspect of light exposure is relevant, the location of the participant over a 24-hour is 

highly relevant. The location can be determined by simply asking the participants for their location. 

Ecological Momentary Assessment (EMA) is used to connect a momentary experience or condition to 

the environmental context. EMA demonstrated high ecological validity when capturing everyday life 

situations sensitive [222] for variation over time or circumstance. The environmental context as input 

for the light condition was used in several studies like the one by Beute and de Kort [55]. Another method 

is to derive this from specific data registered by specific technology. Options for unobtrusively locating 

people inside or outside a building can be done by using position systems from smartphones (e.g. GPS, 

Wi-Fi-positioning systems). This entails that the participant carries its smartphone at all times, and 

privacy issues are addressed. Some explorative studies already showed that the light exposure can be 

predicted by combining smartphone information with weather data [223].  

We explored the potential of deriving the 

person-bound light exposure from reference 

light measurements in the vicinity of the person 

[224]. Therefore, a person was equipped with 

calibrated illuminance measurement devices 

located horizontally on the head and vertically at 

eye level (height person ~1.80m). 

Simultaneously the illuminance was measured 

on the rooftop of a building (Vertigo, Eindhoven 

University of Technology, the Netherlands, 

unobstructed field) within a maximum range of 

2 km distance (see Figure V-2). The 

measurements took place on an overcast day, a 

clear day and a mixed day between August and 

September. Concluded was that the values 

measured on the reference location were 

 
Figure V-2 Location of the measurement devices on the 
person and on the rooftop.Ev=Vertical illuminance and 
Eh=Horizontal illuminance (Picture by Giel Craenmehr 
[224]). 
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correlated to the measurements of the ambulant device, in the proximity of the reference location for 

overcast weather conditions (Horizontal illuminance, the correlation between the horizontal illuminance 

measured on the roof of the building (Eh, roof) related to Eh,head of a person is R2=.8), but differ significantly 

under clear sky and mixed weather conditions. Direct sunlight is such a strong light source that the 

viewing direction, e.g. looking towards the sun vs away from the sun, explains part of these large 

differences. The R2 for the correlation between the Eh, roof and the Eh head is <<.0001 under clear sky 

conditions. This method has great potential especially for large scale cohort studies but needs to be 

tested on validity and applicability in field studies. 

 Identifying individual light exposure using questionnaires 
Another method used to identify the light exposure of people, is the use of a questionnaire. Bajaj et al. 

[225] described and validated the Harvard Light Exposure Assessment (H-LEA). Data of in total 85 night-

working and 47 day-working women wearing a lightlogger for 7 consecutive days, had to identify the 

time they were exposed to a certain light source distinguishing between halogen, fluorescent, 

incandescent, natural light indoors, sunlight/natural light outdoors, darkness and other light sources. 

Each light source representing a typical corneal illuminance and the so-called circadian light [32]. A 

correlation of r=.68 was found between the measured and the self-reported exposure. This study did 

not include LED-lighting, which currently replaces the other three artificial light sources. The authors 

indicate that the questionnaire could be simplified by identifying only indoor, outdoor and dark 

conditions. When this is validated with LED and also validated among males, this can be another 

interesting, low cost option for large epidemiological studies. 

 Identifying individual light exposure using personally worn light log devices. 
Different methods are described for continuously logging light exposure. The advantage is that viewing 

direction, the impact of indoors or outdoors, and therefore the location becomes less relevant. Although 

this method seems like the most accurate given the aim, the following weaknesses should also be 

considered: 

1. Sampling and logging need energy. Therefore, an energy source like a battery should be 
incorporated. This means regular charging/ battery replacement and additional weight.  

2. Depending on the location on the body the device is worn, the sensors can be covered. When 
wearing the device on the wrist, sleeves can cover the device resulting in underestimating the 
light exposure. 

3. It is more obtrusive; people continuously have to wear the device, located on an appropriate, 
for other people visible, position on the body[226]. With increasing obtrusiveness, the 
compliance of the participants is likely to reduce, leading to incorrect or missing data. See 
paragraph V.2.4.2.  

4. The position on the body where the device is worn has an impact on the accuracy of the 
illuminance or irradiance at the eye. This will be discussed in paragraph V.2.4.1 

5. The accuracy of the measurements depends on the quality of the used sensor(s). When logging 
light for identifying its correlation to NIF, illuminance alone does not suffice. Preferably the 
irradiance per nanometer (W/m2/nm) of per five nanometer (W/m2/5nm) within the visible 
range should be measured. Since the exact action spectra for the different types of NIF (e.g. 
alertness, depression, etc.) are currently not specified, this data can later-on be processed in 
weighted data. The international light organization (CIE) recommends to transform the spectral 
data for reasons of uniformity in communication, into five α-opic irradiances [34]. These five α-
opic irradiances weight the spectral power per wavelength against the spectral absorption of 
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light of the five retinal photosensitive sensors (rods and the three different cones, and the 
ipRGCs). In the following subchapter V.2, a method to assess the quality of light loggers is 
described and the accuracy assessed. 

 Conclusion 
The value and potential of the three discussed methodologies are clear. For field studies where 

continuous light-monitoring over several days is crucial, the most appropriate method is to use ambulant 

or person-bound lightlog devices. In the next subchapter V.2, several person-bound lightlogging devices 

are assessed and methods to test the quality. Based on the results, the most applicable device is chosen. 
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Aarts MPJ, Duijnhoven J van, Aries MBC, and Rosemann ALP. Performance of personally worn 

dosimeters to study non-image forming effects of light: Assessment methods. Building and 

Environment 2017;117:60–72. doi:10.1016/j.buildenv.2017.03.002 
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 Introduction 
Since the discovery of a novel retinal non-image forming (NIF) photoreceptor[29,30], it has been 

established that eye-mediated light has not only a visual function but also a non-image-forming function. 

Light also influences the mental state (i.e., [155,156,227]) alertness [93,126], and behavior/quality of life 

[161,179,228] via stimulation of the photoreceptors; rods and cones, and the non-image forming 

receptors (intrinsically photosensitive retinal ganglion cells (ipRGCs)[33]). Light entering the eyes and 

activating photo sensitive cells follows the pathway to the Suprachiasmatic Nucleus (SCN). The SCN is 

the primary oscillator of the Circadian Time Structure (CTS) and is responsible for individual hormone 

regulation[229]. Light entering the eye during the night can suppress the production of the hormone 

melatonin [95,96], as an example of how light exposure can influence the sleep-wake rhythm. As for the 

other photo sensitive cells, the ipRGCs are not equally sensitive to all wavelengths. The ipRGCs comprise 

only a small fraction of the total ganglion cell population and the differences between the photopic and 

the circadian spectral sensitivities may cause inaccuracies in the measures of light exposure. 

Khademagha et al. [230] provided a graph that shows the different action spectra between the visual 

(photopic) spectral sensitivity and the considered action spectrum for melatonin suppression based on 

the results of different papers. Although not one best fit for an action spectrum could be defined, clear 

is that the curve is shifted towards the shorter wavelengths (see Figure V-3). 

 

 

Figure V-3 Circadian sensitivity curves C(λ) based on the results of different researches [95,96,231–233]. Adopted 
from Khademagha et al. [230] 

 

Personally worn photosensitive dosimeters are generally used to establish the relationship between light 

and a photo biological effect. Since the characteristics of the eye-mediated light exposure largely 

determine the effect, the quality of measurement devices is of high importance to achieve an accurate 

quantification of the light exposure in relation to the targeted effect of a study. A methodological 

approach needs to be defined for dosimetry device measuring the effective exposure with respect to 

the non-image forming effects of optical radiation. 
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Different photosensitive dosimeters have become commercially available, but what exactly is being 

measured, including accuracy is not always clear. The main variances between the personally worn 

dosimeters are:  

1. The position where the device is worn on the body.  
Relevant photosensitive cells are located in the retina indicating that the eye position would be 

preferred. Many dosimeters are worn as wrist device, combining actigraphy and light exposure.  These 

devices are worn on the non-dominant wrist, recommended for gaining the most reliable actigraphy 

data but less accurate when referring to the light exposure entering the eye. In a study on the influence 

of annoyance to different personally worn light measurement devices, it was concluded that, prior to an 

effect study, individual annoyance and obtrusiveness of the devices might impact the results and should 

be assessed as well [226].  

2. The type of light sensitive cells.  
Originally, light was solely studied for vision-related effects. That is why the great majority of studies on 

NIF-effects between 1980 and 2000 used photopic light quantified stimuli. Current insights point out 

that photo biological effects of light are influenced by the spectral distribution, irradiance level, 

geometric conditions of exposure and their intermediate changes, as well as by the time and duration 

of exposure [153]. Hence, photometric quantities, like illuminance (E) or correlated color temperature 

(CCT) are related to vision, and therefore not appropriate for describing non-image forming effects  [33]. 

Therefore the latest dosimeters tend to be equipped with sensors matching other spectral responsivity 

curves like the Erythropic, Chloropic, Rhodopic, Melanopic, and Cyanopic [8].  

3. Data logging. 
Since the dose of the exposure is relevant, the device should be able to log data. Most devices are 

equipped with such feature where by changing the log frequency the measurement period can be 

altered from hours to several days. 

4. Cost. 
The price of a personally worn dosimeter can be less than € 20 to more than €2000. The different 

components necessary to make such wearable device are not that expensive allowing for ‘self-made’ 

devices. The more expensive devices are equipped with different light sensors and dedicated software 

is developed to analyze the data. 

The impact of light on human life is established but the light stimuli which induce a particular effect is 

less well described, as stated in the Technical Note 003:2015 by the CIE [8] “Measurements of timing 

and the biological factors of primary interest to circadian neuroendocrine and neurobehavioral-related 

photobiology researchers are typically accurate and chosen to describe the quantities of direct interest. 

By contrast, light stimuli have often been less well described by researchers.” A clarification for this is 

that firstly, the descriptions of methodologies contained many differences that make a comparison 

between results almost impossible [157,234]. The specific light condition needs to be described in great 

detail to establish the connection between light(ing) characteristics and the non‐image‐forming effects 

[210]. Secondly, the type of ambulant devices used to measure light exposure was not identical and 

measured different quantities to express the exposure. 

Moreover, the recent technical note from the international commission on illumination (CIE) [187] states 

the challenge of defining and using correct terminology and quantities for different health-related 

effects. In their communication, among others, the CIE identifies the need for extra research for 

instrumentation calibration and development of field measurement methods.  
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Acknowledging the importance of using the correct quantities does not mean that other measurement 

inaccuracies are to be neglected. Since many devices are worn on the wrist it is questionable how well 

these values measured correlate to the eye position. Therefore, light measurements were carried out 

for different positions on the body to find the most accurate position and to establish the deviation.  

Next to indicating the most accurate measurement position on the body, the quality of different 

currently used in effect studies, dosimeters, is assessed. This is determined according to the standard 

[235] and is expressed in classes [236]. Unawareness of these inaccuracies might result in relating certain 

effects to incorrect values of light exposure. In this subchapter, a practical measurement method for 

determining the three most basic, so-called quality indices, are described: the directional response index 

(f2), the linearity index (f3), and the temperature index (f6, T). The results of the measurements are 

analyzed, the classes calculated and discussed for the included devices. 

 Method  
The methodology covers the applied method for determination of the accuracy of different positions on 

the body of a worn device and the methods for determining the f2, f3, and f6,T index of different ambulant 

devices.  

 Measurement set up location on the body 
Four identical light sensors (Osram Ambient Light Sensor type SFH5711 for specifications, see Table V-1) 

at four different locations on the body (see Figure V-4) were worn simultaneously by one person to 

determine the influence of the location of the dosimeter. These light sensors were attached to a dummy 

of the actual light logger to represent the normal location where that sensor is worn. 

Location 1, where the sensor is placed between the 

eyes, is set as the reference measurement because this 

comes closest to the actual exposure on the cornea of 

the eye. The relationship between exposure on the eye 

and the actual stimulus of the photosensitive receptors 

in the retina may even be more relevant but is outside 

the focus of this study.  

All four light cells are connected to a data logger which 

is worn in a small bag around the waist. The test 

conditions consisted of different basic activities 

(walking, sitting, and standing) and took place for 30 

minutes indoor and 30 minutes outdoors. This study 

was conducted in the Netherlands on March 14th 2016. 

At that moment, the external temperature was 

approximately 10°C and during the experiment there 

was a clear sky condition. 

 Measurement set up for the calibration. 
For the study, seven different commonly used and to us available types of ambulant light measurement 

devices are investigated (See Figure V-5) for the specifications see Table V-1.  

 

Figure V-4 Overview of the different positions of 
the light sensors on the body with 1 the 
reference, 2 on the temple, vertical plane, 3 
central at the chest and 4 wrist (picture by 
J.v.Duijnhoven) 
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Device 1 Device 2 Device 3 Device 4 Device 5 Device 6 Device 7 

Figure V-5 The seven light measurement devices investigated in this study. For specifications see Table V-1 
 

All seven devices were equipped with a light sensor, measuring illuminance (E, lx), and therefore 

presumably matching the photopic response curve V (λ). Three of the devices had additionally Red (R), 

Green (G) and Blue (B) matching light sensors, and one of these three also a UV and an IR sensitive 

sensor. In this study, only the data relating to the photopic response curve, illuminance, were used for 

the analyses. A calibrated illuminance meter (Hagner cell E4X, calibrated 2015) was used as the 

reference meter. Under controlled laboratory conditions the quality indices f2 (directional response 

index), f3 (linearity index), and f6, T (temperature index) for each ambulant device were determined.  

Table V-1 Specification of the light measurement devices and the reference meter  

Code Name Type/Serial 
number 

Manufacturer Software Additional 
Light 
sensors 

Device 1 Actiwatch L 622047 
Cambridge 
Neurotechnology 

Actiwatch sleep 5.11  

Device 2 
Actiwatch 
Spectrum PRO 

 Philips 
Philips Actiware 
(v6.0.2) 

R-G-B 

Device 3 
Ambient Light 
Sensor 

SFH 5711 – 
47000Ω 

Osram Squirrel view  

Device 4 LightWatcher  
Wolf 
Technologieberatung 

OT Sensor 2.4.0.1 UV-R-G-B-IR 

Device 5 
Hobo  
data logger 

UA‐002‐64 ONSET Hoboware 3.7.2  

Device 6 MotionWatch 8 CamNtech MotionWare 1.1.15  

Device 7 Lightlog  Lightlogproject LightLogControl 2.1 R-G-B 

Calibrated 
reference 
meter 

Illuminance  
meter 

E4X Hagner N/A  

 

The joint ISO/CIE International Standard[235] defines 12 quality indices for photometers. The directional 

response index, the linearity and the temperature index are three basic indices that can impact the 

results of the measurement to a large extent and are therefore described and assessed. The quality of 

each index is expressed in classes according to DIN [236] (see Table V-2).Class L corresponds to the 

highest quality. A dosimeter not meeting the criteria of any of the four classes, were classified as D. 
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Table V-2 Quality indices according to [236] and additionally a Class D 
Quality 
Index 

Index Name Class L Class A Class B Class C Class D 

f2 Directional Response Index - 1.5 % 3 % 6 % > 6 % 
f3 Linearity Index 0.2 % 1 % 2 % 5 % > 5% 
f6,T Temperature Index 0.2 % 2 % 10 % 20 % > 20% 

 

Directional response index (f2) 

The directional response index f2 – also called the cosine match – describes the influence of the angle of 

light incidence within the measuring field of a luminance meter. It is determined by comparing the signal 

value Y (ε, φ) for a given incident direction, described by the angles ε and φ with the reference signal 

value Y (0, φ). The angle ε is the angle of incidence into the light sensor and the angle φ is the rotation 

of the light sensor around the vertical axis. The f2 index for (planar) illuminance meters is calculated 

using the equation [235]: 

 

𝑓2 (ε, φ) =
Y (ε,φ)

Y (0,φ)∗cos(ε)
− 1       (V-1) 

 

The measurement value should change according to cos (ε). Theoretically, the azimuth angle ϕ can also 

influence the results. For a given orientation (φ), the f2 index becomes: 

 

𝑓2(φ) =  ∫ |𝑓2(𝜀, φ)| ∗ sin (2𝜀) 𝑑𝜀
80°

0°
      (V-2) 

 

Where:  

𝑓2 (ε, φ) = the directional response for angles ε and φ; 

Y (ε, φ)  = the output signal as function of the angle of incidence ε and azimuth angleφ; 

ε  = the angle measured with respect to the normal of the measuring plane or optical 

axis; 

φ  = the azimuth angle 

𝑓2 (ε, φ) = the directional response for angles ε and φ; 

Y (ε, φ)  = the output signal as function of the angle of incidence ε and azimuth angle φ. 

 

The ideal cosine response should be a perfect cosine function. 

This quality index was determined for all the ambulant devices by measuring the influence of the angle 

of incidence on the output signal of the light sensors.  

The f2 index of the different devices was determined by using a constant full spectrum light source.  The 

light source is attached to a robot arm such that the different angles of incidence can easily be achieved. 

The index was calculated based on steps of 10 degrees. A large Fresnel lens is used to create a parallel 

beam from a halogen projection lamp (Philips, type 6958, EVC/FGXM33, 24V 250W). The set-up was 

programmed to provide different angles of incidence on the light sensor, see Figure V-6. In this 

measurement set up, the light source moved from 0° (top) to 90° (perpendicular to the light sensor). 

 Measurements 
In this experiment the elevation angle was altered while the azimuth angle was fixed. The azimuth angle 

corresponds to the horizontal rotation. When attached to a fixed position on the body, e.g. cloth, no 
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rotation is expected. Therefore, the azimuth angle fixed. During the measurements, the temperature, 

relative humidity, and the light source output were constant monitored to check its stability.  

All used devices had slightly different dimensions resulting in alternation positions of the top of the light 

sensor. The devices were positioned in such a way that the top of the actual light sensor was at equal 

height. Since one device stopped measuring when it was off the wrist, it was placed around a tube like 

a watch on a human wrist. 

 

 

Figure V-6 Photograph and schematic measurement set-up to determine the f2 index (pictures by J.v.Duijnhoven) 

 

Linearity Index (f3) 

The linearity index, the f3 index, describes how well a photometer responds to changes in the light source 

output value. The measured quantity must follow the change of the signal output from the device 

proportionally. The f3 index is calculated using the following equation [235]: 

 

𝑓3(𝑌) =  |
𝑌

𝑌𝑚𝑎𝑥
∗  

𝑋𝑚𝑎𝑥

𝑋
− 1|       (V-3) 

 

Furthermore, the maximum f3 index must be taken for each measurement range: 

 

𝑓3 = 𝑚𝑎𝑥 [𝑓3(𝑌)]         (V-4) 

 

Where: 

 𝑓3(𝑌) = the proportionality deviation of a photometer for output Y; 

𝑌 = the output signal due to illumination of the photometer with input quantity𝑋; 

𝑋𝑚𝑎𝑥  = the input value corresponding to the maximum output signal 𝑌𝑚𝑎𝑥 ; 

𝑌𝑚𝑎𝑥   = the output signal due to illumination of the photometer due to the input 𝑋𝑚𝑎𝑥 .; 

𝑓3   = the linearity index (f3); 

 

To be able to measure the full range of the devices, the linearity index was determined using two 

different setups; one without tubes and one with tubes. A large Lambertian-like luminous source was 

used. Important is that other f-indices do not impact the results of this index. That is why dimming an 

incandescent or halogen lamp is not an option. It affects both the luminous flux, as well as the spectral 

composition. When dimming, the light will shift from shorter wavelength to the longer wavelength, 

impacting the V (λ) response. A dimmable Lambertian type of light source is only an option when the 

devices demonstrate a good cosine match. The linearity’s of all devices are included in the linearity index.  
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Measurement set-up 

The Lambertian-like luminous source is created by a ceiling 

of 135 dimmable, 58W fluorescent tubes (Philips, TL-D 

58W 840) covered by a translucent sheet, a so-called 

Daylight room (DL) (Figure V-7). The Daylight room is 4.5 x 

4.5 m2, simulating the light distribution of a CIE overcast 

sky. This type of Diffuse Sky Simulator uses a diffuse ceiling 

and mirrors to achieve this specific diffuse light 

distribution. The interior walls are covered with mirrors 

starting from the top to the measurement level. The 

resulting luminance distribution is rotational symmetric 

with a three times higher luminance at zenith than of the 

horizon. 

Set-up 1, with tubes 

To certify that only light from a small opening angle (top) could reach the light sensitive area, a black 

tube (internal diameter 41.6 mm, height 65.3 mm, opening angle between 0°-23°) was placed over the 

ambulant device. The illuminance in this setup ranged from 0 to approximately 2,100 lx. 

Set-up 2, without tubes 

The maximum value of illuminance from set-up 1 does not suffice for outdoor measurements. For 

realizing a higher illuminance, the setup was changed by excluding the black tubes. With this 

measurement setup it is possible to reach a horizontal illuminance of 12,500 lx on the light sensor, to 

mimic values close to daylight. 

Measurements 

During the measurements with and without the additional tubes, ten settings were used on the voltage 

dimmer to change the illuminance output of the light sources and to determine the linearity index of 

the devices. 

Temperature Index (f6,T) 

The temperature index, f6,T, refers to the influence of the ambient temperature on the performance of 

the photosensitive meter. The temperature can influence the absolute measurements as well as the 

relative response of the photometer, both impacting the measurement results.  

The f6,T index is quantified for an ambient temperature T by comparing the output value Y(T) at the 

specified temperature to the output value at the reference value Y(T0) at the temperature T0 = 25°C 

[235]:  

𝑓6,𝑇(𝑇) =
𝑌(𝑇)

𝑌(𝑇0)
− 1        (V-5) 

 
The index f6,T  for temperature dependence for each device is given by: 

𝑓6,𝑇 =  |
𝑌(𝑇2)−𝑌(𝑇1)

𝑌(𝑇0)
∗  

𝛥𝑇

𝑇2−𝑇1
|       (V-6)  

 
Where: 

 𝑓6,𝑇(𝑇)  = the temperature index for temperature T; 

 𝑌(𝑇)  = the output signal at temperature T; 

 𝑌(𝑇0) = the output signal at 25 °C reference ambient temperature. 

 

Figure V-7 The Daylight room used to 
determine the f3 index 
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the following values are used: 

T2 = 40 °C; T1 = 5 °C; T0 =25 °C; ΔT = 10 °C. 

The temperature index f6,T is calculated by using a controllable climate box with temperature settings 

between -10°C to 30°C. The ambulant devices are placed inside a climate box/chamber (Weiss 

Umwelttechnik GmbH, Simulationsanlagen – Messtechnik, Type: SB22/160/40, 270118/1/0001(1996)) 

and the light source is placed outside the climate box. The climate box is positioned in a large open 

laboratory space. The light source (Philips Halogen, 800 W) was stabilized and placed outside the box to 

avoid temperature influence on the output from the light source. The light entered the climate box via 

a small window, see Figure V-8. 

Measurements 

The temperature in the climate box during the measurements ranged between -10°C to 30°C. Those 

temperatures are realistic for the light sensors during field measurements in mediate climates. To 

gradually change the temperature, smaller steps of 5 °C were chosen even though the steps of 10 °C 

were sufficient. Each temperature setting lasted approximately 45 minutes and the complete procedure 

for each device took around eight hours. During the measurements, the luminous flux of the light source 

and the angle of incidence were kept constant to avoid potential irregularities due to a bad performing 

f2 and f3 index.  

 

         

Figure V-8 Lay-out and photo of the measurement setup to determine the f6,T index (pictures by J.v.Duijnhoven) 

 

All the measurements were analyzed in the software program MATLAB (R2015a).  

The results of the sensor position measurements were all related to the reference position (between 

both eyes) and deviations between the reference location and the other locations were calculated. The 

results are given in the median deviation expressed in percentage. 

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛_𝐸𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛2 =
𝐸𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛2− 𝐸𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝐸𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
× 100%    (V-7) 

 
In contrast to quick response of vision-related measurements, NIF-effects are known for a dose-

response effect [8]. Therefore, the total luminous exposure for each device was calculated and 

compared to the reference for the given time. 

The data regarding the three quality indices were analyzed in multiple ways. The illuminances (direct 

output from device), the relative illuminances, the index per range step (per angle, reference illuminance 

or temperature) and the final index were calculated for each quality index as described in [235]. 
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 Results 
 Sensor location/position on the body 

The illuminance and the luminous exposure were measured on three different locations on the body, 

under indoor and outdoor conditions. Median deviations were calculated from the wrist, chest, and the 

side of a pair of glasses to the reference location (between the eyes).  

Considering both the indoor and outdoor data, the inaccuracy of measuring at the wrist was 11-27%, at 

the chest location 7-17%, and on the side of the glasses 7% (Table V-3).  

Table V-3 Median deviation of measured illuminance values (%) at the different measurement positions on the body 
related to the reference position 

 Indoor conditions Outdoor conditions 

Location 2 (Next to the eye) 7 % 7 % 
Location 3 (Chest) 17 % 7 % 
Location 4 (Wrist) 27 % 11 % 

 

Since for NIF, the duration in relation to the intensity is relevant, the luminous exposure provides an 

indication for these differences. The deviations between the luminous exposures measured at the 

different locations related to the reference location are provided in Table V-4. 

Table V-4 Deviations of calculated luminous exposures (%) at the different measurement positions on the body 
related to the reference position 

 Indoor Conditions Outdoor conditions 

Location 2 (Next to the eye) 9 % 6 % 
Location 3 (Chest) 2 % 9 % 
Location 4 (Wrist) 17 % 11 % 

 

 Results for Directional Response Index (f2) 
The Directional Response Index was measured and determined. With the available illuminance values 

per device, it was possible to calculate the f2 index per angle of incidence and later, by using equation 

V-2, the final f2 indices. Table V-5 shows the calculated f2 indices and their corresponding classes for 

each device.  

Table V-5 f2 results - Final f2 index values and classes 
 f2 index (%) f2 class 

Device 1   9.6 D 
Device 2 50.8 D 
Device 3   1.9 B 
Device 4   5.1 C 
Device 5   2.7 B 
Device 6 26.3 D 
Device 7 30.6 D 
Hagner reference cell   0.7 A 

 

The final f2 index values were calculated as the integral from the best fit trend line of the data points.  

 Results for Linearity index (f3) 
For identifying the f3 index, two set-ups where used:  

1. DL room with tubes; 
2. DL room without tubes.  
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Figure V-9 provides the device output illuminance (with tubes) compared to the reference illuminance 

measured with the Hagner cell (without tubes). The calculated R² values of all devices is > .99 which 

indicates a near perfect fit between the data points and the linear trend line. The different lines show 

the large deviations between the different devices. 

To determine the amount of light which falls on the device under an incident angle other than 0°, the 

difference in illuminances between the measurement setup with and without tubes was calculated. For 

this amount of light, the cosine index should be considered. For the measurement setup including the 

tubes, the maximum angles of incidence are calculated and the corresponding cosine index was derived 

for these angles.  

Equation (V-3) and (V-4) were used to calculate the f3 index. Figure V-10 shows the f3 indices for the two 

settings in the DL room for each referent illuminance level, as explained in the methods section. The 

final f3 index value is the maximum f3 index for each device per measurement setup. Table V-6 provides 

the summary of the f3 indexes and the corresponding classes per setting for each device.  

 

 
Figure V-9 The relation between the illuminance of the devices (with tubes) and the reference illuminance (without 
tubes). The trend line-equation is added per device 

 

 
Figure V-10 Linearity index (f3) and the according classes of the different devices related to the reference illuminance. 
The line 0.05 corresponds to a class C, 0.02 to class B, and 0.01 to class A 
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Table V-6 f3 index for the condition with and without tubes. 
 f3 index 

Setting with 
tubes (%) 

Class f3 index 
Setting without 

tubes(%) 

Class 

Device 1 35 D 91 D 
Device 2 16 D 13 D 
Device 3 10 D 11 D 
Device 4 1 A 4 C 
Device 5 20 D 3 C 
Device 6 5 C 6 D 
Device7 55 D 20 D 

 

 Results for Temperature index (f6,T) 
The temperature index was determined from the output illuminances of the devices in a temperature 

changing environment. The f6,T index was additionally calculated according to equation (V-6) for each 

temperature step between the given temperature range (Table V-7 ). Subsequently, the f6,T indices were 

calculated for a smaller temperature range: 15°C to 30°C. The higher temperatures correspond to 

realistic indoor temperatures and might be representative for specific target groups like elderly people 

living in closed care facility wards or hospital patients who spent most of their time indoors.  

Table V-7 f6,T index for the temperature ranges -10°C to 30°C and 15°C to 30°C 
 f6,T index (%) 

-10°C to 30°C 
Class f6,T index (%) 

15°C to 30°C 
Class 

Device 1 1.6 A 1.3 A 
Device 2 3.4 B 1.4 A 
Device 3 1.5 A 1.1 A 
Device 4 0.7 A 0.4 A 
Device 5 - - - - 
Device 6 0.9 A 0.0 L 
Device 7 1.1 A 0.7 A 
Hagner Reference cell 2.4 B 2.1 B 

 

 Overview of results 
The overview of results for the location on the body is given in Table V-3 and Table V-4. Table V-8 

provides an overview of the seven analyzed devices per quality index and includes the classification 

results according to DIN [236]. 

Table V-8 Technical measurement results – corresponding class limits [236]. The first values of f3 are based on 
measurements with tubes, the second without tubes. Dark green defines a class A, light green a class B, orange a 
class C, and red a class D   

Device 1 Device 2 Device 3 Device 4 Device 5 Device 6 Device 7 Reference 

f2 D D B C B D D A 

f3 DD DD DD AC DC CD DD N.A. 

f6,T A B A A - A A B 

 

 Discussion 
Measurements regarding NIF-effects require accurate determination of, for example, the amount of 

light or the direction of light incidence. By making use of commercially available devices, which 
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performance and accuracy is unknown, and of which the position deviates strongly from the eye 

position, there is a risk that the results diverge from realistic values.  

 Location on the body 
The device position measurements show that particularly wrist worn devices should be used with great 

care since the results show a large inaccuracy of 27% (Table V-3). The best position from the accuracy 

perspective would be on the temples next to the eyes. However, head-based devices may cause user 

discomfort and annoyance and may lead to the situation where participants refuse to wear the device. 

An earlier study by van Duijnhoven et al [226] demonstrated that wrist worn devices were the least 

obtrusive and devices worn on a headband or attached to the frame of glasses the most but not to such 

an extent that people would not wear them. Therefore the best position would be on the chest. The 

viewing direction of a chest-based device is largely comparable to the eye direction and the comfort of 

wearing is not a big issue. 

 Practical application for testing the usability of NIF-effect measuring devices  
The different described methods for calibrating the devices are intended to be simple and practical for 

indicating incorrect measurements, and do not replace calibrations performed by certified 

measurement institutes. 

As for the described method investigating the f2 index, the following preparations should be taken before 

measuring: 

 Ensure a completely uniform illuminance distribution on the measurement surface caused by 
the test light source; 

 Make sure that the center of the light source has its focus exactly at the same point on the table 
at varying angles of incidence;  

 Make sure that the aimed angles between the source and the sensor;  

 Ensure that the distances between the light source and the light sensor remain constant for the 
different angles. 

 

Four out of the seven devices were classified as D, meaning a poor performance for the f2 index. The 

question for NIF-effects is whether it is necessary to measure the light originating from half a sphere. 

When relating this to the eye and the position of all different photosensitive cells in the retina one might 

suggest that only within a standard viewing angle of 2° or 10° should be measured since that is the 

projection angle where the macula is and therefore the highest concentration of cones. For NIF, the 

directionality of the light seems to have an impact on the effect although it remains unclear what the 

best directionality is [230]. Since no exact location or viewing angle is known yet, the f2 index as described 

in this subchapter should be applied for now. 

For the f3 index, different methods were used to cover the complete range of possible illuminances when 

measuring both indoors and outdoors. The method with a Lambertian radiator, using tubes is 

recommended. Only when the cosine index (f2) of the devices is within Class A, the tubes can be 

discarded. 

Using a Lambertian radiator providing a spherical diffuse light distribution, the following aspects should 

be verified:  

 Determine the f2-index first. Based on the results decide whether to use tubes or not; 

 Assure the quality and clarity of the mirrors;  

 Ensure that no other light sources outside the DL Room impact the measurements ;  
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 Record the maximum angle of light incidence on the devices when measuring with the tubes 
placed on top.  

 

Most of the devices demonstrate a weak performance for this index resulting in a class C to D. Only one 

qualifies for class A. The reason might also be related to the fact that when the f2 index is weak, the 

tubes remain necessary for a correct measurement. As a consequence of the tubes, the high, to daylight 

related values are not feasible anymore.  

For determining the f6,T index, the following preparations should be taken:  

 Confirm the stability of the light source by during measurements;  

 Consider the accuracy of the temperature regulation inside the climate room.  
 

The f6,T index is now calculated for a large range of temperatures while in reality the device will be worn 
on the body. This means that when mainly worn indoors, the temperature is then related to the ambient 
indoor temperature and in some cases even related to the skin temperature. At an ambient temperature 
of 23°C, Olesen in his study [237] stated that the skin temperature varies around 30°C. Therefore, when 
mainly worn indoors, a smaller range, between 20-35°C (close to skin temperature), would already be 
sufficient. According to the measurements, all devices performed up to a class A for the f6,T index. 
 

 Limitations 
In this study, only one type of seven, available, lightlogging devices were assessed. Since there might be 

inter-individual differences between the types, as indicated by another study [212], a number of each 

type should have been better. The f6,T index for one device could not be determined due to saturation 

of the measurement equipment. Finally, methods for only three quality indices were determined. A 

relevant light parameter related to NIF-effects is the spectral power distribution of the light. Four of the 

analyzed devices only measured a photometric value (illuminance). The technical note from CIE [8] 

suggests convolving the spectral irradiance in the so called α-opic irradiances for each of the five types 

of photoreceptors: s-cones, m-cones, l-cones, ipRGCs and rods. This implies that lightlogging devices 

should either measure the irradiance per nm (between 380 and 780 nm) or within the five indicated α-

opic sensitivity spectra. None of the devices in this study were equipped to measure all five sensitivities. 

Some were equipped to measure RGB and/or melanopic irradiance. For future research, it would be 

relevant to develop a hands-on simple method to allow for spectral calibration for the above-mentioned 

sensitivities. 

 Conclusions and recommendations 
This subchapter describes simple methods for identifying three quality indices; the directional response 

index, the linearity index, and the temperature index. These indices were checked for several commonly 

used ambulant light measurement devices. The results show that the quality and the outcome of these 

devices, under different circumstances, are very diverse. Also, the location were these devices are 

normally worn has an impact on the results. The deviation range between worn vertically at eye level 

and the wrist is between 11 % (outdoors) to 27% (indoors). The smallest deviation, both indoors and 

outdoors, was found when the device was placed on the sides of the eye (7%). 

The suggested methods are kept simple to allow researchers to assess the abilities but also the short-

comings of the used devices. It also demonstrates how the science of lighting and the science of human 

effects need each other in their joined goal to gain knowledge towards the NIF effects. 
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The overview created in this study displays the differences in qualities between the investigated 

ambulant lightlogging devices This study supports the findings of other researchers [212,238] indicating 

large quality differences of different ambulant measurement devices. Conclusions of previously 

conducted research based on low quality lightlogging devices, or positions on the body that demonstrate 

a poor correlation to the light on the eye, may need to be revised to confirm that the findings are based 

on the correct light-data. Although this goes without saying; understanding the output values by the 

devices is a first step; too often it is assumed that the values indicated by the devices are accurate while 

this subchapter demonstrates that this is almost never the case. 

Based on the outcome of this study, for field studies on induced light effects the highest quality were 

devices 3, 4, and 5. Since the spectral composition is relevant, a device which not only measures the 

illuminance is essential. Therefore, based on these insights, device 4 would be the preferred device, 

worn on the chest. 
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VI. Exploring the impact of light exposure from the perspective of 

nightshifts working nurses 
 

In this chapter, the NIF-effects of light are further explored with regard to nurses working nightshift. In 

direct patient care, working nightshifts is indispensable. When working during the night one has to go 

against the natural rhythm of being awake during daytime and sleeping during nighttime. This ‘going 

against nature’ has a short term and long term impact on people’s physical and mental health. Working 

at nighttime disturbs internal circadian rhythms, effecting the sleep quantity and quality, causing sleep 

deprivation. This negatively influences the alertness during the nightshift, and as a consequence 

contributes to the risk of errors. Therefore, shift work can negatively impact patient safety directly as 

well as indirectly through the potential health risk of nurses. Also, the general impact working irregular 

shifts has on (social) life leads to more nurses leaving this profession. 

This chapter evolves around the question of how hospital nurses can benefit from an individual light 

strategy to support the sleep/wake cycle in order to be less sleepy during the times awake without losing 

out on sleep. The aim of the first study was to get insight into the normal strategies nurses take before, 

during, and after nightshift with a special interest in lighting. Previous studies mainly focused on 

strategies and difficulties during nightshifts. Data was collected via an online-survey (N=676). This study 

is described in subchapter VI.1 Nurses’ strategies before, during and after nightshifts  

Results from the survey confirmed the extent of impact shiftwork has on nightshift working nurses and 

the limited routines nurses apply before, during and after nightshiftwork. Lighting is hardly applied as a 

standard routine. In order to find out how light might help, the second step was to determine the typical 

light exposure, sleepiness and sleep quantity and quality of hospital nurses when working the nightshift.  

The results of that study indicated that light exposure is hardly taken as a measure but it also raises the 

question, what is the normal sleep, sleepiness and light exposure during shiftwork? Therefore, a field 

study was executed on the situation in practice of the normal routines. This study is described in VI.2 

Exploring light exposure in relation to sleepiness and sleep of hospital nurses working nightshifts. The 

baseline study gave insight into light exposure, sleepiness, and sleep rhythms over the entire nightshift 

work cycle. Based on these results, a light-intervention was designed which aimed for an individual light 

exposure strategy by use of special light glasses. The protocol was approved and the placebo controlled, 

single-blind trial was conducted in a field study among 23 hospital nurses, described in subchapter VI.3 

Can special light glasses reduce sleepiness and improve sleep of nightshift working hospital nurses? The 

previous study showed that the use of special light glasses had a positive effect on sleepiness on the 

commute home after the first nightshift of a cycle. On the other hand, the sleep quality after that night, 

was significantly lower. Sleepiness during the nightshift over the cycle was more stable over the days. 

On the recovery day after the nightshift cycle, the sleep duration was longer, the sleep latency shorter 

and the sleep efficiency higher. Results of the online-survey demonstrated that 76 % of the participants 

would not use light (glasses). Reasons for not wanting to wear the glasses were obtrusiveness and the 

expectation to have no effect. 75% of the participants who experienced working with the light glasses, 

indicated their willingness to use the glasses in the future, 50% would also use the placebo version.  
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 Introduction 
In direct patient care, working nightshifts is indispensable. When working during the night one has to go 

against the natural rhythm of being awake during daytime and sleeping during nighttime. This ‘going 

against nature’ has a short term and long term impact on people’s physical and mental health. Working 

at nighttime disturbs internal circadian rhythms [88,103,239–241], affecting the sleep quantity and 

quality [242–245], and causing sleep deprivation and fatigue [240,246,247]. This negatively influences 

the alertness/attention during the nightshift, and as a consequence contributes to the risk of errors 

[248,249] like medication administration mistakes [250]. Therefore, shift work can negatively impact 

patient safety [88] as well as the general health of nurses [251,252] with specific concerns related to 

mental health [253], cardiovascular diseases related to obesity [254] and cancer [68]. A review assessing 

the health effects of nightshift work concluded that nurses would benefit from enough good-quality 

sleep, among other things [255]. Circadian adaptation to nightshift work leads to better performance 

and longer daytime sleep [248].  

Previous studies have examined how nurses cope with working during nighttime and which difficulties 

they experience [256,257]. Several strategies for example on food-intake [258], sleep hygiene [258], and 

light exposure nightshift [259] have been reported to effectively help shift workers to adjust to this 

constant change of their biological clock in order to perform well during nighttime while remaining 

healthy. The light/dark cycle, which is based on sunlight, is the foremost regulator of circadian rhythms 

[260]. In current society, people are required to be awake on times that are in conflict with this rhythm 

[261]. Nurses working in direct patient care are exposed to rotating shifts. The schedules of shift work 

vary across countries and institutions with regard to length, rotation in schedule and number of 

(consecutive) shifts [249]. 

This study intends to get insight into the strategies nurses currently take before, during, and after 

nightshift, with a specific interest in the use of light and lighting. The latter because light is the most 

influential external mediation to shift the circadian rhythm [88,262] and the light-dark cycle [263]. The 

research questions are: which strategies do nurses working nightshifts take, before, during and after a 

nightshift; to what extent do they comply to guidelines for taking away the risks of night work; and what 

is the view of nurses on the impact of nightshifts. 

 Method 
To get insight into the strategies that nurses apply themselves before, during and after a nightshift a 

web-based questionnaire was developed. The questions were based on the items incorporated in the 

guidelines and strategies to mitigate the risks of night work related to the safety, health, and well-being 

of employees as described in a report published by the Dutch Federation of Trade Unions [85]. The Dutch 

organization “Stichting Arbeidsmarkt Ziekenhuizen” (StAZ), published the results of a field study on the 

effects of three specific interventions (adaptation of shift work schedule based on circadian rhythm, 

eating and drinking habits and nighttime light exposure) for nightshift workers [259] as well as tips and 

strategies when working nightshift[264]. 

Additional questions, comprising key characteristics regarding personal, schedule related and general 

attitude towards shiftwork were added. The questions were to be answered on a Likert scale of 6 or 7 

points (questions related), starting “negative”, scoring 0 and ending “positive”, scoring 5 or 6 (e.g. fully 

disagree – fully agree). Appendix B contains the survey, translated to English. 
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 Data Collection/validity 
To our knowledge, no validated questionnaire exists on the topic, therefore this survey was developed. 

To increase the validity, an early version of the questionnaire was evaluated on the clearness of the 

questions, logic of the structure, and the web-based answer options by a small group of independent 

health care workers and researchers, conferring to Portney and Watkins [265]. Their feedback was 

processed resulting in the final and applied version. The online survey program, Survey Monkey [266] 

was used. The validity of the answers was checked by the questions about the timing when nurses were 

the most alert and the least alert. Of the 676 participants, 673 participants gave no identical answer.  

 Participants and recruitment 
The study population was nurses working nightshifts in hospitals, nursing homes, and mental health 

institutions in the Netherlands. Nurses of two organizations from our own network (a University Medical 

Center (UMC) and a nursing home organization were invited, via email and asked for their participation. 

The response rates of the UMC and the nursing home were 51% and 53% respectively. To increase the 

generalizability and therefore the number of participants, an e-mail was sent to the general contact 

addresses of 467 healthcare organizations. These addresses were retrieved from a website containing 

an overview of Dutch health care organizations [267]. The contact person of each health care 

organization was kindly asked to distribute the survey link among their employed nurses.  

Data were collected from April 12th until May 4th, 2018. For all organizations the link was available for 

two weeks. A total of 710 nurses of 107 different care facilities responded leading to 676 fully completed 

questionnaires (5% incomplete). Most of the incomplete questionnaires were filled in until the specific 

questions about shiftwork. Questionnaires from hospital nurses working in more than 30 different wards 

were received. According to the Dutch Central Bureau of Statistics [9] the total number of practicing 

nurses for that period was 196,000 of which 67% registered nurse (Level Higher Professional Education) 

and 33% enrolled nurses (level Secondary Vocational education). 

 Ethical issues and data management 
This study was performed according to the principles of the Declaration of Helsinki (7th version; October 

2013)[268] and Good Clinical Practice [269]. Data were collected, blinded, and stored following the 

General Data Protection Regulation [270]. The nurses voluntarily filled out the questionnaire, as is seen 

as permission for using the data.  

 Data analysis 
The data were provided as a Microsoft Excel-worksheet. Statistical analyses were performed with the 

help of software program IBM SPSS Statistics version 23.0 for Windows (IBM, New York, United States). 

All questions were scored individually. Descriptive statistics were used to characterize the study 

population. A linear regression test (Pearson’s) was performed to test for a causal relation between two 

continuous variables. Where linearity could not be assumed, Kendall’s Tau statistics were applied. This 

was, for example, the case when analyzing the correlation between age and the reported impact 

nightshift work has. The correlation between strategies and the impact of nightshift work like sleep and 

recovery was analyzed. A comparison between the results of the nursing home/home care nurses and 

hospital nurses was made by using a two tailed, independent t-test. Finally, the magnitude of impact of 

nightshift work was analyzed with age of the participants as a dependent variable. All statistics were 2-

tailed significant if p<0.05. 
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 Results 
All results of the survey are given in Table VI-1 and Table VI-2. A distinction was made between the topics 

“Demographics and current shiftwork schedules” “Applied strategies”, and “Impact of nightshift work”.  

Table VI-1 Key Demographics of the participants and work schedule (N=709). M=mean, SD=standard deviation, 
Mdn= median   

Percentage M SD Mdn 

Gender Female 91% 
   

 
Male 9%    

Age (years old) 
 

39.6 12.7 39 

Work experience (years) 
  

18.5 12.4 17 

Average work week (hours) 
  

27.9 6.7 28 

Average number of nightshifts per month  
 

5.6 3.8 4 

Ratio nightshifts/workweek (%)  40.7 29.7  

Average number of nightshifts in a row, N=433 64% 3.2 1.3 3 

Variable number of nightshifts in a row, N=243 36%    

Set schedule Yes 21%    
 

No 79%    

Forward rotating shift Yes 38% 
   

 
No 62% 

   

Collective Employment 
Agreement 

Nursing home/home care 52% 
   

Hospital 45% 
   

Mental healthcare 3% 
   

Highest level of Education Registered Nurse (>MBO 
level 40F

1) 
69% 

   

 
Enrolled Nurse (MBO level 
31F

2) 
24% 

   

 
Others 7% 

   

Satisfaction with the work schedule (0=Not 6=Yes)  4.7 1.4 5 

Influence on work schedule (0=No 6=Full)  3.5 1.6 4 

Preferred number of nightshifts in a row  3.0 1.3 3 

like working nightshifts (0=Disagree 6=Agree) N=676  3.8 2.1 4 

 

 Demographics and current shiftwork schedules 
52% of the respondents worked in a nursing home/home care and 45% worked in a hospital. On average 

the work experience was 18 years and the work-week was 28 hours. The average age was 40 years old 

with a range between 18 and 68 years old. Age was not distributed evenly, with 43% in the younger one-

third (between 18 and 34 years old), 35% in the middle (35-50 years old) and only 22% was between 51-

68 years old. The average number of nightshifts per month was six (range 0-19). The number was 

significantly correlated to age (r=.34, p<.001). The average number of consecutive nightshifts was three. 

                                                                 

1 Corresponds to Higher professional education. 

2 Corresponds to Secondary vocational education. 
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32% normally worked two consecutive nights and 31% worked three. 73% did not want to change the 

number of shifts, while 20% would prefer to add one nightshift more to the row. A strong positive 

correlation was found between the current and the preferred number of nightshifts in a row (r=.86, 

p<.001, N=420). One of the recommendations for people working rotating shifts is to work according to 

a forward rotating schedule [85]. The work-schedule was not fixed and for 62%, a forward rotating 

schedule (following the schedule morning, day, night in our case with three shifts) was not standard. 

81% of the nurses was positive about the work schedule and 10% could entirely determine their own 

schedule. 7% of the nurses indicated that they prefer to have no nightshift at all. No significant 

correlation was found between the weekly working hours and the number of nightshifts per month. The 

median number of nightshifts in a row is equal to the preferred number. On average the ratio between 

the number of nightshifts and the total number of workdays is .41 of which around 5% has a ratio > .95, 

meaning that they almost only work the nightshift. Nevertheless, with a score of 4.7 (max. is 6), the 

nurses are relatively satisfied with their working schedule.  

Table VI-2 Results of the survey. Left the statistical data, right the results, expressed in % of the N per question. The 
bold marked numbers represent an answer that was given to that question by >25% of the participants. Scale=range 
of possible answers, M=mean, SD=standard deviation, Mdn=median 

Strategies 

  

Scale SD Mdn 

A
lw

ay
s 

(0
) 

   

N
ev

er
 (

4
) 

W
o

u
ld

 li
ke

 t
o

 

 

Strategies before nightshift (N=690) 0-4          
 

Sleeping rhythm  1.4 2 35 26 19 7 10 3 
 

 
Eating rhythm  1.5 4 13 14 16 15 42 1 

 

 
Light exposure  1.4 4 10 9 22 13 45 2 

 

Strategies during nightshift (N=690) 0-4          
 

Apply extra light  1.4 3 11 19 22 13 35 1 
 

 
Caffeine drinks  1.4 5 10 12 16 8 53 0 

 

 Apply extra sound  1.3 4 7 11 23 14 43 1  
 

Low calorie food  1.3 3 7 14 33 10 36 1 
 

 
Powernaps  1.0 5 1 3 8 9 66 13 

 

Strategies after nightshift 0-4 
         

 
Dark bedroom  1.3 1 77 9 3 2 8 1  

 Directly to bed  1.4 2 41 27 14 8 9 2  

 Quiet bedroom  1.7 2 37 13 11 7 31 0  

 In bed for 7 hours  1.5 3 19 24 23 14 12 8  

 Sleep medication  1.0 5 4 3 9 7 77 1  

 Alcoholic drinks  0.5 5 0 0 5 4 90 0  
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Eating time during nightshift (N=676)  13% 19% 32% 41% 21% 16% 10% 11% 3% 
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,  
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s     

Use light therapy box (N=676)  
  

61% 27% 13%     

    

N
o

 

Ye
s 

if
,  

Ye
s     

Use light goggles (N=676)  
  

76% 16% 8%     
  

Scale SD Mdn 

D
ar
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r 
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t(
0

) 
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6

) 

Preference for dark vs bright 
environment during nightshift (N=676) 0-6 1.6 3 24   30   47 
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Preference for silence vs sound during 
nightshift (N=676) 

0-6 1.5 3 46   33   21 
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Usage of energizing drinks (N=676)  
  

30% 21% 51% 20% 2% 1% 
 

Determine when to go to sleep 
(N=676) 

   

Ye
s 

N
o

      

   
  

74% 26% 
     

Impact of nightshift           
  

Scale SD Mdn N
o

t 
at
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ll 

(0
) 

  

N
eu

tr
al

 

  

V
er

y 
m

u
ch

 (
6

) 

Impact on (N=676) 0-6          
 

Physical health  1.8 4 10 12 8 19 22 17 11 
 

Mental Health  1.9 3 21 16 8 16 20 13 7 
 

Sleep quality  1.9 4 9 12 7 11 23 18 20 
 

Sleep duration  1.9 4 9 11 9 12 19 18 22 
 

Social Life  1.9 4 8 12 8 13 19 21 20 

 Work performance  1.7 2 21 23 13 17 16 6 4 
 

Personal life  1.9 4 10 13 10 14 23 16 13 
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Most alert (N=709)  
  

65% 29% 3% 4%    

Least alert (N=709)  
  

1% 3% 62% 33%    

Sleep after shift (hrs.) (N=676)  1.5 6        
  

Scale SD Mdn D
is
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e 
(0

) 

  

N
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al

 

  

A
gr

ee
 (

6
) 

Sleep duration after nightshift is 
sufficient (N=676) 

0-6 2.0 3 44   15   29 

Exposure to light improves alertness 
during and sleep quality after 
nightshift (N=676) 

0-6 1.4 3 11   43   47 

  

Scale SD Mdn N
ev

er
 (

0
) 

  

N
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A
lw

ay
s 

(6
) 

Recover within 48 hours (N=676) 0-6 1.7 4 5 4 4 35 11 16 24 

Work alone during nightshift (N=676) 0-6 1.9 4 11 4 3 25 9 25 23 

 

 Applied strategies 
Strategies before nightshift. 

Figure VI-1 shows the strategies applied by the nurses before the nightshift. An adjusted sleep pattern 

as preparation for the nightshift, is most frequently applied. 61% indicated to always or nearly always 

apply this while only 10% never adjust their sleep pattern. A change of light exposure and eating pattern, 

as recommended by the guideline [259], are (almost) never taken by the majority of the nurses (58% vs 

57%). 

Strategies during nightshift. 

During the nightshift only a limited number of measures (see Figure VI-2) are taken. Extra light is applied 

most frequently by 30% of the nurses. Powernaps are least applied (75% (almost) never) although 13% 

would like to take powernaps during nightshift. Strategies like extra sound and caffeine drinks are 

(almost) never applied by the majority of the nurses. Low calorie food is (almost) never applied by 46% 

with 33% answering this question with ‘neutral’. Between 3-4 am is the time when most nurses (41%) 

eat during the nightshift. 

Strategies after nightshift. 

The strategies (see Figure VI-3) after nightshift focus on sleep habits. A dark bedroom is (almost) always 

applied by 86% of the nurses and 68% (almost) always directly go to sleep after the nightshift. A quiet 

bedroom is less common with 38% responded (almost) never to have a quiet bedroom and not anyone 

of them would like to have a quiet bedroom. 43% (almost) always stay in bed for 7 hours. Alcoholic drinks 

and sleep medication are almost never used (94% vs 84%). 7% indicated to (almost) always use sleep 

medication. 2% indicated to use energizing drinks directly after nightshift. Nearly a quarter of all nurses 

are not fully in control over their sleep timing due to for example family or pets. 
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Figure VI-1 Strategies before nightshift (N=690)  Figure VI-2 Strategies during nightshift (N=690) 

 

Figure VI-3 Bottom left strategies after nightshift (N=690) 

 

Strategies with respect to light and sound 

On the question, whether they consider light exposure to improve alertness during nightshifts and sleep 

afterwards, 46% of the nurses answered positively and 43% answered neutrally. The majority (61%) 

would not sit in front of a light therapy device during their shift and an even larger percentage (89%) 

would not wear light emitting glasses during nightshifts. The two main reasons are that they already 

wear glasses (31%) and that they don’t expect it to be beneficial (27%). The mean(SD) scores of 

preferences regarding ‘light’ and ‘sound’ of the room where most time is spent during the nightshift 

were respectively 3.4 (1.6) and 2.3 (1.5). This indicates that most participants preferred a room with 

extra light (0=extra dark and 6=extra bright) and most people preferred a more silent room (0=extra 

silent and 6= extra sound).  
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 Impact of nightshift work  
The correlation between the different strategies and their perceived impact on sleep and recovery after 

the nightshift demonstrates several significant correlations, shown in Table VI-3. 

Table VI-3 Correlation (τ) between measures and sleep/recovery related results. Kendall Tau. * p<.05, ** p<.01. 
N=520 

  Hours of sleep after 
shift 

Appropriate hours of 
sleep 

Recovery within 48 
hours 

Adjusting Sleep pattern before shift  -0.096** -0.089* -0.037 

Adjusting light exposure before shift -0.045 -0.059 -0.091* 

Powernap during shift  0.066  0.126**  0.103** 

Extra sound during shift -0.014  0.036  0.096** 

Use sleep medication after shift  0.056  0.086*  0.123** 

Quiet bedroom  0.059  0.090*  0.080* 

Stay in bed for 7 hours after shift -0.570** -0.261** -0.039 

Hours of sleep after shift 1 0.417**  0.110** 

Appropriate hours of sleep  0.417** 1  0.282** 

Recovery within 48 hours  0.110**  0.282** 1 

 

General impact of nightshift work 

According to one fifth of the nurses, nightshift work has an ‘Extremely high’ (highest score, range from 

0-6) impact on sleep duration (M=3.6 (1.9)), sleep quality (M=3.6 (1.9)) and social life (M=3.6 (1.9)) and 

not so much on work performance (M=2.1 (1.7)) and mental health ((M=2.6 (1.9), 21% indicated ‘Not at 

all’). The impact on personal life and physical health is also high and both scores a mean of respectively 

3.3(1.9) and 3.3(1.8).  

Impact on alertness and sleep 

During the nightshift, 94% of the nurses are most alert at the beginning of their shift between 23:00-

03:00 and least alert between 03:00-07:00 with a peak between 3:00-5:00 (62% least alert). The mean 

(SD) hours nurses sleep after their nightshift is 6.4 (1.5) and whether this amount is appropriate was 

scored with a mean (SD) of 3.0 (2.0). The nurse’s recovery within 48h had a mean (SD) of 3.9 (1.7) with 

0 being never, 3 being neutral, and 6 being always, which means that a small majority of the people 

indicate to be recovered after 48 hours. The majority (74%) is not influenced by social circumstances 

(e.g. children, pets) when to go to sleep after the nightshift. 

Sleep and sleep recovery 

The data was analysed to identify whether applying these strategies impacts the recovery. The results 

show that the sleep duration after nightshift is significantly correlated to the frequency of adjusting the 

sleep pattern before nightshift (τ= -.096, p<.01) and staying in bed for 7 hours after (τ= -.570, p<.01). 

The answer to the question whether the nurses felt they slept long enough is correlated to sleep pattern 

adjustment before the shift (τ= -.089, p<.05), power nap during the shift (τ= .126, p<.01), use of sleep 

medication after the shift (τ= .086, p<.05), a quiet bedroom (τ= .090, p<.05) and staying in bed for 7 

hours (τ= -.261, p<.01). For the general recovery after 48 hours, a power nap, extra sound during, use of 

sleep medication after, and a quiet bedroom show a significant positive correlation, meaning that it has 

a negative impact on the recovery within 48 hours. Adjusting light before a shift, and hours of sleep after 
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nightshift are negatively correlated. Furthermore, the sleep duration after nightshift is positively 

correlated to the feeling of having slept sufficiently (τ=.417, p<.01) and to the recovery within 48 hours 

(τ=.110, p<.01). The feeling of having slept sufficiently is also correlated to the recovery within 48 hours 

(τ=.282, p<.01). Since the data showed no normal distribution, no multiple regression analyses could be 

performed to identify if, and which combination of strategies have the largest impact on the outcome 

strategies like hours of sleep, recovery after 48-hours and whether they felt their sleep was sufficient. 

Number of nightshifts per month and its general impact 

Tested was whether the number of nightshifts had an impact on nurses’ life and work performance. It 

was found that the monthly number of nightshifts was significantly negatively correlated to physical 

health (r = -.219, p< .001), mental health (r = -.252, p< .001), sleep quality (r = -.224, p< .001), sleep 

duration (r = -.171), social life (r = -.286, p< .001), work performance (r = -286, p<.001) and personal life 

(r = -.208, p<.001). These results might be influenced by the strong correlation between the number of 

nightshifts and the attitude towards working nightshifts (r =.454, p<.001). There was no significant 

correlation between the degree of influence on the schedule and the current and the preferred number 

of consecutive nightshifts. 

Difference between nurses working in a hospital and a nursing home/home care 

It was analyzed whether the answers of nursing home/home care nurses were different from those of 

hospital nurses (see Table). Hospital nurses are significantly younger, have a higher education level, work 

more hours per week, work less according to a fixed schedule and work fewer nightshifts per month 

than the nurses working in a nursing home/home care. Hospital nurses consider nightshift to have a 

higher impact on physical and mental health, sleep, social life and personal life. They take measures 

regarding sleep after their nightshift more frequently but indicate a poorer recovery after 48-hours.  

Influence of age and work experience on the impact of nightshift work 

In regard to the question of whether age is related to the impact nightshift work has, several significant 

correlations were identified. See Table VI-5. The same test was performed for work experience. Identical 

results were obtained. 

 

Table VI-4 Significant differences between nurses working in care home/home care and hospital. ** p<.0.01 and 
 * p<0.05, 2-tailed  

 Nursing home/home care  Hospital 

Scale Mean SD n Mean  SD n 

Age (years old)   41.2 ** 13 370 37.7 12.3 317 

Work week (hours)   26.4** 7.1 370 29.7 5.7 317 

Average number of nightshifts per 
month (-)  

 6.6** 4.5 370 4.7 2.9 317 

Fixed schedule (Y=1, N=2)   1.7** 0.5 370 1.9 0.3 317 

Work alone during the nightshift   4.3** 1.7 351 3.3 2 303 

Education (1=minimum level, 
6=academic level) 

 1.8** 0.9 370 2.6 1.4 317 

Nightshift has an impact on 0-6       
 

Physical health  3.0** 1.9 351 3.7 1.6 303 
 

Mental Health  2.2** 2 351 3.2 1.8 303 
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 Nursing home/home care  Hospital 

Scale Mean SD n Mean  SD n 
 

Sleep quality  3.3** 2 351 4 1.8 303 
 

Sleep duration  3.5* 1.9 351 3.8 2 303 
 

Social Life  3.4** 2 351 3.9 1.7 303 
 

Personal life  3.0** 2 351 3.6 1.7 303 

I like working nightshifts  0-6 4.2** 2.1 351 3.3 2 303 

Strategies before nightshift  0-4       
 

Eating pattern  3.5* 1.5 358 3.8 1.4 310 
 

Light exposure  3.7** 1.4 358 4 1.3 310 

Strategies during nightshift  0-4       
 

Powernaps  4.9** 0.8 358 4.6 1.1 310 
 

Apply extra light  3.3** 1.5 358 3.6 1.4 310 
 

Apply extra sound  3.6** 1.4 358 3.9 1.3 310 

Strategies after nightshift  0-4       
 

Quiet bedroom  3.0* 1.8 358 2.6 1.6 310 
 

Directly to bed   2.4** 1.5 358 2 1.2 310 
 

In bed for 7 hours   3.1* 1.5 358 2.9 1.5 310 

Normally I am recovered from 
nightshift after 48 hours 

0-6 4.1** 1.6 351 3.6 1.7 303 

Preference for brightness during shift 0-6 3.6** 1.6 351 3.2 1.6 303 

 

Table VI-5 Correlation between age and impact of shiftwork. * p<.05,** p<.01. The correlation between numerical 
values is tested by Pearson’s, the rest by Kendal’s Tau 

  Age Work Experience 

Hours of sleep after nightshift (r) -0.131** -0.095* 

Number of nightshifts per month(r)  0.338**  0.328** 

Like working nightshifts (τ) 0=fully disagree  0.142**  0.138** 

Appropriate hours of sleep (τ) 0=fully disagree  0.068*  0.062* 

Recovery within 48 hours (τ) 0=never  0.151**  0.142** 

Impact on (0=not at all, 4=extremely much)   

 Physical Health (τ) -0.141** -0.114** 

Mental Health (τ) -0.151** -0.127** 

Sleep Quality (τ) -0.131** -0.115** 

Sleep Duration (τ) -0.107** -0.081** 

Social Life (τ) -0.149** -0.125** 

Work Performance (τ) -0.165** -0.147** 

Personal Life (τ) -0.128** -0.115** 
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 Discussion 
The purpose of this study is to gain insight in the strategies nurses apply during nightshift as well as 

before and after.  

 Applied strategies 
The nurses apply several strategies to prepare for the nightshift cycle. Only 35% always adjusts their 

sleep pattern while on the other hand, more than 40% never applies a different eating or light exposure 

pattern as advised as one of te strategies by [259]. During the nightshifts, 35-66% of the nurses indicated 

never to apply the suggested strategies. Extra lighting during the night is the most applied strategy; with 

11% indicated they always apply this. Several studies demonstrated positive effects of lighting on 

nighttime alertness [92,271], and as a remedy against sleepiness [272]. Light suppresses the production 

of melatonin [95,96,169] and therefore postpones the preparation for sleep. Although light can lead to 

a circadian disruption, which potentially leads to health risks like breast cancer, the evidence for this 

causal association is limited [273]. 

The results also show eating low calorie food during nightshift, is not a standard routine and that around 

halfway the shift, most nurses indicated to eat. Disturbed digestion due to disrupted internal circadian 

clock cells when eating (high on carbohydrates and fat) snacks during the night [274] can lead to obesity 

and cardiovascular related health problems [275]. Therefore, a controlled food-intake is important to 

maintain healthy. 

Powernaps are least taken, although many nurses would like to. Alcohol, medication and a quiet 

bedroom are never applied by more than 35% of the nurses. A dark bedroom, go to sleep immediately 

after the nightshift and a quiet bedroom is always applied by more than 37%. Gamble et al. (2011) also 

studied adaptation to nightshift and concluded that adaption did not just depend on sleep length, but 

also the timing of sleep in relation to their work episode. That study distinguished five sleep strategies, 

from staying in the night mode to not sleeping for 24h. The most poorly adapted were the nurses who 

utilized sleep deprivation in order to shift back to nocturnal sleep on days off. Next to sleep, adaptation 

was found to be related to sleep strategy, chronotype, and genotype. The family structure seems to 

influence the chronotype of people were morning‐oriented personalities seem to be less susceptible to 

having sleep related disorders, and anxiety than evening ones [277]. 

 Impact of nightshift work 
Nearly all participants indicated that their social and personal life, their physical health and sleep is 

impacted by working nightshifts. Work performance and mental health are indicated by one fifth of the 

nurses to have no impact at all. Nurses who adjust their sleep pattern before a shift, sleep longer and 

indicated to sleep long enough after the shift. 

Alertness during nightshift 

Looking at the circadian rhythm, people’s alertness is the lowest at 3 am according to [278] and the level 

of alertness is related to the time of day, hours awake, and sleep inertia. The results of this study confirm 

these results. For 62% of the nurses, the time when they are the least alert lies between 3-5am when 

working nightshift. The research by Dawson and Reid [279], indicated that the time being awake has an 

impact on the performance (measured with a cognitive psychomotor test) and that after 18 hours of 

being awake people perform as poorly as when having the legally allowed percentage of alcohol (0.05 

%) in their blood. A linear correlation was suggested between hours awake and performance, which 

leaves the question open why only 33% of the nurses indicated that the time when being least alert is 
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at the end of the shift between 5-7 am. An explanation might be related to light (in spring time, when 

the survey was held, sun locally rises between 6 and 7 am) and approaching the end of a shift when 

more activities take place for example hand over of shifts. An interesting result from our study was that 

between 2-4 am, most people ate (32-41%) which is just before/around the time when most nurses 

indicated to be the least alert (3-5 am). A study by Gupta et al [280] concluded that the people who ate 

a regular meal at around 1:30 am, were more sleepy than the people who did not have that meal, 

although in both cases, the dip occurred at 3 am. The Shiftwork Metabolic Syndrome (MetS) suggests 

that an irregular eating pattern can have a detrimental impact on health though a literature review [281] 

indicated that ‘there was insufficient evidence regarding the association between shift work and 

prevalent MetS when the confounders are taken into account.’ 

Sleep and recovery after nightshift 

Nearly 80% of the nurses experienced that working nightshifts has an impact on different aspects of 

their lives and health with one fifth of the respondents indicated an extremely high impact on sleep 

duration, sleep quality and social life. In this study the reported mean hours of sleep after working 

nightshift was 6.4±1.5. A cross-sectional study [91] among nurses found a sleep duration of 4.78±1.67 

hours, after working a nightshift. This large difference can be explained by the different shiftwork 

schedules used in both studies. In our study a three day schedule is common [282], distinguishing 

between a morning shift (7:00-15:30h), day shift (15:00-23:30h), and a nightshift (23:00-7:30h) with a 

limited amount of nurses working according to a fixed schedule. In the study from Grundy [91], the 2-2-

5 schedule was used of 2 dayshifts (12 hours), 2 nightshifts (12 hours) and 5 leisure days. The conclusions 

from Grundy were based on 61 nurses (Mage=42.6), all working in the same hospital in Canada while our 

data were obtained from a larger number of nurses not restricted to working in a specific hospital, in 

the Netherlands.  

The linear regression between age and the duration of sleep after the nightshift showed a significant 

negative correlation (r=-1.31, p<.01) meaning that the older people, the shorter the sleep duration after 

nightshift. This is similar to the findings of Gamble and colleagues [276] where concluded was that older 

nightshift nurses slept significantly shorter than younger nightshift nurses. In our study age as well as 

work experience positively correlated to the number of nightshifts per month and the attitude towards 

working nightshifts, the feeling of sleeping the needed time, and recovery within 48 hours (Table VI-3). 

A survey among hospital nurses in Australia from Winwood et al. [245] concluded as well that recovery 

was the poorest among the youngest age group, compared to the oldest age group, although increasing 

age, in general, was not associated with poorer recovery. This indicates that people over the years, seem 

to adapt to working shiftwork, or more likely, people who cannot adapt switch to a profession without 

nightshifts. A negative correlation was found between age and physical health, mental health, sleep 

quality, sleep duration, social life, work performance and personal life, meaning that when getting older, 

the impact becomes less. Similar, age related effects have been reported in other studies, where it was 

concluded that older workers have higher job satisfaction [283] and are less fatigue [284]. Gamble et al. 

[276] found that the ‘no sleep strategy’, whereby people switch from days to nights, in this case 2 shifts 

of 12 hours each, and vice versa by staying awake during that entire period of > 24 hours, is most applied 

by the older and more experienced nurses. Not only age but also the work organization shows different 

responses related to impact. The impact of night work is higher for hospital nurses then for nurses 

working in care home/home care, although hospital nurses more frequently apply one or more of the 

suggested strategies to prepare. The difference might be explained by the lower average age, lower 

number of nightshifts per month, the lower number of weekly work hours, the higher educational level 
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and related to that a suspected higher complexity of tasks and responsibility of hospital nurses. Whether 

age, job experience or the tasks are the mediators remains unclear and could not be concluded based 

on the results of this survey. Additional studies should identify the feasibility and personal impact of 

these different strategies on health, well-being, and job satisfaction of the nurses, in identifying the 

significance for patient safety. 

 Strengths and limitations 
The strength of this study is that the results are based on the answers of nearly 700 nightshift working 

nurses (0.4% of all nurses working at that time in the Netherlands). Half of the participating nurses 

worked in a hospital and the other half in nursing home care/home care. In total questionnaires from 

nurses working in more than 45 different organizations distributed over the country, in more than 30 

different wards were returned. All (working) ages are present. A limitation is that the response rate could 

not be determined since it was unknown how many of the contact persons forwarded the questionnaires 

to the nurses. Also, the distribution of the questionnaires was not alike; part was done via direct personal 

e-mail contact and part was distributed via a contact person of the work organization. This resulted in a 

higher response rate from the organizations where nurses were approached directly. All data were 

based on self-reported values. Although the pilot study to validate the questionnaires indicated that the 

questions were clear to the nurses, aspects like mental health and sleep quality are rather complex and 

are multi-interpretable. No information was gathered about the exact timing of the strategies. Therefore 

some strategies could have had a negative rather than a positive effect on the impact of, and adaptation 

to nightshift. An example of such could be that the people who tend to go to a brighter environment at 

the end of their shift could experience a worse sleep/recovery after the shift. In this study, no data were 

collected on chronotype and genotype, nor specifically on their family structure. The impact of family 

structure was indirectly addressed by the question of whether they could determine when to go to sleep. 

75% of the nurses answered this positively.  

 Conclusion 
Nurses take different strategies, before, during and after nightshifts. The suggested, and established 

strategies to support nightshift workers are always applied by only a very limited number of nurses, 

although 89% indicated that their physical health, social life, and personal life is effected to some extend 

by nightshift work. During nightshifts the suggested guidelines are least applied. A change in sleeping 

pattern before the nightshift was most frequently applied. After the nightshift, most nurses 

administered good sleep hygiene by going to bed directly in a dark bedroom. Light before the shift 

positively impacted the recovery within 48 hours. A power nap, extra sound during, use of sleep 

medication after, and a quiet bedroom negatively impacted the recovery within 48 hours. Most nurses 

are the least alert between 3-5 am and most are alert at the beginning of nightshift between 11 pm-1 

am. There is a significant difference in strategies and the impact of nightshift between nurses working 

in hospitals and nurses working in home care/care facilities; they are less adapted to nightshifts than 

their colleagues not working in hospitals. 
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 Introduction 
Shift work has been associated with various health related issues, amongst which sleep problems such 

as sleep deprivation and reduced sleep quality – promoting fatigue during wake-time and impairing 

(work-) performance – are the most common [255,285]. In nurses, increased fatigue during work as a 

consequence of nightshift work can also increase the risk of errors [249] and therefore patient safety. 

Therefore, it is crucial to find ways to mitigate these negative effects. Additionally, nurses working 

rotating nightshifts are at higher risk for job-dissatisfaction and undesirable health effects [286], and 

would therefore largely benefit from high-quality sleep for improving overall health and reducing fatigue 

during work [255]. Findings from previous studies suggest that light exposure can elicit direct acute 

effects promoting alertness and reducing sleepiness both during night- and daytime [102,157]. 

Additionally, bright light exposure to phase-shift the circadian rhythm from a day-oriented schedule 

towards a night-oriented schedule, has been studied in controlled laboratory settings (e.g. [287–289] ) 

and in the field (e.g. [290–292]). A recent review of field-studies concluded that light at night can be 

used successfully to (partially) adapt the circadian system to nightshift work and thereby reduce 

sleepiness during night work, and improve daytime sleep quality and duration [293]. The heterogeneity 

of the study procedures in the sense of administered lighting (e.g. spectral composition, time, timing, 

duration, intensity), and the lack of monitoring total light exposure [157,210] does not allow a consensus 

on recommended values. The objective of this study was to identify basic patterns of light exposure, 

sleep and sleepiness of rapidly-rotating shift-working hospital nurses before, during and after nightshifts. 

Additionally, the impact of environmental light exposure on sleep and sleepiness was explored in order 

to get a better understanding of the situation in practice, as to indicate whether the focus of light should 

be on acute alerting effects of light or on implementing a light strategy for circadian alignment. 

 Method 
 Participants 

Nurses working nightshifts were recruited in the hospital by the heads of patient-wards, in-service 

presentation in the hospital, and e-mail contact. Eighteen female nurses working rapidly-rotating 

nightshifts in direct patient care, voluntary participated (see Table VI-6). Five participants worked 2 

nights, five 3 nights, six 4 nights and two 5 nights. One participant had worked a nightshift four days 

prior to the study, and one participant five days. The rest of the participants had worked a nightshift 

more than one week prior to participation. This study protocol was assessed by the Medical Ethics 

Review Committee of RadboudUMC (region Arnhem-Nijmegen) which considered the study not subject 

to the Act of Medical Research Involving Human Subjects (ref. number 2018-4114). Each participant 

signed the approved consent form. 

 Study design 
A field study was performed among hospital nurses who followed their normal routines during a 

complete nightshift series. Over this full series, the individual light exposure was measured continuously, 

as the pattern of sleepiness, and several sleep indicators were assessed. The study was conducted 

between May 10 and July 14 2018 in an academic hospital in the Netherlands (NL, 51°50’N). The 

individual measurement period comprised one full series of nightshift work, starting at noon the day 

prior to the first nightshift (DB1 and DB2~35 hours before starting nightshift), and ended at noon the 

day subsequent to the last nightshift (DA~29 hours after finishing last nightshift). See Figure VI-4. 
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Table VI-6 Demographics of participants 

 N (18) Mean SD Range 

Age (years old)  33.61 9.06 23–52 

Chronotype, shift-specific mid sleep time (MSFE)   04:22h 01:21h  

 Early (MSFESC <3:00h) 2     

  Intermediate(MSFESC =03:00-05:00) 7     

 Late (MSFESC>5:00h) 4     

 Undefined 11    

Working experience in healthcare (years)  9.89 7.81 0–32 

Avg. weekly working time (hours)  33.44 2.72  

Monthly number nightshifts (-)  4.72 1.64 3–8 

Avg. monthly nightshifts 11     

Number of consecutive nightshifts     

 Fixed 4  3 0.82  

 Variable 14   3  

 

 

 
Figure VI-4 Set-up of the study. Nightshift started around 23:15h (DB1) and ended around 7:15h (DA). The sleep 
periods (timing and duration) are based on the results of this study. KSS=Karolinska Sleepiness Scale [294]. 
GSQS=Groningen Sleep Quality Scale [295]. Q1=General Survey. Sunrise occurred between 5:51h (May 10) and 5:33h 
(July 14) and sunset between 21:15h (May 10) and 21:50h (July 14) 
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 Outcome measures 
Person-bound light exposure (illuminance and irradiance of five wavelengths) was continuously 

measured. Sleep was objectively (actigraphy) and subjectively measured. The momentary sleepiness was 

self-assessed every hour when awake.  

 Data sources, measurements and processing 
Due to the unequal number of consecutive nightshifts, the data were categorized in five type of day 

groups; first Day Before the first nightshift (DB1), Second Day Before first nightshift (DB2), First nightshift 

(FN), Last nightshift (LN), the Day After the last nightshift (DA), and if applicable the combined values of 

the intermediate nightshifts (N). For the sleep-related variables DB1 and DB2 are replaced by DB since 

only one sleep period comprises this category. 

Person-bound light exposure 

Light exposure was continuously measured with a wearable lightlogger (LightWatcher, Wolf 

Technologie-Object tracker, Perchtoldsdorf, Austria), recording illuminance and irradiance at five 

different wavelengths (350nm, 465nm, 540nm, 620nm, and 875nm). During wake time, the lightlog was 

worn at chest height, attached to a badge during nightshift work or as a necklace outside work. During 

sleep, participants were instructed to place the device at an unobstructed location near the bed as close 

to the head position as possible. The lightloggers were calibrated according to the procedure described 

in [205]. Every 10 seconds a measurement was taken and automatically merged into 30 seconds 

averages. For analyses, these values were processed in one minute averages. For illuminance values the 

maximum sensitivity was 17,000 lux. The actual values were calculated using a linear combination of the 

spectral irradiance measurements, after inter-devices correction by median-centering. To indicate the 

duration of light exposure, the values were categorized in illuminance lower than 10 lux and higher than 

1000 lux. The threshold of 1000 lux was chosen to indicate bright light exposure comparable to stimuli 

used in intervention studies [293] and to indicate potential daylight exposure since illuminance values 

of such magnitude are rarely found indoors for electrical light sources [296]. Values lower than 10 lx 

indicate when it was (nearly) dark. When participants indicated they had worn sunglasses, the measured 

values were corrected according to the general transmission reduction (70%) of sunglasses for general 

use, category 2 [297]. 

Light for Non-Image Forming Effects 

For synchronization of the circadian rhythm, light is the strongest zeitgeber. The melanopsin containing 

photosensitive retinal ganglion cells (ipRGCs) are initially kept solely responsible for alignment of the 

body rhythms to the environmental conditions [30]. Since the action spectrum of these IPRGCs have its 

peak around 480 nm[30] the bluish part of the light spectrum is of additional interest. More recently, 

researchers found that the cone and rod receptors also contribute to circadian alignment[153]. Next to 

circadian alignment, light can also induces an acute alerting effect. An extensive systematic literature on 

this topic indicated that studies found alerting effects of polychromatic white light and monochromatic 

light, while other studies found no effects for similar conditions[102]. At this point in time, we 

acknowledge that solely using photometric quantities like illuminance is theoretically not appropriate 

when addressing Non-Image Forming (NIF) effects of light[33] . For reasons of comparability to earlier 

studies and comprehension, the photometric values are used for the statistical analyses. Additionally, 

the irradiance measured over the five different wavelengths (350nm, 465nm, 540nm, 620nm, and 

875nm) is reported as well. The correlation between the measured illuminance and the five wavelengths 

show an R2 > .87 (N= 114,331 data-points).  
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The correlation between the illuminance (E) and the bluish sensor is even stronger (λ=465 nm, R2=.92) 

for the linear regression model: Irradiance465nm=0.012*E+0.4384. Based on these correlation, the 

illuminance can be considered a good representative for the other wavelengths. 

Sleepiness/alertness 

Sleepiness was assessed using the KSS (Karolinska Sleepiness Scale [294]) during wake times via the PRO-

Diary. A PRO-Diary (PRO-Diary, CamNtech Ltd, Papworth Everard, UK) is an ambulant device also 

measuring actigraphy, that was worn for reasons of sterility on the upper arm when on duty, and on the 

non-dominant wrist outside work hours. Every hour participants were prompted to score their 

sleepiness, KSS, on a 9-point Likert scale ranging from 1 (extremely alert) to 9 (very sleepy, fighting 

sleep). The timing was individually programmed based on the by the participants’ expected wake-times. 

The KSS-scores were averaged per hour. Since the participants did not fill in their score exactly on the 

hour, the scores within that hourly time-frame were taken (e.g. a KSS-score at 14:45h was attributed to 

the 14:00h time frame). The average values were compared between the study days and the time. 

 Objective and subjective sleep measures 
Sleep-wake parameters were assessed by the PRO-Diary (CamNtech Ltd., Papworth Everard, United 

Kingdom), which participants were asked to wear continuously. Wrist activity data were analyzed using 

Actiwatch Sleep Analysis software (Version 5.11; CamNtech Ltd.). Sleep periods were determined from 

self-reported bedtimes, illuminance data (i.e., on- and offset of darkness), and activity data. In the case 

of diverging indications of the self-reported bedtimes and the illuminance and activity data, bedtimes 

were taken from the illuminance and activity data. Before analysis the actigraphy data and 

corresponding calculated sleep variables were inspected for anomalies and discarded if the data 

suggested that participants did not wear the device during sleep (e.g. no motion activity during the entire 

sleep period). Calculated sleep variables were bedtimes, sleep latency, sleep duration, sleep efficiency, 

and sleep fragmentation. Furthermore, only the major sleep episode (> 3 hours) was included, excluding 

naps. 

After the major sleep episode, the GSQS (Groningen Sleep Quality Scale, [295]) was completed. The 

GSQS assesses sleep quality on a 14-item scale, with scores ranging from 0–13. Scores between 0 and 2 

indicating normal sleep, and scores ≥ 6 indicating disturbed sleep [298].  

 Missing data 
The data of all 18 participant were included for analyses. Technical malfunctioning and missing signals 

by the participants lead to the following number of data sets used in the analyses: 15 lighting datasets, 

17 alertness sets, 12 objective sleep sets, and 15 GSQS sets. One participant indicated to use recreational 

drugs occasionally, two regularly used melatonin supplements but not during the study period, and one 

gave birth the year before. Due to the limited number of participants and the exploratory nature of this 

study, these participants were not excluded from analysis but the data were discussed separately. After 

the study, five participants indicated not to have worn the PRO-diary during bed-time. Data from other 

participants showing no activity during nighttime were also excluded from the objective sleep analyses. 

Lightlog data were missing from 2 participants due to the loss of one lightlog and technical 

malfunctioning. For five participants it was ambiguous whether the lightlog was placed in an 

unobstructed location near the bedside during sleep. These data were also excluded from the lightlog 

data analyses. For the 18 participants, the GSQS scored 39% of missing data, objective sleep measures 

were missing 47%, and KSS scores were missing 22% of data. 
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 Statistical analyses 
The obtained data were analyzed by using the open-source statistical computing software R (Version 

3.5.1). QQ-plots were used to visually inspect for deviations from normality of the residuals. Unless 

stated otherwise, analyses of variance (ANOVA) based on linear mixed effects models (LMM) were used. 

Post-hoc tests were performed using Bonferroni-corrected t-tests. All statistical analyses were 

performed using a two-sided significance level of .05. For the analyses on the effect of light exposure on 

KSS-score during nightshift, separate LMMs with random intercept for Day (DB1, DB2, FN, N,LN, and DA) 

nested in Subject were fitted for the independent variables Hour and the interaction Illuminance (log-

transformed) × Hour and were compared using a Chi-Square test. In order to explore the effects of light 

exposure on sleep outcomes after nightshifts, light exposure was summarized as the total time in 

minutes of illuminances larger than 1000 lx during 4 hours before going to bed on nightshift days. Then 

the effect of light exposure on sleep was analyzed using LMMs for the dependent objectively measured 

variables Total Sleep Duration (TSD), the Sleep Efficiency (SE), the sleep fragmentation (FI), and the GSQS-

Score, with the variable Bright Light Exposure Duration and a random intercept for Subject. The fitted 

models were then compared against their corresponding null-models (i.e. only random intercept for 

Subject) using Chi-Square tests. The effect of type of day on each of the different sleep parameters was 

analyzed using ANOVA based on LMM, each with the factor Day (DB, FN, N, LN, and DA) and a random 

intercept for Subject. 

 Results 
 Person-bound light exposure 

The illuminance and irradiance per sensor over the days are shown in Table VI-7. During nightshifts, the 

mean illuminance was 97lx while increasing towards the end of the nightshift (Mlast hour =155 lx). Similarly, 

the average illuminance is comparable during 24h on FN and 24h on N (M=465lx, M=407lx respectively). 

During sleep, daytime as nighttime, the illuminance was less than 2 lx. When analyzing specifically the 

bluish part of the spectrum (sensor 465nm), the values are highly correlated to the illuminance 

(R2=0.99). The correlation between illuminance and the other sensors are (Red, R2=0.98, Green, R2=0.99, 

IR, R2=0.96, and UV, R2=0.93) 

During the commute from work back home after a nightshift and going to bed (~ 07:45 – 9:00 h), 

participants were exposed to bright (day)light (> 1000 lx) for 27 min with a mean illuminance (adjusted 

for sunglasses) of 1886 lx (SD = 3858). In the two hours after waking up on nightshift days participants 

spent on average 30 minutes in bright light conditions (> 1000 lx, M = 2979 lx), and during the two hours 

after wake on the first and last day participants spent on average 27 minutes in bright light conditions 

(>1000 lx, M = 1976 lx ).  

Figure VI-5 shows the light exposure rhythm (log illuminance) over the total measurement period. The 

24-hour light exposure to bright light (>1000 lx) is shorter when working nightshift (FN=5.9%, N=5.1%, 

LN=11.2%) then DB (12.6%) and DA (12.02%) nightshift. Also, the average illuminance value over 24 

hours is roughly a factor 3 lower when working nightshift then the last night, pre and post nightshift days 

(FN=465lx, N=407lx versus DB=1501lx, LN=1648lx, DA=1743lx). 
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Table VI-7 Results of the average light exposure data (illuminance, exposure duration, and the irradiances) over 
different time periods 

Time period Illumin

ance 

(lx) 

 

 

 

 

M ± SD 

M time 
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< 10 lux 

/ M 
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UV 
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M ± SD 

Blue light 
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M ± SD 

Green 

light 

540 nm 

(mW/m2/

nm) 

 

 

M ± SD 

Red light 

620 nm 

(mW/m2/

nm) 

 

 

 

M± SD 

IR 

radiation 

875 nm 

(mW/m2

/nm) 

 

 

M ± SD 

Nightshift (FN, N, 

LN) 

(23:15-7:45h) 

97 ±160 118 / 

510 

(23.1%) 

1.0/ 510 

(0.2%) 

3.9∙10-2 

±1.2∙10-1 

8.0∙10-1 

±1.7 

1.7 ±4.6 1.0 ±1.5 1.9∙10-1 

±6.1∙10-1 

Last hour nightshift 

(FN, N, LN) 

(6:45-7:45h) 

155 

±278 

10/ 60 

(16.7%) 

0.7 / 60 

(1.2%) 

7.4∙10-2 

±3.3∙10-1 

1.5 ±3.1 2.6 ±5.8 1.6 ±2.6 5.0∙10-1 

±1.6 

24h on (DB2) 

(23:15-23:15h) 

1501 

±6935 

658 / 

1305 

(50.4%) 

165 / 

1305 

(12.6%) 

2.6 ±13 19 ±87 20 ±92 19 ±87 12 ±56 

24h on FN (23:15-

23:15h) 

465 

±2902 

602/ 

1321 

(45.6%) 

78 / 

1321 

(5.9%) 

5.3∙10-1 

±4.2 

4.7 ±32 5.2 ±33 4.9 ±32 2.7 ±19 

24h on N (23:15-

23:15h) 

407 

±2413 

925/ 

2099 

(45.1%) 

107 / 

2099 

(5.1%) 

4.7∙10-1 

±3.2 

4.6 ±29 5.0 ±31 4.6 ±30 2.5 ±17 

24h on LN (23:15-

23:15h) 

1610 

±8073 

480/ 

1285 

(37.3%) 

144 / 

1285 

(11.2%) 

2.4 ±13 22 

±1.6∙102 

23 

±1.5∙102 

20 ±96 12 ±58 

24h on DA (7:45-

7:45h) 

1696 

±8372 

747 / 

1190 

(62.8%) 

143 / 

1190 

(12.0%) 

2.5 ±13 23 

±1.7∙102 

23 

±1.5∙102 

22 ±00 13 ±60 

DA (23:15 – 

12:00h) 

718 

±4604 

548 / 

765 

(71.6%) 

46 / 765 

(6.1%) 

1.0 ±7.5 9.5 ±61 9.9 ±63 9.4 ±58 5.5 ±35 

Daytime indoors 

(6:00-18:00h) 

109 

±305 

331 / 

585 

(46.7%) 

11.7 / 

585 

(2.0%) 

5.5∙10-2 

±1.3∙10-1 

1.2 ±3.3 1.5 ±3.9 1.4 ±3.4 7.6∙10-1 

±2.1 

Between work and 

bed after nightshift 

(FN, N, LN) 

2486 

±4955 

8 / 73 

(11.0%) 

27 / 73 

(37.0%) 

2.4 ±5.8 27 ±56 29 ±62 25 ±56 13 ±31 
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Time period Illumin

ance 

(lx) 

 

 

 

 

M ± SD 

M time 

(min.) 

< 10 lux 

/ M 

total 

time 

(min.) 

(%) 

M time 

(min.) 

> 1000 

lux / M 

total 

time 

(min.) 

(%) 

UV 

radiation 

350 nm 

(mW/m2

/nm) 

 

 

M ± SD 

Blue light 

465 nm 

(mW/m2/

nm) 

 

 

 

M ± SD 

Green 

light 

540 nm 

(mW/m2/

nm) 

 

 

M ± SD 

Red light 

620 nm 

(mW/m2/

nm) 

 

 

 

M± SD 

IR 

radiation 

875 nm 

(mW/m2

/nm) 

 

 

M ± SD 

Between work and 

bed after nightshift 

(FN, N, LN) (adj. for 

sunglasses) 

1886 

±3858 

8 / 73 

(11.0%) 

27 / 73 

(37.0%) 

2.0 ±5.3 20 ±44 21 ±48 19 ±43 10 ±26 

2h before bed on 

normal days (DB1, 

DB2, DA) 

111 

±495 

64 / 

117 

(54.7%) 

1.9 / 

117 

(1.6%) 

1.4∙10-1 

±8.5∙10-1 

1.4 ±4.4 1.4 ±4.5 1.3 ±3.9 7.8∙10-1 

±2.4 

2h before bed on 

nightshift days (FN, 

N, LN) 

1537 

±4018 

100 / 

117 

(85.5%) 

26 / 117 

(22.2%) 

1.5 ±4.6 16 ±45 18 ±50 15 ±45 7.9 ±25 

Bed on normal days 

(DB1, DB2, DA) 

1.4 ±6.3 13 / 

534 

(2.4%) 

0 / 534 

(0%) 

4.8∙10-3 

±9.5∙10-3 

2.2∙10-2 

±1.6∙10-1 

2.6∙10-2 

±2.0∙10-1 

3.0∙10-2 

±2.2∙10-1 

2.2∙10-2 

±1.3∙10-1 

Sleep on normal 

days (DB1, DB2, 

DA) 

1.1 ±4.4 8.1 / 

512 

(1.6%) 

0 / 512 

(0%) 

4.4∙10-3 

±8.0∙10-3 

1.8∙10-2 

±6.5∙10-2 

2.0∙10-2 

±7.3∙10-2 

2.4∙10-2 

±8.3∙10-2 

2.0∙10-2 

±6.6∙10-2 

Bed on nightshift 

days (FN, N, LN) 

1.5 ±9.1 5.9 / 

404 

(1.5%) 

0 / 404 

(0%) 

3.4∙10-3 

±1.0∙10-2 

5.3∙10-2 

±1.9∙10-1 

5.0∙10-2 

±1.7∙10-1 

7.0∙10-2 

±2.7∙10-1 

9.3∙10-2 

±4.0∙10-1 

Sleep on nightshift 

days (FN, N, LN) 

1.4 ±2.6 4.0 / 

394 

(1.0%) 

0 / 394 

(0%) 

3.3∙10-3 

±9.4∙10-3 

5.3∙10-2 

±2.0∙10-1 

4.9∙10-2 

±1.7∙10-1 

6.9∙10-2 

±2.7∙10-1 

9.2∙10-2 

±4.0∙10-1 

2h after bed on 

normal days (DB2, 

DA) 

1974 

±5563 

107 / 

115 

(93.0%) 

27 / 115 

(23.5%) 

2.4 ±8.8 26 ±77 27 ±81 26 ±74 14 ±42 

2h after bed on 

nightshift days (FN, 

N, LN) 

3001 

±9435 

103 / 

119 

(86.6%) 

30 / 119 

(25.2%) 

4.8 ±16 38 

±1.2∙102 

39 

±1.2∙102 

37 

±1.1∙102 

22 ±70 
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Figure VI-5 Hourly mean log-transformed illuminance across study days (DB1: first day before nightshifts, DB2: 
second day before nightshifts, FN: first nightshift, N: intermediate nightshifts, LN: last nightshift, DA: day after 
nightshifts). The gray shaded areas indicate nightshift periods 

 

 Sleepiness (KSS) 
Figure VI-6 shows the KSS-score over the whole measurement period. The values show a gradually 

increasing KSS-score during nightshift (i.e., more sleepy), with a peak around the time the participants 

travelled home. A significant difference in KSS-score was found between different day types 

F(5.13)=16.16, p<.000. Post-hoc tests show significant differences between KSS-score on DB1 (M=2.7) 

and all other days (MDB2=3.5, MFN=4.0, MN=3.8, MLN=4.1, and MDA=3.8) and between DB2 and FN 

and LN. Sleepiness on work nights was highest on FN although the differences were not statistically 

significant between the three nightshift days (FN, N, and LN). During diurnal wake-time, participants 

were sleepier with a peak after the LN of shiftwork. Additionally, it was explored whether there was an 

effect of light exposure during nightshifts on KSS-score. In line with the aforementioned results, 

sleepiness during the nightshift was most strongly influenced by daytime (i.e. increasing throughout the 

shift), with the LMM fitted using the illuminance × Hour interaction yielding no significantly better fit 

than the LMM fitted using Hour alone (𝜒2 = 1.49, p = .47). 

 Sleep 
The results of the different sleep related outcomes are shown in Table VI-8. Results from the repeated 

measures ANOVAs show a significant effect of Day on Bedtime (F4,61.15 = 714.7, p <.001, marginal R2 = 

.97), Get-up Time (F4,60.02 = 132.5, p <.001, marginal R2 = .82), Time in Bed (F4,76.00 = 28.3, p <.001, 

marginal R2 = .57), and Total Sleep Duration (F4,57.40 = 22.2, p <.001, marginal R2 = .51).  

Post-hoc tests of the significant main effects show that Bedtime was later for both DB and DA compared 

to FN, N, and LN. Get-up Time was earlier for both DB and DA compared to FN, N, and LN. Similarly, Time 

in Bed was longer for DB and DA compared to FN and LN, and for FN and N compared to LN. Total Sleep 

Duration was longer for DB and DA compared to FN and LN and for FN and N compared to LN.  
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Figure VI-6 KSS score (Mean ± SD) across study days (DB1= first day before nightshift, DB2= second day before 
nightshifts, FN= first nightshift, N= nightshift, LN= last nightshift, DA=day after nightshift). Error bars indicate 
standard deviations, the marker shape indicates the number of observations (N), and the gray shaded areas indicate 
nightshift period 

 

Sleep duration was analyzed for the different numbers of consecutive nightshifts to assess whether sleep 

debt is different when working more or less consecutive days. When assuming that normal sleep 

duration for daytime workers is 7 hours [299], the total mean sleep duration over the entire nightshift 

cycle was 6.6 hours. This translates into a sleep debt, including DB and DA of -0.4 hours per day. For 

participants who worked 2 consecutive nights, the total sleep debt over the complete measurement 

period was -1.6 hours (N=4), for 3 nights it was -2.0 hours (N=5), for 4 nights -2.4 hours (N=6), and for 5 

nights (N=1) slept 0.7 hours longer than 7 hours. The participant who only had one nightshift, had -4.5 

hours of sleep debt. Due to the low number of participants per group of consecutive nights (≤6), no 

statistical analyses were performed. 

Six participants took an additional nap of more than 1 hour before the first nightshift, two of which also 

napped before another nightshift. One participant even slept more than 5 hours before the first 

nightshift. One person napped on the second day for 3.5 hours before the shift. When taking the 

additional naps into consideration as well, the total sleep debt for two, three and four nights was +0.4 

hours, -0.5 hours, and -1.2 hours, respectively. For the persons with one night and five nights the total 

sleep debt was -1.2 and + 0.7 hours, respectively. 

The analyses of the effects of light exposure on sleep outcome measures after nightshifts show that the 

fitted models were significantly better than their corresponding null-models (all p > .37), indicating that 

no effect of light exposure on the sleep parameters over and above variation due to differences between 

subjects could be established. 
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Table VI-8 Sleep results over the days 2F

3 and results of repeated-measures ANOVAs of the sleep parameters (BT: Bed 
Time, GUT: Get-up Time, TIB: Time in Bed, TSD: Total Sleep Duration, SL: Sleep Latency, SE: Sleep Efficiency, FI: Sleep 
Fragmentation) across Day (DB: day before nightshifts, FN: first night, N: nightshift, LN: last night, DA: day after 
nightshifts)  

BT 
(hh:mm) 

GUT 
(hh:mm) 

TIB 
(hh:mm) 

TSD (h) TSD incl. 
naps (h) 

SL(min.) SE (%) FI (-) GSQS(-) 

 
M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) 

DB 0:03 
(2:17) 

9:10 
(2:01) 

9:08 
(1:39) 

8.1 
(1.8) 

8.1 (1.8) 21 (43) 90 (11) 21 (13) 4.0 (4.1) 

FN 8:49 
(0:26) 

16:00 
(1:47) 

7:11 
(1:55) 

6.5 
(1.9) 

7.4 (1.9) 4 (4) 92 (9) 18 (18) 6.8 (3.7) 

N 9:12 
(0:41) 

16:52 
(1:23) 

7:40 
(1:19) 

6.7 
(1.3) 

6.9 (1.3) 9 (8) 89 (7) 23 (14) 5.3 (3.5) 

LN 8:52 
(0:36) 

13:18 
(1:15) 

4:26 
(1:07) 

4.0 
(1.1) 

4.3 (2.0) 8 (9) 91 (7) 20 (18) 5.7 (3.6) 

DA 23:10 
(1:11) 

8:21 
(1:14) 

9:09 
(1:20) 

8.1 
(1.4) 

8.1 (1.4) 14 (15) 89 (9) 28 (15) 6.7 (4.3) 

Total 
(M) 

5:26 
(4:43) 

12:59 
(3:48) 

7:27 
(2:15) 

6.6 
(2.1) 

6.8 (2.3) 11 (20) 90 (8) 22 (16) 5.7 (3.8) 

F 714.7 132.5 28.3 22.2  1.4 0.6 1.4 1.4 

p <.001 <.001 <.001 <.001  0.24 0.69 0.27 0.24 

Post-
hoc 

DB, DA > 
FN, N, 

LN. 

DB, DA < 
FN, N, 

LN. 

DB, DA > 
FN, LN. 
FN, N > 

LN 

DB, DA 
> FN, 
LN. 

FN, N 
> LN 

     

 

 Individual characteristics 
Specifically, participants in the younger age group (<30 years old, N = 9) showed a tendency for longer 

TSD on the first nightshift day compared to the intermediate (30-40 years old, N = 6) and older age group 

(>40 years old, N = 3) (7.4h vs. 5.7h and 5.3h, respectively). Early chronotypes had substantially shorter 

TSD on all nightshift days compared to intermediate and late chronotypes (3.4 h vs. 5.6 h and 6.5 h, 

respectively). For DB and all nightshift days (FN, N, LN), late chronotypes had on average the longest 

TSD, followed by intermediate and early types, while for DA a reverse pattern was observed. Age might 

be related to chronotype; of the young age group five were intermediate and two late chronotypes, of 

the intermediate age, two were late and two were early and the older participants were all intermediate. 

Due to the limited number of participants this could not be verified statistically.  

 Discussion 
 Person-bound light exposure 

Light during night can induce acute alertness. Exposure to light also aligns the biological clock to the 24-

hours series. Therefore light can be used to remain alert during nightshift both via acute effects as by 

phase-shifting the body-clock from daytime wakefulness to nighttime wakefulness. 

A study investigating the difference of light exposure and sleep at two latitudes (Equatorial 10°S vs Artic 

67° N) reported a significant different total natural light exposure per 4-week cycle, but shift workers 

                                                                 
3 Naps are excluded from these sleep data. 
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reported similar hours of natural light exposure [303]. Dumont et al. [304] monitored the light exposure 

of nurses on three consecutive nights between June and September in Montreal (45°31’N). During the 

commute home, the highest person-bound illuminance was measured (22.1 min > 1000 lx). In our study, 

the mean illuminance during the commute home was 2486 lx (27 min > 1000 lx) but was highest in the 

two hours after daytime sleep (E=2979 lx, 30 min). They [304] also concluded that nightshift workers 

were exposed less long to bright light (>1000 lx) per day than dayworkers (82.9 vs 157 minutes). In our 

study, similar values were found (during nightshift days ~78 min on FN, 107 min. on N, 144 min. on LN 

of BL vs 165 min. on DB and 143 min. on DA). Illuminance during nightshifts was rather low for normal 

working conditions (MEv =97lx). In comparison, daytime indoor light levels were only slightly higher 

(MEv=109 lx, corresponding to an Eeye of ~128 lx [226]. A study in the USA among office workers reported 

an average 24-hrs light exposure in summer of 110.6 lx [305] while in our studies a factor 10 higher 

values were reported. The fact that nightshift workers have leisure time at moments with the highest 

daylight illuminance is a logical explanation to these high values. When going outdoors (50,000lx-

100,000lx), values exceeding the indoor values (100-500lx) easily by a factor 100. The light exposure in 

the bedroom in their study [304] had the same order of magnitude (<5 lx) as found in our study. Much 

higher values (~46 lx during sleeping time) were reported from a study conducted in the UK (April-

August)[91]. A recent publication focusing on the circadian light exposure of nightshift working nurses 

[306] show a similar trend for the nurses working a three-shift schedule for the blue sensor values; a 

strong peak in the afternoon and a peak in the morning after shift. Interesting is that the difference 

between morning and afternoon in our study is a factor 2 while in that study reports a factor 5. The 

exposure in the afternoon to blue light is also more than a factor 10 lower in our study compared to that 

study. 

 Sleepiness (KSS) 
Sleepiness during nightshift days (FN, N, LN) was significantly higher than on the day before (DB).The 

results show increasing sleepiness over the 8-hour nightshifts as reported in other studies [285,307]. 

This raises questions about safety; both for patients [249] as for nurses commuting home [308]. During 

leisure time after the nightshift, participants were sleepier than on normal days. On the day after the 

last nightshift, participants reported to be the least alert during leisure time, but differences were not 

significant. 

 Sleep 
The results of the present study show that participants reported lower sleep quality for sleep after 

nightshifts compared to sleep on the first day. Participants slept significantly shorter on nightshift days 

(5.7 h) compared to both the day before and the day after (DA) (8.1 h). While participants also reported 

significantly shorter sleep durations (avg. 6.5 to 6.6 hours on FN and N), the shortest sleep duration was 

measured on the last nightshift (4.0 hours on LN). This partly complies with other studies. A study among 

61 rotating shift nurses [91] reported 8.27h of sleep during dayshifts and a significantly shorter sleep 

period (4.78h) during nightshifts. Note that these findings were based on a 2-2-5 schedule, resulting in 

a mean sleep length of 6.53h on work days. A South-Korean study (assumed to be ~37°N) [309] among 

fast forward rotating shift working nurses reported a sleep duration of 5.2 hours after nightshifts. 

Interestingly, sleep duration after dayshifts (5.6h) and evening shifts (5.9) was relatively short, and one 

third of the 12 participants were classified as clinical insomniac. Sleep efficiency during a nightshift 

period was 84.67%. In our study, the mean sleep efficiency of 90% was found for the whole nightshift 

period. A meta-analysis [299] reported a mean sleep duration of 5.7 hours during the nightshift for rapid 
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rotating shift workers. They also found that rapidly rotating shift work schedules had a more detrimental 

effect on sleep length than slowly rotating shift schedules, which may be explained by compensation for 

sleep deficits by extended time on day or evening shifts and a partial adaptation of the circadian rhythm 

to nightshift work. As comparison, permanent day shift workers sleep on average 7 hours per night [299]. 

We found similar mean values for the whole period of 6.6 hours of sleep with an interesting variance 

over the cycle; longer sleep before and after the nightshift period, and shorter sleep on the last nightshift 

day. The underlying explanation for the shorter sleep duration of 4.0 hours (LN) might be related to the 

aim to quickly switch back to a normal sleep/wake rhythm. Poor sleep quality, shorter sleep length has 

been recognized for daytime sleep after nightshifts. Only few studies have investigated the effects of 

sleep on days succeeding multiple consecutive nightshifts. Meijman et al. [298] found significantly 

reduced sleep quality up to three days after seven consecutive nightshifts while sleep duration remained 

unaffected.  

When assuming a normal sleep duration of 7 hours [299] a sleep debt of -0.4 hours per day for every 

nightshift cycle is built up. The total sleep debt for 2, 3, and 4 consecutive nightshifts shows a linear 

progression. When the total duration of daytime naps are added, the total sleep debt gets close to zero. 

Whether fragmented sleep has the same restorative quality as uninterrupted sleep remains disputable 

[310]. In lab study [311] in which sleep debt was induced by restricting sleep duration to 4-5 hours a 

night for seven consecutive days found a worsening in sleepiness, mood, psychomotor vigilance, and 

probed memory over the days. The largest changes were found between the first two days and the last 

two days. Sleepiness and performance deficits continued after the seven days of restricted sleep but 

could be recovered after two nights of normal sleep. These results highlight the direct effect of 

insufficient sleep. 

 Limitations 
The study was performed over 2 months in early summer were people went to work just after sunset 

and went home after sunrise, with already a high (day)light exposure. This might have had an impact on 

the light exposure before bedtime and possibly on sleep (duration and quality). The number of 

participants was limited, and all worked in the same hospital. Despite a personal instruction, the 

opportunity to contact the researcher at all times via phone or text message, and a written instruction 

manual, much data was missing. An explanation for this might be that it was performed in a normal 

hospital setting where normal routines are prioritized over the study.  

 Generalizability 
Only a few studies reported the rhythm of self-assessed sleepiness, light exposure, and sleep over the 

entire shiftwork-cycle, including the days before and days after nightshift of fast rotating shift works with 

an irregular schedule of consecutive nights. The results are compared to similar studies, conducted in a 

similar latitude, and time of the year. It shows expected similarities for example on light exposure 

rhythm, but also interesting differences for example sleep duration [309] and the time when people are 

most sleepy during the night [285]. Therefore, it could be used as a baseline-indication for the reported 

measures, for future effect studies. Important for future studies is to consider the difference between 

the various number of consecutive days.  

In this study, the same survey (Appendix B) is used as the one in subchapter VI.1, results from this study, 

see Appendix C. Both data-sets were compared to identify whether the demographics and outcome 

results were similar. The online survey (OS) showed a significant difference between nurses working in 

hospitals and nurses working in care-homes and mental health organizations. Therefore in this 
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comparison, only the data from the hospital nurses were considered. Independent samples t-test 

showed only a significant difference between both test populations for the number of working hours 

per week (t(33.6)=-4.1, p<.000, mean difference = -3.0 (BL>OS)). For the outcome measures significant 

differences were identified for the frequency nurses adapt their light exposure before nightshift 

(t(39.2)=4.5, p<.000, Baseline (BL)<OS), satisfactoriness of sleep duration after nightshift (t(304)=-2.062, 

p=.04 (BL<OS)), and the time during night when most alert (t(338)=-2.19, p=0.03, BL later than OS). This 

indicates that the participants from this study seem to be a representative sample of nightshift working 

nurses. 

 Conclusion 
Daily exposure to bright light (>1000 lx) is almost twice as short when working nightshifts. No evidence 

was found that longer exposure to bright light, has an impact on sleep or sleepiness.  

Nurses build up a considerable sleep debt when working nightshifts, depending on the number of 

consecutive nights. Napping resulted in lower sleep debt. Sleepiness increases during nightshift and 

peaks around the time the nurses leave for home, introducing a potential health risk when driving home.  

Participants take different sleep approaches preparing for different numbers of consecutive nights. 

Therefore potential light interventions should be personalized related to the intended circadian 

adaptation based on the number of consecutive nightshifts. This study shows light exposure and 

qualitative and quantitative measures to identify a general rhythm for sleep and sleepiness over the 

entire nightshift cycle, including the days before and days after. These results can be used to identify 

affects when studying interventions related to light. 
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Under review. 
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 Introduction 
Shift work is a common working condition, with over 18% of employees in the EU working according to 

a shift schedule and over 13% working at least sometimes at night [312]. Shift work, especially when 

involving work at night, has been found to affect sleep [285,313,314], health, well-being [315–319] and 

performance at work [320,321]. Although the underlying mechanisms are not fully understood, it is 

thought that the complex interaction of circadian disruption, disturbed sleep, risk behaviors and 

psychosocial stress increase the risk for adverse health effects and performance impairments [316,322–

324]. 

Several interventions for assisting shift workers to maintain sufficient sleep and alertness have been 

proposed, including the use of scheduled light exposure. Since light is the main synchronizer of the 

human circadian system, careful manipulation of the light exposure pattern can be used to align the 

circadian rhythm with the shift work schedule, in order to improve alertness and sleep [325]. Although 

several studies have demonstrated the effectiveness of light during nightshift work, a recent systematic 

review concluded that, due to severe inter-study heterogeneity, the evidence supporting a positive 

effect of controlled light exposure is yet too weak to draw definite conclusions [326].  

To identify the best suitable light protocol for our study, an overview of the light protocols, and the 

results of earlier conducted field studies that used scheduled light exposure in shift workers was made. 

The field studies were identified from the reviewed articles described in two earlier publications 

[293,326], resulting in 17 eligible studies. The overview is presented in Table VI-9. A majority of 14 

studies used full-spectrum white light stimuli, while only one used a narrowband blue-greenish light 

spectrum. In all studies, light was administered statically, using light boxes (12), ceiling-mounted 

(fluorescent) luminaires (4), or special fixtures (1). The reported illuminance of the light stimuli ranged 

from 200 to 10,000 lux, however, most studies did not provide information on the location where these 

illuminances actually were measured (e.g. corneal, horizontal, vertical, average) [157]. Only two studies 

continuously measured person-bound light exposure, also during non-treatment hours [248,327]. 

Thorne and colleagues [327] reported that the exposure during non-treatment hours occasionally even 

exceeded the exposure during treatment. In all other studies, relevant information which could have 

impacted the light treatment (e.g. spectral distribution, normal ambient light conditions during 

treatment, and history of exposure as suggested by Aarts et al [210] ) was lacking. Fourteen studies used 

light exposure during nightshifts, two studies additionally included daytime exposure on recovery days 

or day shifts, while three studies exclusively used daytime exposure on recovery days or day shifts. 

During nightshifts, the timing of the light stimuli ranged from short exposure at the very beginning of 

the shift to continuous exposure until the very end of the shift but was predominantly scheduled in the 

first half of the shift. All studies that administered light treatment during the nightshift, except one, 

found significant treatment effects on phase resetting, subjective/objective sleep, and/or 

subjective/objective alertness. Similarly, four out of the five studies that used light treatment during the 

day time reported significant treatment effects. The fact that most studies found significant effects on 

at least one of their outcome measures, despite large differences in the applied light treatment 

protocols, highlights the complexity of the non-image forming system and the broad action spectrum of 

light within this system. The methodological diversity (e.g. outcome measures, shiftwork schedules, the 

applied protocols), the inadequate descriptions of the light stimulus and procedure, along with the 

methodological issues (the i.e., the absence of a control or placebo condition, and the absence of 

continuously measured corneal light exposure in the appropriate units and quantities [33,34,210,328]) 
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makes it impossible to infer based on these publications, what light condition or protocol should be 

applied in nightshift workers.  

All of the reviewed field studies made use of static, location-bound lighting solutions, the suitability of 

such installations is debatable in organizations where nurses follow rapidly rotating shift cycles. As full 

circadian adaptation is not desirable in rapidly rotating shifts, scheduled light exposure should depend 

on the number of consecutive days of nightshift work and the timing in this cycle for a particular shift 

worker. Therefore, nurses should receive a personalized light protocol instead of being exposed to an 

ambient light protocol for the entire ward. Moreover, the survey among nurses indicated that a 

wearable light emitting device might be preferred over a location-bound light-box as many reported 

having difficulties to incorporate the required sedentary time for light treatment into their normal 

routine (see subchapter VI.1). The potential burden and intrusiveness of a light treatment are serious 

factors to be dealt with when considering application in the field. A wearable device, like light glasses, 

can be particularly useful for shift workers in extremely dynamic working environments such as 

hospitals, due to their flexibility and the possible application of individual intervention protocols. 

However, light glasses as such, have not yet been studied as an intervention for shift workers. 

 Objective 
The objective of this study is to examine whether a novel intervention, using light glasses, can reduce 

sleepiness, sleep and recovery of rapidly rotating hospital nurses. A partial entrainment protocol was 

applied in order to avoid difficulties re-entraining after the short nightshift cycles of rapidly rotating shift 

workers. This should generate a phase position compatible with both daytime and nighttime sleep [325]. 

Earlier studies reported that partial entrainment positively affects alertness, mood and cognitive 

performance during work, as well as daytime sleep length [296,329,330]. However, to our knowledge, 

no study has reported on the effectiveness of a partial entrainment protocol for reducing sleepiness and 

supporting the recovery of rapidly rotating nightshift workers in the field. 
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Table VI-9 Field-studies using scheduled light exposure for night-shift workers  
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 Method 
 Study Design 

This study employed a placebo-controlled single-blinded cross-over within-subjects design, comprising 

two experimental conditions: one treatment condition (Treatment) and one placebo condition 

(Placebo). The study was carried out between January and August 2019 within the participants’ regular 

work-schedule. The measurement equipment, together with an individual verbal and written 

instruction, were personally handed to the participants before the start of the measurements. An 

overview of the study procedure is depicted in Figure VI-8. Participants were instructed to keep a study 

diary to indicate the time periods the light glasses were applied, the measurement devices were not 

worn, consumption of stimulating drinks and substances, and commuting to and from work. 

Furthermore, participants were requested to refrain from using an alarm to wake up and to avoid 

napping. 

 Participants 
Participants were recruited among nurses working rotating nightshifts in direct patient care at a 

University Medical Center in the Netherlands. Via in-service presentations, flyers and e-mail contact, 28 

nurses agreed to participate in this study. The inclusion criterion was that they worked two rows of 3–5 

consecutive nightshifts within the study period. Exclusion criteria were: having worked nightshifts within 

a week prior to a measurement period, wearing corrective glasses, extreme morning or evening 

chronotypes, pregnancy, a diagnosed sleep or psychological disorder, eye-related diseases, or a recent 

stay in a location more than three time zones away.  

Table VI-10 Demographics of participants (N=23) 

Out of the 28 initial participants, 

five could not complete both 

measurement periods. Headache, 

presumably from wearing the light 

glasses, was the only study related 

reason (n=1). The remaining 23 

participants (20 female) were 

included in the final data analysis 

(see Table VI-10 for the 

demographic data). Participants 

worked 8-hour nightshifts, 

starting between 23:00 and 23:30 

and finishing between 7:30 and 8:00, on various wards. Nine participants worked three nightshifts in 

both periods, three worked four shifts in both periods, nine worked three and four shifts, one worked 

three and five shifts, and one worked four and five shifts. Chronotype was assessed using the Munich 

Chronotype Questionnaire for Shift Workers (MCTQ Shift;[339]). Chronotype could not be determined 

for eleven participants since they always used an alarm clock to wake up. 

The study protocol was approved by the ethical committee of the Human Technology Interaction group 

(Eindhoven University of Technology, reference number ID 904). The Medical Ethics Review Committee 

of RadboudUMC (region Arnhem-Nijmegen) considered the study not subject to the Act of Medical 

Research Involving Human Subjects (ref. 2018-4965). Each participant signed the approved consent form 

and received a voucher upon completion of both measurement periods. 

 M SD n 

Age (years old) 30.1 10.2  

Working experience in healthcare(years) 9.13  11.5  

Working week (hours) 33.6 3.03  

Monthly number nightshifts (-) 5.66 2.38  

Chronotype (hh:mm) 04:40 01:07  

Late (MSFESC>5)   4 

Intermediate (MSFESC =03:00-
05:00) 

  7 

Early (MSFESC <3)   1 

Undefined   11 
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 Light Protocol 
The light protocol was based on Smith and colleagues [296]. Commercially available light therapy glasses 

(Propeaq Premium Light glasses, Chrono Eyeware B.V., Tilburg, The Netherlands) were used. For the 

treatment condition, the commercially available version was used containing integrated LEDs in the 

frame (λ=461 ± 10 nm, spectral irradiance of 22.36 μW/cm2 at the cornea of the eyes. See Table D-1 in 

the Appendix D for the values per light glass). In the placebo condition, the LEDs of the otherwise 

identical version of the glasses used in the treatment condition, shone on the temples, resulting in no 

measurable corneal light exposure (see Figure VI-7 for images and detailed light characteristics).  

 
Treatment 

 
Placebo 

 
Blue-blocking goggles 

 

Quantity (corneal 
position) 

Mean (n=5) 

Irradiance  22.36 μW/cm2 

Illuminance  15.54 lux 

photon density  5.47x1013 cm2/s 

Cyanopic irradiance  12.55  μW/cm2 

Chloropic irradiance 7.21 μW/cm2 

Erythropic irradiance 4.28 μW/cm2 

Melanopic irradiance 15.16 μW/cm2 

Rhodopic irradiance 12.63 μW/cm2 

Figure VI-7. Top, light glasses (treatment, placebo), and the blue-blocking goggles. Bottom left: spectral power 
distribution of the treatment light glasses, melanopic irradiance, and the spectral transmission of the blue-blocking 
goggles. Light measurements were performed at corneal position, using a realistic head model. Bottom right: 
Radiometric and photometric properties of the light glasses. Calculations through the CIE 2015 Irradiance Toolbox 
[340] 

 

In both conditions, light exposure (blue areas in Figure VI-8) was administered 4 x 15 minutes during 

nightshifts and for 30 minutes within 2 hours after awakening. Participants were asked to wear orange-

tinted blue-blocking goggles during the morning commute home in order to ensure relatively equal 

morning (blue) light exposure within and across participants over the entire study period. Four 

participants used their own sunglasses for reasons of safety while driving. The sunglasses’ luminous 

transmittance ranged between 11–30%, and 0–5% in the visible and short-wavelength range, 

respectively. 
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Study Design 

 

Light exposure protocol and measurements 

 
Figure VI-8. Top: overview of the study design, Bottom: exemplary light exposure protocol and measurement timings 
for a three-day measurement period. Participants started at 12:00 the day before (D1) the first nightshift, slept 
(black areas, D2) as normal and started their first nightshift (gray areas, end of DB2). Light exposure (blue areas) 
was administered 4 x 15 minutes during nightshifts (FN, N, and LN) and for 30 minutes within 2 hours after 
awakening. During the morning commute home blue-blocking goggles were worn (orange areas). The measurement 
period ended at 12:00 two days after the last nightshift (R2) KSS (K) was measured every two hours during the wake 
period. The driver sleepiness questionnaire (D) was filled in before going to bed after nightshifts. The GSQS (G) and 
sleep diary were filled in directly after sleep. Objective sleep and person-bound light exposure were continuously 
monitored during the entire measurement period 

 

 Measurements 
Person-bound light exposure  

Light was continuously recorded using a calibrated [205] ambulant light logging device (LightWatcher, 

Wolf Technologie – Object Tracker, Perchtoldsdorf, Austria), recording illuminance and spectral 

irradiance at five different wavelengths, 350, 465, 540, 620, and 875 nm (spectral information of the 
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lightloggers and the action spectrum of melanopic irradiance, see Figure VI-9). Participants were asked 

to wear the LightWatcher on the outer layer of clothing at chest height at all times during their wake 

period. During sleep, participants were instructed to place the device, sensors facing upward, in an 

unobstructed position, beside the bed. The intention of these continuous light recordings was to confirm 

the absence of a confounding factor between both treatments.  

 

 
Figure VI-9 Relative spectral sensitivity of the five sensors (colored lines), action spectrum of melanopic irradiance 
(light blue dotted line) 

 

Sleepiness (KSS) 

Sleepiness was assessed using the KSS (Karolinska Sleepiness Scale [294]) during wake times via the PRO-

Diary (PRO-Diary, CamNtech Ltd, Papworth Everard, UK). The PRO-Diary is a compact electronic diary, 

which, for reasons of hygiene according to hospital regulations, was worn on the upper arm when on 

duty, and on the non-dominant wrist outside work hours. Every two-hours, participants were prompted 

to indicate their sleepiness on a 9-point Likert scale ranging from 1 (extremely alert) to 9 (very sleepy, 

fighting sleep). The timing was individually programmed based on the expected wake-times indicated 

by the participant. 

Driver sleepiness 

Sleepiness during the morning commute home was measured using a scale adopted from Watling, 

Armstrong, Smith, and Wilson (2016), which was self-administered via the PRO-Diary mentioned in 

previous paragraph when arriving home after the nightshift. The driver sleepiness scale (DSS) assesses 

perceived signs of sleepiness while driving based on eight items. Additionally, participants were asked 

to indicate their sleepiness (KSS) during the commute home and whether accidents or near-misses had 

occurred. 

Objective sleep measures (actigraphy) 

Sleep-wake parameters were assessed by actigraphy using the PRO-Diary. Wrist activity data were 

analyzed using Actiwatch Sleep Analysis software (Version 5.11; CamNtech Ltd.). Sleep periods were 

determined from self-reported bedtimes, illuminance data (i.e., on- and offset of darkness), and activity 

data. In the case of diverging indications of the self-reported bedtimes and the illuminance and activity 

data, bedtimes were taken from the illuminance and activity data. The derived sleep variables were bed 

time (BT), sleep latency (SL), get-up time (GUT), time in bed (TIB), total sleep time (TST), sleep efficiency 
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(SE; TST divided by TIB), and a sleep fragmentation index (FI = Mobile time (%) + Immobile bouts ≤ 1 min 

(%)). 

Subjective sleep measures (GSQS) 

Self-reported sleep quality was assessed with the Groningen Sleep Quality Scale (GSQS by Mulder-

Hajonides Van Der Meulen and collegeaus [295]), which was self-administered via the PRO-Diary after 

every sleep episode. The GSQS assesses sleep quality on a 14-item scale, with scores ranging from 0–14. 

Scores between 0 and 2 indicating normal sleep, and scores ≥ 6 indicating disturbed sleep [298]. 

Perceived effectiveness 

After completion of both measurement periods, participants were asked to answer a list of questions 

inquiring about the perceived effects of both versions of the glasses. These questions were included in 

order to check the credibility of the placebo and potential biases. 

 Data Analysis 
Before analysis the PRO-Diary data were inspected for anomalies and discarded if the data suggested 

that participants did not wear the device (e.g. no motion activity of actigraphy during the entire sleep 

period). Statistical analyses were conducted using the open-source statistical computing software R 

(version 3.5.1). Unless stated otherwise, analyses of the dependent measures were performed using 

linear mixed-effects models (LMM). Models were fitted with combinations of the independent fixed 

factors Condition (Placebo, Treatment), Daytype (D1: first day, D2: second day, FN: first nightshift, N: 

intermediate nightshifts 3F

4, LN: last nightshift, R1: first recovery day, R2: second recovery day), and Time 

of Day (hours), and a random intercept for Subject. Post-hoc analyses were performed with pairwise 

Tukey multiple-comparison tests of estimated marginal means (EMM). The proportion of variance 

accounted for by the grouping structure is given as interclass correlation coefficient (ICC). All statistical 

tests were performed using a two-sided significance level of .05. Results are expressed as EMM ± 

standard error (SE) unless stated otherwise. 

Sleepiness 

The responses on the KSS were averaged into 2-hour bins and analyzed with the factors Condition, 

Daytype, and Time of Day, separately for the following time periods: during the first days and recovery 

days (D1, D2, R1, R2), during work on nightshift days (FN, N, LN), and after work on nightshift days. In 

order to test for acute alerting effects of the treatment light goggles, it was examined whether the KSS 

responses differed between Condition and Daytype for the periods within 2 hours after awakening on 

intervention days (FN, N, LN, R1, R2), that is, when the light goggles were scheduled for 30 minutes. 

Note that responses were log-transformed due to substantial skewness. 

Driver sleepiness 

The responses on the DSS were assessed for reliability and validity before LMM analysis. The factor 

analysis demonstrated good internal reliability between the different items. This allowed us to aggregate 

the items into one driver sleepiness score (DS-score) as the unweighted sum of item responses. The 

resulting DS-score ranged from 0–8, with higher scores indicating higher sleepiness while driving. 

Construct validity of the scale was further supported by a positive correlation of DS-Score and the KSS 

                                                                 
4 Note that because work periods ranged from 3 to 5 consecutive nightshifts, for periods with 4 and 5 consecutive 

shifts, measurements were aggregated across the intermediate shifts between the first and last nightshift 
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for the commute home (Pearson’s R = .67; p < .001).Then the aggregated item score and the responses 

on the KSS for the way home were subjected to LMM analysis with the factors Condition and Daytype. 

Sleep 

The objective sleep parameters obtained from actigraphy and subjective sleep quality on the GSQS were 

analyzed for the factors Condition and Daytype. Because sleep patterns of some participants included 

substantial irregularities (e.g., due to personal or social events), outliers on the standardized conditional 

residuals (i.e., smaller/greater than 2.5 standard deviations from the mean) were excluded and LMMs 

were re-fitted for the data without outliers. The percentage of excluded data was 1–3% for the different 

dependent measures.  

Person-bound light exposure 

The person-bound light exposure data from the LightWatcher, were analyzed as mean log-transformed 

(log(x)) illuminance and log-transformed (log(x)) minutes of high light levels (i.e. >1000 lux). Data 

indicating that the LightWatcher was not worn, were excluded from analyses.  

 Results 
 Sleepiness 

Figure VI-10 shows the Estimated Marginal Means (EMM) of the KSS for Condition (Treatment, Placebo), 

Daytype (D2, FN, N, LN, R1, and R2) and Time of Day (two-hour interval) during times awake. During 

nightshift work, LMM analysis, see Table VI-11, revealed no significant main effect of Condition. 

However, the interaction Condition  Daytype showed significant differences. Under the placebo 

condition, sleepiness was significantly higher on FN (1.58 ± 0.06) compared to LN (1.46 ± 0.06; p = .002), 

while sleepiness under the treatment condition remained stable across Daytype. ICCSubject was .39. The 

interaction effect between Condition  Daytype  Time of day, shows a significant difference between 

placebo and treatment on FN at 4h, on N at 8h and on R1 at 18h. For the other periods, no significant 

main effects were found for Condition nor the interaction Condition  Daytype. Significant main effects 

for all periods were found for Daytype and Time of Day. 

 Driver Sleepiness 
Figure VI-11 shows the EMMs for DSS and KSS across nightshift days for both experimental conditions. 

LMM analysis (Table VI-12) of DSS revealed no significant main effect of Condition, however, the 

interaction Condition  Daytype was significant (F2,130.4 = 3.60, p = .030, R2 = .05). The interaction 

Condition  Daytype entailed that, during the first nightshift (FN), but not subsequent days, DSS was 

higher for Placebo (3.30 ± 0.49) than for Treatment (2.17 ± 0.49; p = .012). Moreover, for the Placebo, 

DSS was significantly lower on LN (1.22 ± 0.50) compared to FN (3.30 ± 0.49; p < .001) and N (2.69 ± .47, 

p < .01), whereas the DSS stayed stable under the treatment condition. A significant main effect for 

Daytype was found. For the KSS no significant main or interaction effects were found. Four participants 

reported in total eight near-accidents on their commute home, equally under Treatment (4) and Placebo 

(4). 
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Figure VI-10. Estimated marginal means for the KSS in 2-hour intervals, (A) during nightshift work, (B) after 
nightshift work, and (C) on the first two days and recovery days. Higher values indicate higher sleepiness. 
DB1=first day before nightshift, FN=first night of nightshift, N= nightshift, LN=last night of nightshift, 
R1=first recovery day, and R2=second recovery day. For all time periods conditions did not significantly differ 
per day. Note that significant effects at the level of Time of Day are not displayed. ** = p < .01 

 
 

Table VI-11 Results of the LMM analyses of sleepiness parameters 

DV Term DF F p R2 Post-hoc ICCSu

bject 
During 
nightshift 

Condition 1, 776.3 .305 .581 0 
 .393 

During 
nightshift 

Daytype 2, 776.6 6.34 .002** .016 FN > N, LN;  

During 
nightshift 

Time of Day 4, 776.1 51.53 .001*** .202 6-8h > 0-2h; 6h > 0-4h  

During 
nightshift 

Condition  
Daytype 

2, 776.4 3.32 .037* .007 
Plac: FN > LN 
Plac: FN > Treat: N 

 

During 
nightshift 

Condition  
Daytype 

Time of 
day 

8, 776.0 1.29 .243 .012 
FN, 4h, Plac.> Treatm. 
N, 8 h, Plac.> Treatm.   

 

After 
nightshift 

Condition 1, 416.2 .968 .326 .036  .398 
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DV Term DF F p R2 Post-hoc ICCSu

bject 
After 
nightshift 

Daytype 2, 417.2 3.31 .038* .018 FN < N;  

After 
nightshift 

Time of Day 3, 417.0 3.44 .017* .025 18h > 20h  

After 
nightshift 

Condition  
Daytype 

2, 415.9 .191 .827 .002 
 
 

 

D1, D2, 
R1, R2 

Condition 1, 806.0 .710 .400 0  .178 

D1, D2, 
R1, R2 

Daytype 3, 805.6 2.68 .046* .007 D1 < D2, R1, R2;  

D1, D2, 
R1, R2 

Time of Day 8, 805.8 13.03 .001*** .117 12-20h < 8-10h, 22-24h  

D1, D2, 
R1, R2 

Condition  
Daytype 

3, 804.8 .856 .462 .005 
 
 

 

D1, D2, 
R1, R2 

Condition  

Daytype  
Time of Day 

15, 804.5 .677 .809 .014 R1, 18h, Plac. < Treatm.  

Note. DB1=first day before nightshift, FN=first night of  nightshift, N= nightshift, LN=last night of nightshift, 
R1=first recovery day, and R2=second recovery day. 
* = p < .05; ** = p < .01; *** = p < .001 

 

 

Figure VI-11. Estimated marginal means for DS-score and KSS for the commute home, for the Treatment and 
Placebo condition across nightshift days. Higher values indicate higher sleepiness on both scales. Error bars indicate 
the 95% confidence intervals of the estimated marginal means. * = p < .05. FN=first night of nightshift, N= 
nightshift, LN=last night of nightshift 
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Table VI-12 Results of the LMM analyses of driver sleepiness parameters 

DV Term DF F p R2 Post-hoc ICCSubject 

DSS Condition 1, 130.3 2.10 .149 .016  .538 

DSS Daytype 2, 130.5 8.20 <.001*** .112 FN, N > LN;  

DSS 
Condition  
Daytype 

2, 130.4 3.60 .030* .052 
FN Plac > Treat: 
Plac: LN < FN, N 

 

KSS Condition 1, 130.2 .196 .659   3.32 

KSS Daytype 2, 130.3 2.27 .108    

KSS 
Condition  
Daytype 

2, 130.2 1.59 .208   
 

Note. DB1=first day before nightshift, FN=first night of  nightshift, N= nightshift, LN=last night of nightshift, 
R1=first recovery day, and R2=second recovery day. 
* = p < .05; ** = p < .01; *** = p < .001 
 

 Sleep 
Figure VI-12 shows the EMMs of the different sleep parameters across Condition (Placebo, Treatment) 

and Daytype (D2, FN, N, LN, R1, R2). LMM analyses (see Table VI-13) revealed a significant main effect 

of Condition for GSQS, with (Treatment>Placebo). The interaction Condition  Daytype was significant 

for TIB, TST, and SL.  

On the second recovery day (R2) SL was shorter for Treatment (14.42 ± 2.37) than Placebo (21.31±2.37; 

p = .020), while on the second day (D2, i.e., before the first nightshift and light intervention) SL was 

longer for Treatment (17.88 ± 2.32) than Placebo (10.17 ± SE = 2.42; p =.01). On R2, TIB and TST were 

longer. Subsequent post-hoc analyses of non-significant interactions for the other sleep parameters 

revealed significant differences for the GSQS, and for BT, GUT. Specifically, for the first nightshift (FN) 

and the first recovery day (R1), but not for other days, GSQS was lower for Placebo (FN: 2.30 ± 0.59; R1: 

3.16 ± 0.63) than for Treatment (FN: 4.35 ± 0.61; p = .003; R1: 4.81 ± 0.60; p = .022). For sleep on the 

second day (D2), but not for other days, BT was later for Placebo (24.28 ± 0.22) than for Treatment 

(23.69 ± 0.22; p = .032). For the last recovery day (R2), but not for other days, GUT was later and SE was 

higher for Treatment (GUT: 9.67 ± 0.38; SE: 86.3 ± 1.35) than for Placebo (GUT: 8.50 ± 0.37; p = .002; SE: 

83.2 ± 1.37; p = .02). Daytype shows a main effect for all sleep parameters except for FI. 
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Figure VI-12. Estimated marginal means (EMM) of bed time (BT), get-up time (GUT), time in bed (TIB), total sleep 
time (TST), sleep latency (SL), sleep efficiency (SE), fragmentation index (FI), and GSQS score (GSQS) across Daytype 
for the placebo and treatment condition. Error bars indicate the 95% confidence intervals of the estimated marginal 
means. DB1=first day before nightshift, FN=first night of  nightshift, N= nightshift, LN=last night of nightshift, 
R1=first recovery day, and R2=second recovery day. * = p < .05, ** = p < .01, *** = p < .001 

 

 

Table VI-13 Results of the LMM analyses of sleep parameters Bed time (BT), Get-up time (GUT), Time in bed (TIM), 
Total sleep time (TST), Sleep latency (SL), Fragmentation index (FI), and Groningen Sleep Quality Index (GSQI) 

DV Term DF F p R2 Post-hoc ICCSubject 

BT Condition 1, 226.4 0.09 .766 0  0 

BT Daytype 
5, 226.5 3549.2 <.001*** .99 

D2, R1, R2 > FN, N, 
LN 

 

BT Condition  
Daytype 

5, 226.5 1.5-0 .191 .03 D2: Plac. > Treat.  

GUT Condition 1, 230.1 2.15 .144 .01  0.03 

GUT Daytype 
5, 230.1 419.58 <.001*** .90 

D2, R1, R2 < FN, N, 
LN 
FN, N > LN 
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DV Term DF F p R2 Post-hoc ICCSubject 

D2 > R2 

GUT Condition  
Daytype 

5, 230.1 1.93 .09 .04 R2: Treat. > Plac.  

TIB Condition 1, 229.7 0.033 .857 0  0.05 

TIB Daytype 
5, 229.4 85.49 <.001*** .66 

D2, R1, R2 > FN, N, 
LN 
FN, N > LN 

 

TIB Condition  
Daytype 

5, 229.5 2.35 .042* .05 R2: Treat. > Plac.  

TST Condition 1, 229.5 0.095 .759 0  0.05 

TST Daytype 
5, 229.2 74.27 <.001*** .62 

D2 > FN, N, LN, , R2 
R1, R2 > N, LN 
FN, N > LN 

 

TST Condition  
Daytype 

5, 229.3 2.65 .024* .06 R2: Treat. > Plac.  

SL Condition 1, 229.0 0.48 .491 0  0.22 

SL Daytype 5, 228.4 3.57 .004** .07 R2 > FN, N  

SL Condition  
Daytype 

5, 228.4 2.91 .014* .06 
D2: Treat. > Plac. 
R2: Plac. > Treat 

 

SE Condition 1, 224.4 0.022 .882 0  0.49 

SE Daytype 5, 224.1 3.01 .012* .06 FN > LN, R2  

SE Condition  
Daytype 

5, 224.1 1.92 .092 .04 R2: Treat. > Plac.  

FI Condition 1, 227.9 1.35 .246 0  0.39 

FI Daytype 1, 227.9 2.16 .059 .05 FN < R2  

FI Condition  
Daytype 

5, 227.9 2.08 .068 .04   

GSQS Condition 1, 211.4 4.65 .032* .02 Treat. > Plac. 0.31 

GSQS Daytype 5, 211.3 7.41 <.001*** .15 D2, FN < N, LN  

GSQS Condition  
Daytype 

5, 211.7 2.03 .075 .05 
FN: Treat. > Plac. 
R1: Treat. > Plac. 

 

Note. DB1=first day before nightshift, FN=first night of  nightshift, N= nightshift, LN=last night of nightshift, 
R1=first recovery day, and R2=second recovery day. 
* = p < .05; ** = p < .01; *** = p < .001 

 

 Person-bound light exposure 
Illuminance 

Figure VI-13 shows the mean illuminance per hour across Daytype. For the periods of nightshift work 

and the morning commute home, LMM analyses revealed no significant main or interaction effects for 

Condition or Daytype. A main effect of Condition, 5 hours after waking up (F5,227.69 = 3.88, p < .05, R2 = 

.02), was found, identifying that the illuminance under Treatment > Placebo (p = .05). The post-hoc 

analyses for the interaction Condition x Daytype showed only a significant difference on LN; p < .01. Note 

that these data were not corrected for the times the light glasses were worn. An overview of the light 

recordings, including the correction for wearing the blue-blocking goggles, is given in Table D-2 and Table 
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D-3 in the Appendix D. Main effects of Daytype, were observed for the periods of 5 hours before going 

to sleep (F5,229.80 = 3.74, p < .01, R2 = .08), sleep (F5,234.17 = 12.86, p < .001, R2 = .22), and 5 hours after 

waking up (F5,227.55 = 8.94, p < .001, R2 = .16).  

During the 5 hours before going to sleep, average illuminance was N > R2; LN > R1, R2; all p < .05. During 

sleep, average illuminance was higher for daytime sleep (FN, N, and LN) than for nighttime sleep (D2, 

R1, R2; all p < .01). Last, during the 5 hours after waking up, average illuminance was higher for normal 

days and the last nightshift day (D2, LN, R1, R2) than for the first and intermediate nightshift days (FN, 

N; all p < .01). The latter observation is consistent with the practice of shortening daytime sleep after 

the last nightshift. 

 

 

Figure VI-13. Mean hourly illuminance (log-transformed) across Daytype. Grey areas indicate nightshift work 
(~23:15–07:45). Note that the data presented in this plot were not adjusted for the transmission of the blue-blocking 
goggles and do not include light exposure from the light glasses. DB1=first day before nightshift, FN=first night of 
nightshift, N= nightshift, LN=last night of nightshift, R=first recovery day, and R2=second recovery day 

 

Exposure to high light levels 

For the period of nightshift work and the morning commute home no significant main or interaction 

effects on the exposure to high light levels (i.e., minutes of illuminance >1000 lux) were found. The 

interaction Condition  Daytype was significant for the period of 5 hours after waking up (F5,220 = 2.50, p 

< .05, R2 = .05). Post-hoc analyses show longer exposure Treatment > Placebo with p = .05. The 

interaction for the period after waking up was mainly driven by a significantly longer exposure to high 

light levels on intermediate nightshifts (N) and last nightshift (LN) for Treatment (N=8.73 ± 3.73; 

LN=30.62 ± 12.11 minutes) compared to Placebo (N=2.15 ± 1.21 minutes; p = .014, LN=10.45 ± 4.38 

minutes; p = .026; respectively). Post-hoc tests show no interaction effect for the 5 hours before going 

to sleep. For the periods of 5 hours before going to sleep, and 5 hours after waking up, there were main 

effects of Daytype (F5,220 = 5.47, p < .001, R2 = .11; F5,227.56 = 9.21, p < .001, R2 = .17; respectively). During 

the 5 hours before going to sleep, exposure to high light levels was N, LN > D2, R1, R2; all p < .05), and 

during the 5 hours after waking up, exposure to high light levels was D2, LN, R1 > FN, N; D2, R1 > R2; all 

p < .05). Note that on the last day (R2) the study period ended at 12:00, therefore exposure duration 

after waking up was necessarily shortened.  
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 Participants’ subjective experiences of both light glasses in retrospective  
The results of the participants’ retrospective results are presented in Table VI-14 and a complete 

overview in Table D-4 of the Appendix D. Although positive effects were more frequently reported for 

the treatment light glasses, for all measures at least 20% of the participants indicated positive effects of 

the placebo glasses as well. Only for alertness there was a significantly higher average rating for the 

treatment glasses than for the placebo glasses (4.17 vs. 4.83, with 7 = much more alert; p = .015).  

Table VI-14. Assessment of participants’ retrospective results of both light glasses (N = 23) 

Placebo   Treatment   

Mean ± SD N N Mean ± SD N N 

Effect on  Positive  Negative   Positive Negative 

 Alertness a 4.17 ± 0.58 4 1 4.83 ± 1.03 11 - 

 Sleep quality 
a 

4.26 ± 0.62 4 - 4.48 ± 0.99 8 1 

 Sleep length a 4.22 ± 0.52 4 - 4.13 ± 0.87 5 3 

 Recovery a 4.48 ± 0.67 9 - 4.52 ± 0.99 9 1 

a On a scale from 1–7, with 1 = much worse, 4 = no effect, 7 = much better 
 

 Discussion  
This exploratory placebo-controlled field study investigated the impact of light glasses (λ=462 ± 10 nm, 

spectral irradiance of 22.36 μW/cm2 at the cornea of the eyes) administered according to a partial 

entrainment protocol to reduce sleepiness during and after nightshift without negatively impacting 

sleep of hospital nurses working rotating nightshifts.  

 Effects of the light treatment  
Driver Sleepiness  

With the treatment glasses, the driver sleepiness on the commute home after the first nightshift was 

significantly lower. While the driver sleepiness reduced over the different nightshift days (FN, N, and LN) 

under placebo-conditions, it remained stable over the treatment period. The higher driver sleepiness 

under placebo or ‘normal’ conditions demonstrates the potential risk reduction, due to the light glasses, 

for nurses on their commute home. Although drowsiness on the commute home is acknowledged as a 

major problem, light is seldom applied as a prevention strategy [342]. These findings emphasize the 

relevance of addressing the safety of care professionals after night work on the commute home, 

especially considering the high number (four under treatment and four under placebo) of reported near-

accidents in this study.  

Sleepiness (KSS) 

Under normal conditions (i.e. Placebo), the sleepiness on the first nightshift was significantly higher than 

under the last nightshift. Under treatment conditions, no significant difference was found over the three 

nightshift periods. This indicates that the sleepiness remained the same during the nightshift period. A 

significant difference between placebo and treatment on FN at 4h, on N at 8h and on R1 at 18h were 

found. During nightshift, under treatment conditions, participants were less sleepy and on the first 

recovery day, they were sleepier. No main effect for treatment on sleepiness was found while other 

studies, using scheduled light exposure during the nightshift, did (see Table VI-9). An explanation might 
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be that the (scheduled) light exposure after waking up may have counter-acted the phase delaying 

effects of light during the night. Although the circadian system is more sensitive to phase delaying effects 

of light during the subjective night [190,192,343,344] the combined exposure of the light glasses and 

natural daylight may have had a sufficiently strong phase advancing effect. This explanation is supported 

by the finding that nocturnal sleepiness (KSS) and driver sleepiness remained relatively stable across 

multiple nightshifts under the treatment condition, whereas both measures significantly decreased 

under the placebo condition (i.e., lower levels for the last compared to the first nightshift). These findings 

suggest that phase delaying effects of nocturnal light exposure and the blue-blocking goggles were 

balanced out by the additional light treatment after awakening. Under the placebo condition, 

participants gradually adapted due to the use of blue-blocking goggles alone.  

In theory, even low intensities of blue light can be sufficient to induce circadian phase shifts and have 

acute alerting effects [153,345], at such low intensities the inter-individual variability in non-image 

forming effects is high [153,343]. This inter-individual variability may have masked differences between 

the experimental conditions. For reference, the only other comparable shift work study that used 

narrowband short-wavelength light [292] did observe significant improvements in sleep parameters, 

subjective alertness, and work errors, with a more intense light stimulus (~66 μW/cm2 at 500 nm vs. ~23 

μW/cm2 at 461 nm in the present study, on top of the ambient light conditions). However, Dumont [323] 

concluded as well that the light exposure might have been too low to affect circadian phase markers, 

when studying the impact of light exposure on Melatonin production during night work under non-

controlled field conditions. When this study would have been performed in winter-time, the results 

might have been stronger due to the high exposure of daylight at the end of the nightshift and after 

nightshift in the current study. Finally, the treatment period in our study may have been too short to 

produce measurable effects. Previous research reported substantial improvements after five 

consecutive nights e.g. [296,336,346]. In the present study only one participant worked a period of five 

consecutive nights.  

Sleep 

A treatment effect could be observed for time in bed (TIB), sleep duration (TST), and sleep latency (SL), 

get-up time (GUT) and sleep efficiency (SE) on the second recovery day, and on bed time on the second 

day. However, further analysis showed that the significant effect for these sleep outcomes was largely 

influenced by six participants who were scheduled to work a morning shift (starting at 07:30) on the 

second recovery day. After excluding the data of these six participants, the impact on TIB, TST, GUT, SE, 

and SL on the last recovery day and BT on the second day were no longer significant at a .05 level. 

Nevertheless, even after excluding these data from the analysis, sleep duration remained longer (48 

min.) under the treatment condition (p = .094). Reducing the sample size by ~25% means a lower power 

and therefore might explain that a p < .05 is not reached. These results are consistent with previous 

studies that found positive effects of light exposure after waking up on days-off after a period of night 

work on sleep duration and sleep efficiency [327], as well as sleep latency [338]. Positive treatment 

effects on subjective sleep quality [99,313,327] could not be confirmed in the present study. In contrast, 

sleep quality (GSQS) in our study, was significantly lower under Treatment, specifically after the first 

nightshift and on the first recovery day. This finding would be in line with the amplification of after-

effects due to light induced circadian adaptation [333].  
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 Patterns of sleep and sleepiness 
Despite the use of an intervention, the observed sleep and sleepiness patterns during the nightshift 

period reflect those commonly found in nightshift workers. That is, shortened and poor daytime sleep, 

high nocturnal sleepiness, high sleepiness during the commute home, and after-effects on sleep on days-

off, due to work and sleep at opposing circadian times [252,285,298,299,311,314,347,348]. The daytime 

sleep during the nightshift period was however longer than what is typically reported for rotating shift 

workers. Average daytime sleep lengths of 4.8–5.7 hours have been reported for rapidly rotating shift 

workers [91,299,309] while in the present study daytime sleep for the first and intermediate nightshifts 

was on average 7.2 hours. One explanation for this discrepancy may be the inclusion of daytime sleep 

after the last nightshift in those other studies. In our study it was a common practice to intentionally 

shorten sleep after the last nightshift to an average of 4.4 hours to facilitate subsequent nighttime sleep. 

Assuming this to be a common practice among most shift workers, as confirmed by the study described 

in subchapter VI.1 inclusion of sleep after the last nightshift may skew results and may not be 

representative of actual sleep length on nightshift days.  

Another possible explanation for longer daytime sleep during the nightshift period compared to previous 

studies, is that participants received blue-blocking goggles during the morning commute home. 

Shielding from morning light with dark sunglasses or blue-blocking goggles has been shown to result in 

partial adaptation in nightshift workers [346,349,350]. This adapting effect of morning light attenuation, 

however, usually takes longer than the three to four consecutive nights in our study[350].  

Further insights into the effects of the blue-blocking goggles may be provided by the results of the 

previous study (see subchapter VI.2). Indeed, average sleep length for daytime sleep after nightshifts 

appeared to be shorter in the baseline study than in the present study (FN: -29 min; N: -13 min; LN: -38 

min), suggesting acute or adapting effects of morning light attenuation, as discussed above. Adapting 

effects of the blue-blocking goggles are further supported by higher levels of sleepiness in the previous 

study in VI.2, than the present study during the final hours of work on the last nightshift day (4.84 vs. 

4.32) and after subsequent awakening (3.87 vs 3.41). These trends are in line with the positive effects 

of partial entrainment on sleep and alertness [97,346,349–351]. 

 Light exposure 
We should note that the reported light data are derived from the continuously worn LightWatcher worn 

on chest position: the data therefore do not include the additional lighting from the light glasses, nor 

the reduced corneal light exposure, due to the blue-blocking glasses. In this respect, since no effect of 

Condition was found, indicates that the effects found were not impacted by the regular light exposures. 

Expressed in illuminance values, the light glasses provided an ocular exposure of 15.54lx. The illuminance 

during nightshift is on average 94lx (treatment) and 74lx (placebo), meaning for 1 hour, an additional 

20% more photopic light is offered. The addition of wearing the light glasses (30 min.) on the two hours 

after waking, is negligible (1%). For a more fair comparison, the irradiance measured from the light 

glasses, measured at cornea-position by the blue sensor (peak 465nm) of the LightWatcher of the glasses 

give a value of ~0.6 mW/m2/nm. During nightshift, the average values for that same sensor is 0.8 

mW/m2/nm (treatment) and 0.7 mW/m2/nm (placebo). That means that, the irradiance (465nm) from 

the ambient lighting of the hospital environment, is only marginally higher than received from the light 

glasses. 
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 Limitations and future studies 
Given this representative study design, several limitations have to be considered. First, sleepiness was 

sampled every two hours, on a subjective scale (KSS). Additional objective correlates of performance 

could have given more insight into the existence and strength of placebo effects. A recently conducted 

field-study [352] monitored alertness of shift-working intensive care workers subjectively by KSS and 

objectively by Psychomotor Vigilance Test (PVT). Both outcome measures showed a similar trend, 

meaning that KSS as used in our study, is a relative good measure for indicating sleepiness for nightshift 

workers. Also given the result that the healthcare workers indicated a lower alertness (KSS-score) on the 

first night of shift while the PVT was equally impaired on subsequent nights. Sampling circadian phase 

markers could have served as a manipulation check and given more insight into whether the light 

treatment actually delayed the circadian rhythm. On the other hand, additional measurements would 

have interrupted the participants’ working routine. Additionally, the use of KSS, a one item-scale might 

not be sensitive enough for indicating sleepiness. While the driver sleepiness scale (DSS), a multiple 

items scale, revealed significant effects for the commute home, the KSS did not although both scales 

have been shown to correlate. The driver sleepiness scale (DSS) might be a more profound indicator of 

sleepiness than the KSS and therefore be more sensitive to a potential phase delay due to nocturnal blue 

light exposure, especially when homeostatic sleep pressure is high. In future studies it may be useful to 

increase the sampling frequency of KSS to every hour and also include a possibility for participants to 

indicate spontaneous variations in alertness for example when an emergency situation occurs.  

Second, sleep-parameters were measured using actigraphy. Accuracy of actigraphy is limited without 

additional use of sleep-logs [353]. In the present study, the bed and wake times used in the actigraphy 

analysis were obtained from a combination of the subjective sleep logs, and timings inferred from the 

lightlogger and actigraphy data. However, the discrepancy between the subjective and objective timings 

was often high. A solution for future studies may be the use of an event marker that is activated at lights-

out.  

Third, light exposure was measured using six irradiance sensitive sensors. The picture in Figure VI-7, 

shows the spectral sensitivity of the sensors in the LightWatcher, as well as the spectral power 

distribution of the light glasses (at cornea) and the action spectrum for melanopic irradiance. This 

indicates that the light emission by the light glasses have a peak at 462nm, while the action spectrum 

for melanopic irradiance peaks at 480nm. It therefore could be that both spectra are not aligned and 

results might have been bigger when the peak of the ocular irradiance would have been closer to 480nm. 

Additionally, the LightWatchers were worn on chest height. Median deviations of 17% for indoor 

conditions and 7% for daytime outdoor conditions were reported between illuminance measurements 

chest and eye position see subchapter.V.2.  

Fourth, the study was conducted in the brighter part of the year between February and July. The high 

daylight levels might have impacted the outcomes. A future study in winter is essential to indicate the 

robustness of the results and expected is that the impact might even be stronger given lower light 

exposure history during daytime [354]. 

Fifth, inter-individual variation is a concern that has been frequently reported for light exposure 

interventions (e.g. Kantermann et al., 2010). Specifically, individuals often differ in their tolerance to 

shift work [356] and circadian characteristics [35], which makes it difficult to develop general 

intervention protocols. The results of the present study show that for most outcome measures a 

substantial proportion of variance is accounted for by inter-individual differences. This finding highlights 

the strong and consistent impact of sleeping at the wrong circadian time on sleep length, whereas for 

other sleep parameters differences between daytime and nighttime sleep may be more nuanced. 
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Other limitations and potentially confounding factors are individual coping strategies (e.g., power naps, 

caffeine intake, food-intake, etc.), the fact that one of the treatment light glasses emitted significantly 

less light, as well as variation and potential mistakes in the administration of the light glasses.  

 Conclusion 
This study demonstrated the potential of using light glasses for reducing sleepiness during the first 

nightshift.  

The sleepiness under normal conditions was significantly higher on the first night of the cycle, than on 

the last night. When wearing the light glasses, no significant difference was noticed over the different 

days, although at 4h on the first night and 8h on the other nights, participants were less sleepy. The 

driver sleepiness after the first night was significantly lower with the light glasses than without. This 

finding demonstrates the potential of reducing traffic accidents for nurses on their commute home. Light 

is seldom suggested as a prevention strategy against drowsiness on the commute home. 

None of the sleep parameters seem to be impacted, although daytime sleep quality is significantly worse 

after the first night when the light glasses were worn. These findings suggest that light glasses 

predominantly affect sleepiness and sleep when worn on the first night. 

Although the impact of the light glasses on reducing sleepiness during wake times was much weaker 

than initially expected almost half (11 of the 23) of the participants indicated that they felt more alert 

when wearing the light glasses. Furthermore, the majority of participants would use the light glasses or 

the placebo version in the future. This indicates that the problem of working nightshift work has reached 

a point where all opportunities that might help is fully embraced, even without scientific evidence. The 

flexibility of the light glasses motivates further research to evaluate the effectiveness during the 

nightshift period with a different intervention protocol. 
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VII. General Discussion and Conclusion 

  Introduction 
The objective of this thesis was to determine how lighting in a healing environment can contribute to 

patient safety. Since patient safety largely depends on the performance of the care professionals, the 

approach was to focus on the relationship between lighting and staff, in this thesis hospital nurses. Given 

the fact that most Western societies, due to an aging society, face the challenge of maintaining the high 

standard of healthcare (both affordable and available), with a growing shortage of care professionals, 

underlines the necessity to retain a healthy, vital, satisfied, and engaged workforce [1–3]. 

Recommendations for hospital design point out the relevance of lighting for nurses [6,37,40,357], and 

thus for nursing and care providing. However, very few studies actually report studies on lighting in 

hospital and their relationship with patient safety (See Chapter I). The studies that actually focus on the 

impact of lighting in a hospital environment conclude that light and lighting are relevant and should be 

considered but only a handful of studies [26,27] have proceeded beyond this point.  

 

When aiming to secure patient safety, medical errors should be prevented. Based on a literature review 

to determine the state of the art on light for patient safety (see Chapter I), three relevant topics on the 

impact of light for patient safety were determined. The first topic is related to the direct impact of light 

on errors made in the process of medication handling [27]. The second topic is how light can influence 

the nurses’ performance and well-being during nightshift work, specifically addressing the increased 

sleepiness during night-time and circadian miss-alignment when shifting to-and from nightshift [248]. 

This last aspect can impact health and job satisfaction of nurses which leads to an increased number of 

nurses leaving the profession, resulting in an even higher workload on the remaining work-force [286]. 

The third topic is on how light can impact work-related stress. Windows, allowing daylight to enter and 

providing a view outdoors, have that potential for hospital nurses [47]. These three topics are structured 

in Figure VII-1 and illustrate the focus of the thesis as the results. Next to topics related to light and 

nurses performance, also methodology issues on how to study light effects in the melanopic age are 

addressed. This, because describing light in the traditional way, derived from the photopic response 

system, does not suffice anymore [8,33]. For nurses working nightshifts non-image forming effects are 

as relevant as the vision related effects of light. Therefore in this thesis the engineering aspects of 

measuring and defining light in relation to non-image forming effects are described and discussed as well.  
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Figure VII-1 Framework of the potential impact of light on patient safety via Care Professionals. The green lines and 
text represent a positive effect, the red a negative effect, the orange no effect and the blue are not assessed in this 
thesis 

 

  Summary of the key findings 
 Relationship between light and medication errors in hospitals. Chapter II 

Two different methods are applied aiming to identify the relationship between medication errors and 

the physical hospital environment (Chapter II). The first method was an inventory of the current light 

conditions in two hospitals along with a survey among nurses (N=29) enquiring about their experience 

with the light conditions (See subchapter II.1 ). The results demonstrate that lighting is not always up-to 

standard although this is scarcely identified as problematic by the nurses. Most nurses were un-aware 

of how lighting can support their performance. In the second study, the number of medication related 

incidents of three different hospitals were analysed (See subchapter II.2). The structurally reported 

incidents (so called VIM, Veilig Incident Meldingen) of three Dutch hospitals over 2-8 years were 

analysed. Concluded was that most incidents relating to nurses’ tasks and activities, occur in the process 

of medication dispensing, typically occurring in the patient rooms. A positive correlation between 

incidents and number of hospitalizations was found. Significantly more incidents were reported in early 

winter/winter than spring/summer suggesting a correlation with (day)light availability. In the morning, 

most activities and also most incidents occur, probably related to the work load and related prospective 

memory of the nurses. Interesting is that while most medication actions take place in the time-frame 

between 04:00-08:00, most incidents are reported between 08:00-12:00. On Mondays a significantly 

lower number of accidents occur than on Wednesdays and Thursdays. This could indicate that care 

professionals are more alert at the beginning of the work-week. 
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 Light to prevent misread medication labels, Chapter III 
To identify whether the current lighting levels fulfil the visual demands of care professionals, the 

readability of small print text was tested among 29 care professionals (see subchapter III.1). This study 

was conducted in different wards of two hospitals where the visual performance was tested at a 

relatively dark working location and a relatively bright condition. The reading performance was 

significantly better under the brighter condition than under the darker condition. In a follow-up study, a 

designated reading test was developed to examine what lighting is best for the readability of medication 

labels (see subchapter III.2). Three typical medication labels and four font sizes were tested under nine 

different light conditions among younger (age 18-35 years old) and older (age 55-67 years old) female 

participants. The lighting condition that generated the least errors was 1000 lx and 4000K. This lighting 

condition was also favoured by the participants. People with a moderate impaired Visual Acuity (VA <1) 

benefit most from a higher illuminance. When font size is >4.5pt and VA≥1, only a significant reading 

improvement was noticed when increasing the illuminance from 100 to 500lx and from 100 to 1000lx, 

but not from 500lx to 1000lx. Although VA is correlated to age, VA seemed to be the better predictor 

for reading errors.  

 How to describe the light when studying its Non-Image Forming effects? 
Chapter IV 

Light and light therapy are used as a non-pharmacological treatment for a variety of health -related 

concerns, like the circadian (miss)-alignment due to continuously shifting work-schedules. Light at the 

cornea, can be administered by different light sources in various ways. Due to heterogeneity in the used 

methodology of the different studies and the outcomes (see Table VI-9), the relevant light characteristics 

for inducing a specific effect is not defined (see subchapter IV.1). In this subchapter, a checklist is 

presented for researcher identifying aspects to consider when describing lighting in light induced effect 

studies. 

 

 
Figure VII-2 Structure of light aspects in relation to light affect studies. The green objects represent the addressed 
topics in this thesis, Chapter IV 

 

To accelerate the research on defining the light characteristics responsible for inducing a specific effect, 

a uniform manner for specifying the light at the eye should be defined, see Figure VII-2. This allows a 
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genuine comparison between light-effect studies. In the first study, subchapter IV.2, recommendations 

are given on how to measure light in light-effect studies from an engineering perspective. In the 

subsequent subchapter, it points out the impact of the environmental conditions on the light at the 

cornea, for example when having light therapy in a bright room or a dark room subchapter IV.3. Based 

on these insights, a suggestion is made on the technical light characteristics that should be included in 

research aiming to identify the impact of light on light induced effects or so called Non-image forming 

effects and to come to a uniform specification of devices. 

 Accurately measuring light exposure in relation to light induced effect studies 
in the field. Chapter V 

When aiming to assess the light induced effects under field conditions, different methods can be applied 

to determine the ocular light exposure (see subchapter V.1). The aim of most field studies is to 

ecologically validate the findings of studies under controlled circumstances. This means that the applied 

methodology should be sound and robust. This means a high technical. and functional reliable, and 

measurements are adequate for establishing the impact of light on the aimed effect. Therefore, first, 

the potential methods were discussed and the most suitable method was defined for accurately 

measuring light at the cornea, in relation to light induced effect studies in the field. In conclusion, for 

field studies the most appropriate method is to use ambulant or person-bound lightlogging devices. To 

determine which ambulant, person-bound measurement device is most appropriate, a quality check was 

performed on a series of available lightlog devices (see subchapter V.2). The directional response index 

(f2), the linearity (f3) and the temperature index (fT,6) are three basic indices that can impact the results 

of the measurement to a large extent and are therefore described and assessed. The quality of each 

index was expressed in classes according to DIN [236]. Next to the technical quality, the best position to 

place the lightloggers was assessed considering both the validity of the measurements as the 

obtrusiveness. Seven currently available and in studies used devices were assessed. The device that 

performed best on technical quality, user comfort, and the option to measure a wider range of spectral 

irradiances than the photopic illuminance, was the LightWatcher OT [Wolf Technologieberatung, 

Austria], to be worn on the chest. 

 Exploring the impact of light exposure from the perspective of nightshifts 
working nurses. Chapter VI 

In direct patient care, working nightshifts is indispensable. When working during the night one has to go 

against the natural rhythm of being awake during daytime and sleeping during nighttime. This ‘going 

against nature’ has a short term and long term impact on people’s physical and mental health. Working 

at nighttime disturbs internal circadian rhythms, effecting the sleep quantity and quality. This negatively 

influences the alertness during the nightshift, and as a consequence contributes to the risk of errors. 

Therefore, shift work can negatively impact patient safety directly as well as indirectly through the 

potential health risk of nurses. Also the general impact working irregular shifts has on (social) life leads 

to more nurses leaving this profession. 

First a study (see subchapter VI.1) was conducted to get insight into the normal strategies nurses take 

before, during, and after nightshift with a special interest in lighting. Previous studies mainly focused on 

strategies and difficulties during nightshift [257]. Data was collected via an online-survey (N=676). Only 

a limited number of strategies coping with nightshift is applied. The most frequently applied routine 

before nightshift was an adjusted sleep schedule, during nightshift was staying in a light room, and after 

nightshift was sleeping in a dark bedroom. Nurses were most alert between 23:00-1:00h and least 
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between 3:00-5:00h. 89% indicated that their physical health, social life, and personal life is effected by 

nightshift work. The average sleep duration after nightshift was 6.4hrs. An adapted sleep routine and 

extra light prior to nightshift positively correlated to sleep duration and recovery within 48 hours. The 

impact of nightshift was negatively correlated to age and was bigger on hospital nurses than on nurses 

working in nursing homes. Although 46% of all nurses thought light exposure might improve alertness 

during nightshifts and sleep afterwards, the majority (61%) would not sit in front of a light therapy box 

during their shift and (86%) would not wear light emitting glasses during nightshifts. The reason for not 

wanting to wear light glasses are first practical (already wear glasses, patient anxiety). Almost a third of 

the participants questioned the benefit. Since light exposure is rarely applied and special light devices 

not immediately embraced, in the subsequently study (subchapter VI.2), the aim was to conduct an 

intervention study. Therefore first the normal sleep, sleepiness and light exposure during shiftwork was 

assessed in a field study following the normal routines of 18 hospital nurses during nightshift. The daily 

exposure duration to bright light (>1000 lx) was almost twice as long on non-nightshift days as on 

nightshift days (165min vs 73 min). However, it remains indistinct whether longer exposure results in 

longer sleep and/or lower sleepiness. During the night, the measured light exposure was on average 90 

lx. Sleep duration before the nightshift period was longer (8.1 hours) than on nightshift days (5.7 hours) 

and after the last nightshift (4.0 hours) leading to considerable sleep debt. Differences in sleep quality 

were not significant. Most people adjusted their bed-time before starting their nightshift cycle. 

Sleepiness was lowest (MKSS= 2.7) on the day before the nightshift period. No significant differences were 

found between sleepiness on nightshifts and the day after the nightshift period. Sleepiness increased 

during nightshift and peaked around the time the nurses left for home, introducing a potential health 

risk when driving home. The number of consecutive nights had an impact on sleep duration and 

sleepiness, indicating different (light) strategies. Based on these results, a light-intervention was 

designed which aimed for an individual light exposure strategy by use of special light glasses, subchapter 

VI.3. The placebo controlled, single blind trial in a cross-over design was conducted in a field study among 

23 hospital nurses. The glasses were applied in the first half of the nightshift and within two hours after 

daytime sleep. On the commute home, participants were asked to wear blue-light blocking goggles. The 

results show a significantly safer commute home after the first nightshift. Also the sleep duration, sleep 

latency and time in bed on the second recovery day improved when using the light glasses. In contrast, 

subjective sleep quality was significantly worse when using the light glasses over the whole period and 

specifically after the first nightshift and on the first recovery day. No significant difference of sleepiness 

was found; neither during the night nor during the day. Although the light glasses did not reduce the 

sleepiness during nightshift, almost half (11 of the 23) of the participants indicated that they felt more 

alert by wearing the (treatment) glasses. This indicates that the problem of working nightshift work is 

raised to a level where every solution that might help is fully embraced and that also without very strong 

evidence, the majority of participants would use these glasses or the placebo version in the future. Given 

the simplicity of this intervention, further research on the acute and long term effects of morning light 

attenuation in rotating nightshift workers would be highly valuable. This thesis demonstrates practical 

solutions and opportunities for a healthy and safe hospital environment, both for patients and to 

maintain a vital workforce of care professionals. 

  Reflecting on the scientific novelty of the findings 
 Reading errors related to medication labels 

Hospital lighting should create a visually comfortable environment for patients as for staff. In addition, 

lighting can also increase visual performance and productivity [62,357]. Nurses aged 45 and older have 
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reported an increasing need for more lighting to conduct their tasks [45]. Research since long has stated 

that adequate lighting can improve task performance and can reduce visual fatigue [358]. However, 

there does not seem to be a wide agreement on which light conditions are optimal. The test described 

in this thesis (subchapter III.2), clearly indicated that levels < 100 lx are too low optimal visual 

performance. Interesting was that the participants with a slightly lower VA (VA .8 and .63 still considered 

as ‘Normal vision’) benefited the most, in number of errors, from a higher illuminance, in this case 1000 

lx. However vision loss in terms of decreased visual acuity is age-related. The visual acuity of most 

humans slowly starts decreasing between the age of 32 to 40; and is called presbyopia [359], due to 

elasticity reduction of the eye lens. However, the exact age of manifestation of presbyopia depends on 

individual factors such as accommodative ability, distance refraction, sex, and ethnicity [360]. After the 

manifestation of presbyopia, generally 34% to 55% of those affected do not correct their vision [361], 

which evidently impacts productivity and task performance [362]. That significantly more reading errors 

are made by people with a mildly impaired VA, and that light might be beneficial, especially for these 

people, shows its relevance to determine under which light condition(s) the text on medicine labels are 

best readable. The exceptionality of this study is also reflected in the fact that only women participated.  

A follow-up study [363] was performed using the same test-procedure as described in subchapter III.2. 

The 30 female participants (age 35-55 years old) had a binocular visual acuity of at least 0.5. Next to 

errors a second indicator for visual performance, reading speed [129], was introduced. The results 

confirm what was found from the earlier study; namely that people with a mildly reduced vision benefit 

the most from a higher illuminance. For all participants a significantly lower number of errors were made 

under 500lx and 1000 lx conditions than under 100 lx. These values were highly influenced by the 

number of errors by the people with a VA < 1. The number of errors was significantly lower under 1000lx. 

The reading speed under 100lx was significantly lower than under 500 lx and 1000lx, for all participants, 

also for the ones with a VA >1. The reading speed only further improved for the participants with a VA 

<1 under 1000lx. In literature, no other studies were found that demonstrated the impact of lighting on 

reading errors for people classified as having normal vision (VA> .63) or a very moderate reduced vision.  

 Methodological approach studying light induced effects in field studies 
Recently scientists have identified new photosensitive retinal cells ipRGCs) besides the for vision relevant 

rods and cones [29]. The fact that the sensitivity curve peaks more in the bluish part of the spectrum 

and that these cells are directly connected to the Supra Chiasmatic Nucleus (location from where many 

processes are orchestrated) defined a totally new role for light on human life and functioning. Although 

the exact magnitude of impact lighting has on human beings is not defined. Clear is that on the path of 

defining the effects, a uniform method to describe the light aspect is essential. Most (Cochrane) studies 

that focus on a light induced effect concluded that the lack of robustness in the methodological set-up 

is the main reason why a definite conclusion on whether light can induce such effect cannot be drawn 

[167,293,326]. The scientific field studying light induced effects is rather new, linking multiple disciplines 

like light technology, ophthalmology, psychology, neurology and (chrono) biology, and architectural 

design. Also the different human pathways via which light can affect human functioning and psychology, 

have ads to the complexity of this domain. As described by de Kort [364] based on the framework of de 

Kort and Veitch [365], light impacts psychological functioning via the image forming pathway through 

the aspects ‘visual performance’, ‘visual experience’, and ‘visual comfort’. Light has an impact through 

the Non-Image forming (NIF) pathway via ‘circadian effects’ and ‘acute effects’. The term ‘circadian 

effects’ corresponds to the daily 24-hour rhythm of being awake and asleep. In literature, the term 

‘circadian effects’ are frequently used to address other temporal effects like ultradian (<24-hours) and 
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circannual (a year) [230]. The proposed model [365] excludes other than circadian effects like ‘diurnal 

effects’ e.g. Seasonal Affective Disorders [56,366]. Mental aspects of light in the process of recovery 

from surgery [58], mental diseases [55,60,367], and more specific health related issues of elderly people 

(such as people with dementia) [156,160,179] most likely go through the NIF pathway but cannot be 

classified as circadian nor as acute effects. This might explain the reason why these are not included in 

the model [365]. Next to the methodological challenges on how to assess or to identify the effect, the 

applied lighting characteristics are also hardly described correctly or in sufficient detail [33,157,368].  

Two studies described in this thesis (subchapter IV.2, subchapter IV.3) demonstrated the different light 

characteristics of various available light therapy devices and the impact of the physical environment on 

the spectral irradiance at the eye. Recommendations are given on how to describe these devices from 

a light technical approach. Chapter V identified methodologies for assessing light exposure in field 

studies. It also demonstrated the qualitative differences of person-bound ambulant lightlog devices and 

suggested practical measurement methods to assess the quality. This to elucidate the potential 

knowledge gap between the scientific disciplines studying the effects of light. Expertise from different 

disciplines will accelerate the studies of what light can do, especially in the complex and relatively new 

domain of Non-image forming effects of light.  

  Addition to the applied methodological approaches 
In the studies described in this thesis, a variety of methods is applied which in this paragraph will be 

discussed for its scientific robustness but also its practical relevance. In practice, a researcher constantly 

has to weigh the investment costs in terms of time (e.g. of the researchers, participants, technical 

support), and equipment (e.g. measurement devices, study set-up) to the outcomes. It is inevitable that 

the applied methods are not flawless since budget and time were restricted. From a scientific 

perspective, performing a study under controlled laboratory conditions, focussing on only one aspect, is 

a well-established method to identify the correlation between that aspect and a condition. This, 

however, does not mean that the results under controlled conditions are also valid under real conditions. 

Therefore, field studies are crucial to demonstrate ecological validity. On the other hand, when such 

effects confirm its validity under real conditions, it demonstrates its relevance in practice. In real-life 

field studies involving people, a researcher has to balance the study-design between being unobtrusive 

and gathering sufficient information on the aimed objective of the study including the potential co-

variants. In this thesis, one study involving participants was conducted under semi-controlled conditions 

(subchapter II.2). Although the study-protocol was identical for all participants, in- and exclusions criteria 

were followed and the environmental conditions (like lighting, but also ambient temperature, relative 

humidity, and background noise) were constantly monitored. Participants were only screened on 

aspects which presumably could impact the result, like fatigue, dry-eyes, etc... The test-procedure was 

kept within 1 hour to reduce as much as possible a negative test result due to fatigue. Therefore, the 

number of errors was compared between the first test and the last test. Additionally, after each test 

people were asked to identify their sleepiness, and whether they encountered eye strain. The interesting 

result of this test was that lighting had the highest effect on people with a less than perfect visual acuity 

(VA). Future research should be conducted under real conditions, to confirm these findings. 

In this thesis, two studies are performed with participants under real-life conditions (subchapter VI.2 

and VI.3). Given the fact that some relevant results could be identified based on subjective measures 

(e.g. KSS, DSS, and GSQS), a more robust, objective method to identify the designated outcomes 

measures were considered. For example a method to identify the circadian phase (melatonin [345] 

derived from periodical blood or saliva sampling every few hours), to identify sleepiness [98] 
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(psychomotor tests, vigilance tests) or more accurately the sleep quality [369] (ECG measurements). A 

recent study indicated pupilarity as a marker for circadian phase, specifically for daytime when 

melatonin is expected to be low to zero [370]. These methods would have been helpful but practically 

and/or financially not feasible. Also, the method to measure light exposure only identifies irradiances 

limited to five different wavelengths, and not the preferred full-spectrum. At the time of the study, no 

such ambulant devices were available. Still the study design was well-thought-out and discussed with 

experts in this field. The results of studies performed under controlled lab-conditions are often 

considered more valid and therefore easier to publish than these of a field study. Adding the complexity 

of designing and performing a field study with a high risk of not finding the expected results, might 

explain the limited number of field studies found in the literature (See Chapter I) 

  Survey vs field study measurements. 
The survey in subchapter VI.1 was also used in subchapter VI.2. To get an impression on the validity of 

the survey, the results from the survey on perceived sleep duration were compared to the measured 

values in the field study. The survey results from the field study (N=18) show that participants’ perceived 

sleep duration is 6.5 hours. This value corresponds to the duration recorded on the first night (FN) and 

the other nightshifts (N) but is much longer than the last night (LN). For the frequency of participants 

adapting their sleep rhythm before nightshift work, the mean agreement was 3.27 (1 is never, 5 is 

always). The measured data indicated that the participants went to bed later on the day before (DB) 

(avg. 0:03 h) compared to the day after (DA) (23:10 h). Participants who worked three consecutive nights 

went to bed the latest (0:54h) on the day before. Naps before nightshift were taken by 6 of the 18 

participants. These values confirm sleep rhythm adjustments by participants. The results from the survey 

indicate that with a score of 4.67 (5 = always), participants dominantly sleep in a dark bedroom. This was 

confirmed by the measured data (daytime sleep Eavg= 1.4 lx vs nighttime sleep Eavg= 1.1 lx). An interesting 

difference was noticed between the survey and the measured data on the alertness. In the survey, most 

participants indicated to be the least alert between 3:00 h-5:00 h and most alert between 23:00 h and 

1:00 h. The measurement data confirm these outcomes for N and LN. On the FN, sleepiness is highest 

at the end of the shift, thus between 5:00 h-7:00 h. Sleepiness during nightshifts is lowest at the 

beginning of the shift which also corresponds to the data of the survey. The measurements show more 

nuance between the different days of the nightshift cycle and the number of consecutive days. This was 

not particularly addressed in the survey, but should be included in follow-up studies. 

 Light for Shiftwork 
From the survey, Subchapter VI.1, only 30% of the nightshift workers answered that they frequently 

apply light during shift although 47% answered they preferred to work in a somewhat brighter 

environment. Sitting in front of a light therapy device or wearing light glasses would not be done by 

respectively 61%, and 76%. The two main reasons for the latter are that they already wear glasses (31%) 

and that they don’t expect it to be beneficial (27%). Interesting was that 75% of the nurses who 

participated in the intervention study (Subchapter VI.3) would like to keep on using them. 50% would 

even use the placebo version. These findings underline the need for methods to support nurses through 

the nightshift and the necessity to address this topic. The results from the intervention study show small 

effects of light on sleepiness, mostly related to the first night when starting the nightshift; sleepiness 

during the night at 4h was lower than normal. This is the time where nurses indicated to be least alert 

during the shift. This means that the light glasses can be useful as such. Also on the commute home, 

after the first night, the nurses felt less drowsy.  
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  Practical implications and recommendations 
 Hospital design 

Hospitals should be aware that the lighting could actually help to reduce reading errors, directly 

influencing patient safety. A responsibility also lays with the nurses for attaining visual corrections (e.g. 

glasses, contact lenses) for their reduced vision due to age-related presbyopia. Also given the fact that 

55% of the nurse workforce of the Netherlands are aged between 35 to 55 [371], and a larger part 

doesn’t correct their vision [361]. As far as known, this is not mandatory, imposed on by hospital 

legislations. Light levels of 1000lx and a Tcp of 4000K on the task where reading medication labels takes 

place should be provided. Specific locations where medication handling takes place are the (hospital) 

pharmacy, the medication rooms (preparation/prepare for distribution), the corridors (distribution), and 

the patient rooms (dispensing/administering) (see subchapter II.2). It is important to focus on the 

horizontal positions, as well as on the vertical position. Medication is stored in cupboards where labels 

are displayed in a vertical position. Next to the impact of light on patient safety related to visual 

performance, the higher light levels could also be positive for acute alerting affects. The literature 

indicates that higher light levels positively influence acute alertness [126], although an effective light 

recipe was currently not specified [102,372]. While the high light levels might be effective during the 

daytime, care should be taking during nighttime. The results from Chapter VI demonstrated the impact 

light can have on nightshift working nurses. The results showed that light induced by the used light 

glasses significantly lowered the risk of an accident on the commute home after the first nightshift, and 

positively impacted the sleep duration on the recovery night, although the sleep quality was lower. 

Although the found effects seem minor, one has to keep in mind that the study was performed under 

normal conditions where nurses had to follow their normal routines. It is expected that the impact might 

have been bigger, when performed in winter; on the commute home, as during the last hour of 

shiftwork, the light exposure due to daylight might have overshadowed the light administered by the 

light glasses. The fact that many participants indicated that even the placebo glasses helped them to 

stay alert, indicates the importance of the problem for nurses having to work during nighttime. 

Questions concerning the comfort, after the interventions study, indicated that both the placebo and 

treatment light glasses were rated as neither pleasant nor unpleasant to wear. Comfort was rated 

slightly more negative. During the study participants often complained that the glasses were too large 

and slid of the face when bending down. One participant noted that the loose fit substantially interfered 

with work. The majority of participants indicated that light glasses interfered somewhat with work, but 

to a tolerable degree. Slightly fewer participants also indicated tolerable interference with private life 

when wearing the glasses after awakening. Half of the participants indicated that they would use the 

placebo glasses in the future, which further supports the credibility of the placebo. Reasons for no future 

usage were mostly the perceived absence of an effect, either for both glasses or for the placebo glasses. 

One participant indicated that the perceived positive effects would not outweigh the shortcomings in 

comfort. The reported side-effects are similar to those found in other studies using light exposure 

interventions [337,373]. However, given that side-effects were reported for both types of glasses, they 

might be caused by the glasses themselves rather than the blue light stimulus. This would be in line with 

the low ratings on comfort and wear. From a technical perspective, the light goggles show large inter 

device differences, in some cases even a factor 2 (see Table D-1). Also the robustness and the non-

intuitive use, should improve. In conclusion, the light glasses may help to reduce driver sleepiness during 

the commute home and prevent after-effects of nightshift work on sleep, but before extensive use, it 
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would be necessary to investigate the reasons for the observed side-effects and make improvements in 

comfort.  

The flexibility of the light glasses motivates further research to evaluate the effectiveness during the 

nightshift period with a different intervention protocol. Since not all nurses work the same schedule, the 

same number of consecutive nights, and therefore are not in the same circadian phase, it is suggested 

to design an individual light exposure protocol, based on the previously mentioned aspects, and the 

chronotype and age of the nurses. This also means that a lighting condition of 1000lx suggested for 

medication handling, might be too much during the night. This will probably shift the biological clock too 

much. Future studies should indicate what option works best. The opportunity to individually dim the 

ambient lighting in a hospital, distributing (this) knowledge and therefore creating awareness, is the first 

basic step for change. As in many cases, it is not a non-fit fits-all concept[35]. This means that what works 

wonderfully for one person, is not the solution for another. So, it is important to also study the impact 

of other options than light (like adjusted menu, powernaps, and different schedules) and listen to the 

wishes of the care professionals. 

  Recommendations for future studies 
The aim of the studies was to demonstrate the potential of light to improve patient safety. A relevant 

next step could be to identify if patient safety would improve when implementing the suggested lighting 

conditions. One could balance the cost of medical errors to the cost of new, improved lighting 

conditions. The question is whether a fair comparison is possible given the fact that in most of these 

calculation models the actual costs hardly ever consider the price for innumerable costs, like emotional 

losses. This topic is also addressed in the paper by Andel et al. [374] which also state that quality care is 

key to keeping healthcare affordable. Since there is a correlation between the hospital design and quality 

of care, demonstrates the not-fully explored potential of the healing environment to support the human 

performance  

Based on Chapter II Asses the light conditions in patient-wards of hospitals. Including patient rooms, 

nurses' stations, and corridors. This to identify potential for improvement and creating awareness 

among staff. 

Based on Chapter III. Implement a lighting design based on the results in real hospital environments 

and/or pharmacies and assess the number of errors before implementation and after implementation. 

Make a distinction between daytime and nighttime (fatigue related to shiftwork), and visual acuity.  

Based on Chapter IV and V. Identify and validate other methods to identify person-bound light exposure 

considering the whole spectrum.  

Based on Chapter VI. Repeat the measurements in another hospital environment. Control for potential 

co-variates like food-intake, naps, and work schedule. 

Study the impact of exterior windows, view, and daylight on job-satisfaction, sick leave, connected to 

stress-relieve. This can be done in windowless locations, like operating rooms, ER-units, rooms for photo 

therapy, CT and MRI-scans.  

The results of these studies can be implemented in guidelines or a toolbox by which the quality of the 

light situation in hospitals from the perspective of the care professionals can be assessed. These 

guidelines or toolbox can potentially be expanded by other environmental aspects like the acoustical 

quality, the HVAC-system, and the interior design (e.g. lay-out, finishes). 
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  Conclusion 
Raise the lantern, how light can help to maintain a healthy and safe hospital environment focusing on 

nurses, helped to gain an overview of the gaps and key potential of light in hospitals for nurses.  

When aiming to secure patient safety, medical errors should be prevented. Based on a literature review 

to determine the state of the art on light for patient safety, three relevant topics on the impact of light 

for patient safety were determined. First, light can have a direct impact on errors made in the process 

of medication handling. A second topic relating light to nurses’ performance and well-being during 

nightshift work, specifically addressing the increased sleepiness during night-time and circadian miss-

alignment when shifting to-and from nightshift. The third is the impact light can have on work-related 

stress but was not addressed in this thesis. 

An analyses of studies reporting on light-induced non-image forming effects of light identified the 

methodological flaws from the light-engineering perspective. Based on these findings, suggestions for 

how to measure ocular light exposure under controlled conditions and in field studies were defined. 

Demonstrated was that the quality of ambulant lightlogging devices, frequently used in NIF-effect 

studies, are not all up-to-standard. A practical method to assess the quality of lightloggers was 

suggested, as well as the optimal location on the body were ambulant lightlogging devices should be 

worn. 

For staff, optimal light conditions contribute to the visual aspects and to the non-image forming effects. 

The latter is specifically relevant during nightshifts. Care provided by hospital nurses, the focus group of 

this thesis, was directed towards patient safety. One relevant element for patient safety is the 

prevention of medication errors. The number of medication errors due to misread labels can be reduced 

by applying 1000lx, on positions where these activities are carried out, like medication rooms, corridors, 

and patient rooms. To reduce sleepiness during the nighttime, the use of light glasses has shown its 

potential, especially for the first night in the row of several consecutive nights. Using light glasses after 

sleep most likely will not add to the light exposure one gets after daytime sleep, in the afternoon, 

especially when going outdoors.  

By acknowledging the impact nightshift work has on nurses and how light can support their performance 

and their life in general, is the first step towards creating a healthy environment that assists a strong, 

healthy and skilled workforce, necessary to overcome the major societal challenges of today. 
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Appendix A  
for subchapter II.1. Listed questions.  

Vragenlijst Licht & Medicatie 
Datum en tijd   ____________ 

Ziekenhuis   __________________________________________________ 

Afdeling   __________________________________________________ 

Functieomschrijving  __________________________________________________ 

Hoogst behaalde opleiding __________________________________________________ 

Geslacht Leeftijd Werkervaring (jaren) 

M / V   

Oogcorrectie:  Bril / lenzen 

Dichtbij / veraf / multifocaal 

Laatste controle:_________ 

Geschiedenis van oogziekte of operatie: _______________________________________ 

(Bijv. glaucoom, staar, maculaire degeneratie, retinopathie door diabetes)  

Werktijden vandaag  __________________________________________________ 

Verlichting afdeling 

Hoe ervaart u de hoeveelheid licht op de afdeling?  

Veel te donker (1) Iets te donker (2) Normaal (3) Iets te licht (4) Veel te licht (5) 

     

Zou het eventueel verbeterd kunnen worden? 

_________________________________________________________________________ 

_________________________________________________________________________ 

Hoe ervaart u de kleur van de verlichting? 

Veel te kil (1) Een beetje te kil (2) Normaal (3) Een beetje te warm 
(4) 

Veel te warm (5) 

     

Kunt u zelf de verlichting aanpassen?  J / N 

Indien ja, waar past u deze het meest aan? Hoe past u deze aan (meer/minder licht, kleur licht)? 

_________________________________________________________________________ 

_________________________________________________________________________ 

Indien dit niet kan, heeft u weleens de behoefte om dit aan te passen? Waar zou u dit het liefste willen 

aanpassen? Hoe zou u het willen aanpassen (meer/minder licht, kleur licht)? 

_________________________________________________________________________ 

_________________________________________________________________________ 

 

Wat vind u van de hoeveelheid daglicht op de afdeling? 

Veel te weinig (1) Een beetje te 
weinig (2) 

Goed (3) Een beetje te veel 
(4) 

Veel te veel (5) 

     

Indien verschillend, waar vindt u dat er voldoende daglicht is, en waar te veel of te weinig? 

_________________________________________________________________________ 
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Visuele taken 

Hebt u ooit moeite met het goed kunnen zien van: 

1. etiketten/teksten op medicijnverpakkingen?  

Nooit (1) Zelden (2) Regelmatig (3)  Vaak (4) Altijd (5) 

   
 

  

Welke plek(ken) vooral? (medicijnkamer/gang/patiëntenkamer/____________________ 

Wanneer (tijdstip)?________________________________________________________ 

Wat denkt u dat hiervan de oorzaak is?(meerdere antwoorden zijn mogelijk)?  

(lettergrootte, lettertype, kleur letters, kleur verpakking, lichtweerkaatsing op verpakking, te weinig licht, te veel 

licht) 

_________________________________________________________________________ 

2.etiketten/teksten op de medicijndoosjes in de kasten van de medicijnkamer? 

Nooit (1) Zelden (2) Regelmatig (3) Vaak (4) Altijd (5) 

     
Welke kast(en)? ________________________________________________________ 

Wanneer (tijdstip) ________________________________________________________ 

Wat denkt u dat hiervan de oorzaak is?(meerdere antwoorden zijn mogelijk)?  

(lettergrootte, lettertype, kleur letters, kleur verpakking, lichtweerkaatsing op verpakking, te weinig licht, te veel 

licht) 

_________________________________________________________________________ 

3. aflezen en invoeren van medicijnen via computerscherm? 

Nooit (1) Zelden (2) Regelmatig (3) Vaak (4) Altijd (5) 

     

Welke plek(ken) het meest? (medicijnkamer/gang/patiëntenkamer/____________________ 

Wanneer (tijdstip) ________________________________________________________ 

Wat denkt u dat hiervan de oorzaak is?(meerdere antwoorden zijn mogelijk)?  

(lettergrootte, lettertype, kleur letters, contrast tussen scherm en letters, te weinig licht, te veel licht, reflectie van 

een lamp in het scherm) 

_________________________________________________________________________ 

4. prepareren van infuuszakken in de medicijnkamer? 

Nooit (1) Zelden (2) Regelmatig (3) Vaak (4) Altijd (5) 

     

Wanneer (tijdstip) ________________________________________________________ 

Wat denkt u dat hiervan de oorzaak is?(meerdere antwoorden zijn mogelijk)?  

(lettergrootte, lettertype, kleur letters, kleur verpakking, lichtweerkaatsing op verpakking, te weinig licht, te veel 

licht) 

_________________________________________________________________________ 

5. plaatsen van infuus bij de patiënt op de kamer? 

Nooit (1) Zelden (2) Regelmatig (3) Vaak (4) Altijd (5) 

     
Wanneer (tijdstip?) ________________________________________________________ 

Wat denkt u dat hiervan de oorzaak is?(meerdere antwoorden zijn mogelijk)?  

(lettergrootte, lettertype, kleur letters, kleur verpakking, lichtweerkaatsing op verpakking, te weinig licht, te veel 

licht) 

_________________________________________________________________________ 
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6. controleren van infuus bij de patiënten op de kamer? 

Nooit (1) Zelden (2) Regelmatig (3) Vaak (4) Altijd (5) 

     

Wanneer (tijdstip)? ________________________________________________________ 

Wat denkt u dat hiervan de oorzaak is?(meerdere antwoorden zijn mogelijk)?  

(lettergrootte, lettertype, kleur letters, kleur verpakking, lichtweerkaatsing op verpakking, te weinig licht, te veel 

licht) 

_________________________________________________________________________ 

Verlichting medicatieruimte 

Wat vindt u van de hoeveelheid licht in de medicatieruimte voor de uit te voeren werkzaamheden? 

Veel te donker (1) Iets te donker (2) Normaal(3) Iets te licht (4) Veel te licht (5) 

     

Eventuele toelichting 

_________________________________________________________________________ 

 

Ervaart u ooit verstoringen door flikkerend licht of verblinding? 

Nooit (1) Zelden (2) Regelmatig (3) Vaak (4) Altijd(5) 

     

 

Op welke plek(ken) zou u meer of minder licht willen hebben (bijvoorbeeld het werkblad, in de kasten, in de 

loopruimte, etc.) 

Meer:  ______________________________________________________________ 

Minder: ______________________________________________________________ 

Ervaart u verschil in de hoeveelheid verlichting tussen de dag- en nachtsituatie? 

_________________________________________________________________________ 

_________________________________________________________________________ 

Visual acuity test (uitvoeren op dezelfde locatie in de medicatieruimte, op dezelfde afstand). 

_________________________________________________________________________ 

_________________________________________________________________________ 

 



 

209 

Appendix B  
for subchapter VI.1. Questions of the Survey.  
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Appendix C  
for subchapter VI.2. Results of the survey 

 N (total = 18), 
(%) 

Mean SD Range 

Preferred number of consecutive nightshifts  3.17 1.13 2–5 

Satisfaction with schedule (1= not at all 7=very much)  5.44 0.98 3–7 

Satisfaction with working nightshifts (1= not at all 
7=very much) 

 4.44 2.20 1–7 

Times of minimum alertness     

03:00h–05:00h 11 (61.11%)    

05:00h–07:00h 7 (38.89%)    

Times of maximum alertness     

23:00h–01:00h 10 (55.56%)    

01:00h–03:00h 5 (27.78%)    

03:00h–05:00h 1 (5.56%)    

05:00h–07:00h 2 (11.11%)    

Before nightshift freq. of adaptation (1=never 
5=always) 

    

Sleeping schedule   3.27 1.60 1–5 

Eating schedule   1.83 1.50 1–5 

Light exposure   1.27 0.67 1–3 

During nightshift freq. of adaptation to reduce 
sleepiness (1=never 5=always) 

    

Powernaps  1.39 0.70 1–3 

Stimulating drinks  2.22 1.44 1–5 

Carbohydrates  2 1.24 1–4 

Bright light exposure  2.44 1.58 1–5 

Noise   2.28 1.23 1–5 

Freq. of adaptations to help sleep (1=never 5=always)     

Sleep medication  1.39 1.04 1–5 

Dark bedroom  4.67 1.03 1–5 

Noise reduction  2.83 1.72 1–5 

Alcohol  1.11 0.32 1–2 

Straight to bed  4.22 1.00 1–5 

Stay in bed at least 7 hours  3.67 1.33 1–5 

Impact of nightshift work on (1=not at all 7=very much)     

health  4.44 2.09 1–7 

mental health  3.94 2.04 1–7 

sleep quality  4.94 1.86 1–7 
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sleep length  4.72 1.96 1–7 

social life  4.89 1.97 1–7 

personal life  4.72 1.90 1–7 

work performance  4.00 1.88 1–7 

Average sleep duration after nightshifts (hours)  6.50 1.42 3–8 

Enough sleep after nightshifts (1=disagree 7=fully agree 
) 

 4.72 1.96 1–7 

Recovered 48 hours after nightshifts (1=disagree 
7=fully agree ) 

 4.56 1.76 1–7 

Satisfaction with lighting at workplace (1=disagree 
7=fully agree ) 

 4.65 1.54 2–7 

Satisfaction with noise levels at workplace (1=disagree 
7=fully agree ) 

 3.44 1.34 1–6 

Improvement of alertness by bright light (1=disagree 
7=fully agree ) 

 4.72 1.27 2–7 

Opinion towards light lamp     

Yes, would try 2 (11.11%)    

Yes, would try if proven benefit / time  12 (66.67%)    

No, would not try 4 (22.22%)    

Opinion towards light glasses     

Yes, would try 9 (50%)    

Yes, would try if proven benefit 5 (27.78%)    

No, would not try 4 (22.22%)    
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Appendix D  
for subchapter VI.3 

Table D-1 Radiometric and photometric characteristics of the six treatment light glasses used in the study 

 Light glasses 

Quantity LG1 LG2 LG3 LG4 LG5 LG6 Mean 

Irradiance (μW/cm2) 26.07 12.06 24.23 20.66 26.38 24.77 22.36 

Illuminance (lux) 19.76 8.98 14.92 12.69 19.20 17.66 15.54 

Photon density (1/cm2/s) 6.6x1013 2.9x1013 5.8x1013 4.9x1013 6.5x1013 6.1x1013 5.5x1013 

Cyanopic (μW/cm2) 13.36 6.23 14.55 12.81 14.68 13.69 12.55  

Chloropic (μW/cm2) 7.97 4.48 7.79 6.87 8.35 7.79 7.21 

Erythropic (μW/cm2) 5.07 2.54 4.40 3.83 5.11 4.74 4.28 

Melanopic (μW/cm2) 15.98 9.32 17.06 15.20 17.24 16.18 15.16  

Rhodopic (μW/cm2) 13.45 7.80 14.10 12.52 14.41 13.51 12.63  

Note. Measurements were performed at eye-level for one eye only, using a realistic head model. 
Calculations of the radiometric and photometric properties were done with the CIE 2015 Irradiance 
Toolbox [340]. 

 

Table D-2 Results of the LightWatchers under treatment conditions 

 Illumina
nce 
 
 
 
Mean ± 
SD 

Mean 
min. 
> 10 
lux / 
mean 
total 
min. 

Mean 
min.  
> 1000 
lux / 
mean 
total 
min. 

UV 350 
nm 
(mW/m2
/nm) 
 
Mean ± 
SD 

Bluish 
sensor 
465 nm 
(mW/m2/
nm) 
Mean ± 
SD 

Greenish 
sensor 
540 nm 
(mW/m2/
nm) 
Mean ± 
SD 

Reddish 
sensor 
620 nm 
(mW/m2/
nm) 
Mean ± 
SD 

IR  
875 nm 
(mW/m2
/nm) 
Mean ± 
SD 

During 
nightshift 
(23:15-
7:45h) 

94±218 352 / 
510 

 

1.1 / 
510  

3.9∙10-2 

±1.6∙10-1 
7.6∙10-

1±1.7 
1.3±2.3 1.1±2.0 1.7∙10-1 

±8.5∙10-1 

During last 
hour of 
nightshift 
(6:45-7:45h) 

132±472 43 / 60  0.7 / 60 6.7∙10-2 

±4.1∙10-1 
1.2±3.9 1.8±4.3 1.5±4.0 3.9∙10-1 

±2.3 

During 24h 
before first 
nightshift 
(23:15-
23:15h) 

1116±52
95 

623 / 
1440 

 

119 / 
1440  

1.4±8.1 13±68 14±73 13±69 7.0±39 
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During 24h 
after last 
nightshift 
(23:15-
23:15h) 

1150±52
70 

666 / 
1440 

 

125 / 
1440  

1.6±7.8 13±61 13±66 13±63 7.0±35 

During 24h 
on First 
Night (23:15-
23:15h) 

150±120
6 

614 / 
1440 

21 / 
1440 

1.3∙10-1 

±1.6 
1.5±13 1.8±13 1.6±12 7.0∙10-1 

±6.6 

During 24h 
on Night 
(23:15-
23:15h) 

393±263
1 

690 / 
1440 

50 / 
1440 

4.5∙10-1 

±3.6 
4.3±31 4.7±33 4.6±33 2.5±20 

During 24h 
on Last Night 
(23:15-
23:15h) 

587±310
9 

841 / 
1440 

89 / 
1440 

6.9∙10-1 

±3.9 
5.9±31 6.4±34 6.2±34 3.3±20 

During 
daytime 
indoors 
(6:00-
18:00h) 

107±333 325 / 
720 

12 / 720 7.4∙10-2 

±5.4∙10-1 
1.5±6.0 1.7±6.4 1.7±6.1 8.4∙10-1 

±3.7 

Between 
work and 
bed after 
nightshift 

898±241
4 

48 / 60 11 / 60 9.1∙10-1 

±2.9 
9.8±24 10±24 8.9±22 4.7±13 

Between 
work and 
bed after 
nightshift 
(adj. for 
sunglasses) 

452±115
1 

48 / 60 13 / 60 5.5∙10-2 

±3.4∙10-1 
1.0±3.4 3.5±7.5 6.4±17 4.7±13 

During 2h 
before bed 
on normal 
days 

188±162
2 

46 / 
120  

1.7 / 
120  

1.1∙10-1 

±9.2∙10-1 
2.1±18 2.6±22 3.3±28 2.0 ±18 

During 2h 
before bed 
on nightshift 
days 

495±170
7 

91 / 
120 

7.7 / 
120 

4.6∙10-1 

±2.2 
5.3±17 5.7±18 5.1±16 2.4±9.4 

During bed 
on normal 
days 

8.0±55 39 / 
480  

0.0 / 
480  

8.3∙10-3 

±5.1∙10-2 
9.6∙10-2 

±6.6∙10-1 
1.2∙10-1 

±8.1∙10-1 
1.3∙10-1 

±8.7∙10-1 
6.1∙10-2 

±3.6∙10-1 
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During bed 
on nightshift 
days 

4.7±58 45 / 
480  

0.1 / 
480  

6.8∙10-3 

±8.1∙10-2 
7.3∙10-2 

±6.7∙10-1 
8.7∙10-2 

±7.0∙10-1 
1.2∙10-1 

±7.7∙10-1 
8.1∙10-2 

±4.9∙10-1 

During 2h 
after bed on 
normal days 

1663±58
75 

100 / 
120 

 

9.0 / 
120 

2.0±8.4 20±76 21±81 20±75 10±41 

During 2h 
after bed on 
nightshift 
days 

1896±59
95 

97 / 
120 

 

13 / 120 2.6±9.3 23±79 24±85 24±84 14±49 

Table D-3 Results of the LightWatchers under placebo conditions 

 Illumina
nce 
 
 
 
Mean ± 
SD 

Mean 
min. 
> 10 
lux / 
mean 
total 
min. 

Mean 
min.  
> 1000 
lux / 
mean 
total 
min. 

UV 350 
nm 
(mW/m2
/nm) 
 
Mean ± 
SD 

Bluish 
sensor 
465 nm 
(mW/m2/
nm) 
Mean ± 
SD 

Greenish 
sensor 
540 nm 
(mW/m2/
nm) 
Mean ± 
SD 

Reddish 
sensor 
620 nm 
(mW/m2/
nm) 
Mean ± 
SD 

IR  
875 nm 
(mW/m2
/nm) 
Mean ± 
SD 

During 
nightshift 
(23:15-
7:45h) 

74±163 334 / 
510 

 

0.8 / 
510  

4.9∙10-2 

±1.8∙10-1 
6.9∙10-

1±1.5 
1.2±2.0 9.5∙10-

1±1.6 
1.4∙10-1 

±5.5∙10-1 

During last 
hour of 
nightshift 
(6:45-7:45h) 

101±356 40 / 60  0.5 / 60 7.0∙10-2 

±3.6∙10-1 
1.0±3.3 1.4±3.4 1.2±3.1 2.9∙10-1 

±1.5 

During 24h 
before first 
nightshift 
(23:15-
23:15h) 

1377±63
97 

614 / 
1440 

 

126 / 
1440  

2.5±12 17±89 18±93 17±88 10±52 

During 24h 
after last 
nightshift 
(23:15-
23:15h) 

1255±54
28 

651 / 
1440 

 

145 / 
1440  

7.4±37 14±66 15±70 14±66 2.3±10 

During 24h 
on First 
Night 
(23:15-
23:15h) 

444±298
3 

677 / 
1440 

62 / 
1440 

7.4∙10-1 

±6.1 
5.1±40 5.3±40 4.9±38 2.7±23 

During 24h 
on Night 
(23:15-

165±122
4 

661 / 
1440 

27 / 
1440 

2.8∙10-1 

±2.5 
2.5±24 2.8±25 2.6±25 1.3±15 
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23:15h) 

During 24h 
on Last 
Night 
(23:15-
23:15h) 

624±356
4 

812 / 
1440 

82 / 
1440 

9.8∙10-1 

±6.2 
7.3±47 7.7±49 7.3±47 4.0±27 

During 
daytime 
indoors 
(6:00-
18:00h) 

122±807 322 / 
720 

12 / 720 2.3∙10-1 

±1.9 
1.8±15 2.1±16 2.0±16 1.0±9.4 

Between 
work and 
bed after 
nightshift 

1274±42
06 

49 / 60 10 / 60 1.5 ±6.2 13±45 14±46 12±42 6.4±25 

Between 
work and 
bed after 
nightshift 
(adj. for 
sunglasses) 

839±324
2 

49 / 60 14 / 60 6.2∙10-1 

±4.1 
5.2±32 7.5±33 9.7±37 6.4±25 

During 2h 
before bed 
on normal 
days 

71±704 55 / 
120  

0.8 / 
120  

1.4∙10-1 

±1.1 
8.2∙10-

1±6.6 
8.9∙10-

1±6.8 
9.7∙10-

1±6.3 
6.3∙10-1 

±3.7 

During 2h 
before bed 
on nightshift 
days 

694±280
2 

91 / 
120 

6.8 / 
120 

7.3∙10-1 

±3.8 

7.3±30 7.8±32 7.0±31 3.5±17 

During bed 
on normal 
days 

3.8±32 30 / 
480  

0.0 / 
480  

6.9∙10-3 

±1.8∙10-1 

4.0∙10-2 

±3.1∙10-1 
4.4∙10-2 

±3.4∙10-1 
4.8∙10-2 

±3.7∙10-1 
2.3∙10-2 

±2.0∙10-1 

During bed 
on nightshift 
days 

7.8±120 59 / 
480  

0.3 / 
480  

2.0∙10-2 

±3.0∙10-1 

9.8∙10-2 

±1.2 
1.1∙10-1 

±1.2 
1.3∙10-1 

±1.1 
7.6∙10-2 

±6.5∙10-1 

During 2h 
after bed on 
normal days 

1047±43
21 

95 / 
120 

 

7.3 / 
120 

3.0±15 14±67 15±69 14±64 7.3±37 

During 2h 
after bed on 
nightshift 
days 

1231±48
35 

89 / 
120 

 

9.3 / 
120 

2.1±9.7 16±71 16±73 15±69 8.5±40 
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Table D-4. Results of the final questionnaire assessing participants’ experience with the light glasses (N = 23) 

 Placebo  Treatment 

 Mean ± SD N  Mean ± SD N 

Effect on  positive 
effect 

negative 
effect 

  positive 
effect 

negative 
effect 

Alertness a 4.20 ± 0.62 4 1  4.85 ± 1.04 11 - 

Sleep quality a 4.30 ± 0.66 4 -  4.50 ± 1.05 8 1 

Sleep length a 4.25 ± 0.55 4 -  4.15 ± 0.93 5 3 

Recovery a 4.55 ± 0.69 9 -  4.60 ± 1.05 9 1 

Wear b 4.20 ± 1.15    4.40 ± 1.14   

Comfort b 3.90 ± 1.29    3.90 ± 1.29   

Interference with work      

None  9   5 

Yes, but tolerable  14   17 

Yes, not tolerable  -   1 

Interference with  
private life 

     

None  16   12 

Yes, but tolerable  7   11 

Would use in future      

Yes  7   17 

No  16   6 

Adverse effects      

Headache  6   4 

Impaired vision  3   5 

Dizziness  2   - 

Difficulty to 
concentrate 

 1   1 

a On a scale from 1–7, with 1 = much worse, 4 = no effect, 7 = much better 
b On a scale from 1–7, with 1 = very unpleasant/uncomfortable, 7 = very pleasant/comfortable 
 



 

224 

  



 

225 

 
 
 
 
 

Curriculum Vitae 



Curriculum Vitae 

226 

Curriculum Vitae 
Mariëlle Aarts was born on January 13, 1970 in Boxmeer, the Netherlands. She finished her pre-

university education in 1988 at Elzendaal College in Boxmeer. In 1994 she graduated in the unit FAGO 

(Fysische Aspecten van de Gebouwde Omgeving) of the Built Environment at the Eindhoven University 

of Technology, on the future of office lighting. Her project, performed at Philips Lighting Eindhoven, 

aimed to identify the light preference of office workers in a living lab setting. The results demonstrated 

a strong individual preference as well as a time-related effect, suggesting a potential non-image forming 

effect of light. After her graduation, she worked for seven years at the lighting company Artilite in 

Drachten, The Netherlands and two years for TNO in Delft. Since 2001, she is an assistant professor at 

the unit Building Physics and Services (BPS), Department of the Built Environment (TUe). She educates 

and supervises both bachelor and master students on light and lighting and in her research she aims to 

define light strategies for a built environment that enhances the health, performance and well-being of 

its users in a sustainable manner. Her expertise is (day)light, human responses to light, and research 

methodologies specifically for field studies focusing on non-image forming effects of light. Currently her 

attention is on healthy environments, hospitals and offices. Next to her work at the University, she is 

one of the initial and founding members of the TU/e Intelligent Lighting Institute (ILI/TUe), chair of the 

Light and Health Research Foundation (SOLG), and founding member of the international Daylight 

Academy (DLA). She co-organized the Experiencing Light conferences and is regularly invited as speaker 

on national and international conferences and symposia.  

In 2016 she started working on her Ph.D. project at the Building Lighting Group, chaired by Prof. Dr.-Ing. 

habil Alexander Rosemann. The results of this Ph.D. project are presented in this dissertation.



 

227 

 
 
 
 
 

List of Publications 
 

 



List of Publications 

228 

List of Publications 
Academic peer-reviewed Journal publications 

1. Aarts MPJ, Craenmehr G, Rosemann ALP, van Loenen EJ, and Kort HSM. Light for patient safety: 
Impact of light on reading errors of medication labels. International Journal of Industrial 
Ergonomics 2019;71:145–54. doi:10.1016/J.ERGON.2019.03.004 

2. Knoop M, Stefani O, Bueno B, Matusiak B, Hobday R, Wirz-Justice A, Martiny K, Kantermann T, 
Aarts M, Zemmouri N, et al. Daylight: What makes the difference? Lighting Research & 
Technology Published Online First: 2019. doi:10.1177/1477153519869758 

3. van Duijnhoven J, Aarts MPJ, and Kort HSM. The importance of including position and viewing 
direction when measuring and assessing the lighting conditions of office workers. Work 
Published Online First: 2019. doi:10.3233/WOR-193028 

4. van Duijnhoven J, Aarts MPJ, Aries MBC, Rosemann ALP, and Kort HSM. Systematic review on 
the interaction between office light conditions and occupational health: Elucidating gaps and 
methodological issues. Indoor and Built Environment 2019;28:152–74. 
doi:10.1177/1420326X17735162 

5. de Bakker C, Aarts M, Kort H, van Loenen E, and Rosemann A. Preferred Luminance 
Distributions in Open-Plan Offices in Relation to Time of Day and Subjective Alertness. LEUKOS 
- Journal of Illuminating Engineering Society of North America Published Online First: 2019;1–
18. doi:10.1080/15502724.2019.1587619 

6. Aarts MPJ, and Rosemann ALP. Towards a uniform specification of light therapy devices for the 
treatment of affective disorders and use for non-image forming effects: Radiant flux. Journal of 
Affective Disorders 2018;235:142–9. doi:10.1016/J.JAD.2018.04.020 

7. Aarts MPJ, Stapel JC, Schoutens TAMC, and van Hoof J. Exploring the impact of natural light 
exposure on sleep of healthy older adults: A field study. Journal of Daylighting 2018;5:14–20. 
doi:10.15627/jd.2018.2 

8. van Duijnhoven J, Aarts MPJ, Kort HSM, and Rosemann ALP. External validations of a non-
obtrusive practical method to measure personal lighting conditions in offices. Building and 
Environment 2018;134:74–86. doi:10.1016/j.buildenv.2018.02.033 

9. van Duijnhoven J, Aarts MPJ, Rosemann ALP, and Kort HSM. Ambiguities regarding the 
relationship between office lighting and subjective alertness: An exploratory field study in a 
Dutch office landscape. Building and Environment 2018;142:130–8. 
doi:10.1016/j.buildenv.2018.06.011 

10. de Bakker C, Aarts M, Kort H, and Rosemann A. The feasibility of highly granular lighting control 
in open-plan offices: Exploring the comfort and energy saving potential. Building and 
Environment 2018;142:427–38. doi:10.1016/j.buildenv.2018.06.043 

11. Aarts MPJ, van Duijnhoven J, Aries MBC, and Rosemann ALP. Performance of personally worn 
dosimeters to study non-image forming effects of light: Assessment methods. Building and 
Environment 2017;117:60–72. doi:10.1016/j.buildenv.2017.03.002 

12. van Duijnhoven J, Aarts MPJ, Aries MBC, Böhmer MN, and Rosemann ALP. Recommendations 
for measuring non-image-forming effects of light; A practical method to apply on cognitive 
impaired and unaffected participants. Technology and Health Care 2017;25:171–86. 
doi:10.3233/THC-161258 

13. Aarts MPJ, Aries MBC, Diakoumis A, and van Hoof J. Shedding a Light on Phototherapy Studies 
with People having Dementia: A Critical Review of the Methodology from a Light Perspective. 
American journal of Alzheimer’s disease and other dementias 2016;31:551–63. 
doi:10.1177/1533317515628046 
 



 

229 

14. Aarts MPJ. Usage of Daylight in the Built Environment: Impact on Health. Neuropsychobiology 
2016;74:226–60. doi:10.1159/000477426 

15. Aarts MPJ, Aries MBC, Straathof J, and van Hoof J. Dynamic lighting systems in psychogeriatric 
care facilities in the Netherlands: A quantitative and qualitative analysis of stakeholders’ 
responses and applied technology. Indoor and Built Environment 2014;24:617–30. 
doi:10.1177/1420326X14532387 

16. Meerbeek B, te Kulve M, Gritti T, Aarts M, van Loenen E, and Aarts E. Building automation and 
perceived control: A field study on motorized exterior blinds in Dutch offices. Building and 
Environment 2014;79:66–77. 

17. Huisman ERCM, Aarts MPJ, Kemenade PLW, and Kort HSM. Quality of light in a long term care 
facility in the Netherlands. Gerontechnology 2014;13:85–6. doi:10.4017/gt.2014.13.02.180.00 

18. van Hoof J, Westerlaken AC, Aarts MPJ, Wouters EJM, Schoutens AMC, Sinoo MM, and Aries 
MBC. Light therapy: Methodological issues from an engineering perspective. Technology and 
Health Care 2012;20:11–23. doi:10.3233/THC-2011-0650 

19. De Kort YAW, Ijsselsteijn WA, Smolders KCHJ, Vogels IMLC, Aarts MPJ, and Tenner AD. Editorial: 
Experiencing light. Lighting Research and Technology 2010;42:269. 
doi:10.1177/1477153510379699 

20. van Hoof J, Aarts MPJ, Rense CG, and Schoutens AMC. Ambient bright light in dementia: Effects 
on behaviour and circadian rhythmicity. Building and Environment 2009;44:146–55. 
doi:10.1016/j.buildenv.2008.02.005 

21. van Hoof J, Schoutens AMC, and Aarts MPJ. High colour temperature lighting for 
institutionalised older people with dementia. Building and Environment 2009;44:1959–69. 
doi:10.1016/j.buildenv.2009.01.009 

22. Aarts MPJ, and Westerlaken AC. Field study of visual and biological light conditions of 
independently-living elderly people. Gerontechnology 2005;4:141–52. 

 

Book (chapter) 

1. Aarts MPJ, Brown S, Bueno B, Gjedde A, Mersch D, Münch M, Scartezzini J-L, Volf C, Wienold J, 
Wirz-Justice A, Bodart M and Kaempf J. Reinventing Daylight. Changing perspectives on 
daylight: science, technology, and culture. 2017, p. 33-37. Science/AAAS,. (Science; vol. 
Supplement). 

2. Solt J, Aarts MPJ, Andersen M, Appelt S, Bodart M, Kaempf J, Bueno B, Kuhn TE, Coccolo S, 
Scartezzini J-L, Schüler A, Szybinska-Matusiak B, Volf C, Wienold J, Wirz-Justice A and Fournier 
C. Daylight in the built environment. Changing perspectives on daylight: science, technology, 
and culture. 2017, p. 24-32. Science/AAAS. (Science; vol. Supplement). 

3. Ticleanu C, King S, Littlefair P, Howlett G, Yilmaz FS, Aarts MPJ and van Duijnhoven J. Lighting 
and health: can special lighting help people with dementia? Lighting and Health. 2015, p. 18-
21. Bracknell; IHS BRE Press,  

4. Hoof J van, Aarts MPJ, Westerlaken AC, Schrader B, Wouters EJM, Weffers HTG and Aries M B 
C. Light therapy in smart healthcare facilities for older adults: an overview. In K. Curran (Ed.), 
Recent advances in ambient intelligence and context-aware computing. 2015, p. 300-307. 
Hershey, PA, USA; IGI Global. 

5. Kort YAW de, Aarts MPJ, Beute F, Haans A, Heynderickx IEJ, Huiberts LM, Kalinauskaite I, 
Khademagha P, Kuijsters A, Lakens D, Rijswijk L van, Schietecat AC, Smolders KCHJ, Stokkermans 
MGM and IJsselsteijn WA. (Eds.). Proceedings Experiencing light 2014: international conference 
on the effects of light on wellbeing, Eindhoven, The Netherlands, 10-11 November, 2014. 2014 
p 137. Eindhoven; Technische Universiteit Eindhoven. 



List of Publications 

230 

6. Hoof J van, Wouters EJM, Schräder B, Weffers HTG, Aarts MPJ, Westerlaken AC and Aries, 
M.B.C. Intelligent light therapy for older adults: ambient assisted living (chapter 21). In A. Agah 
(Ed.), Medical applications of artificial intelligence. 2013, p. 343-353. Boca Raton; CRC Press. 

7. Kort YAW de, Aarts MPJ, Beute F, Haans A, IJsselsteijn WA, Lakens D, Smolders KCHJ and Rijswijk 
L van (Eds.). Proceedings of experiencing light 2012 : international conference on the effects of 
light on wellbeing. 2012, pp 100. Eindhoven, The Netherlands, 12-13 November, 2012. 
Eindhoven; Technische Universiteit Eindhoven. 

8. Kort YAW de, IJsselsteijn WA, Vogels IMLC, Aarts MPJ, Tenner AD and Smolders KCHJ (Eds.). 
Proceedings experiencing light 2009: international conference on the effects of light on 
wellbeing. 2009, pp 173. Eindhoven; Technische Universiteit Eindhoven. 

9. Kort YAW de, IJsselsteijn WA, Vogels IMLC, Aarts MPJ, Tenner AD and Smolders KCHJ (Eds.). 
(2009). Adjunct proceedings experiencing light 2009 : international conference on the effects 
of light on wellbeing. 2009 p 43. Eindhoven: Technische Universiteit Eindhoven. 

 

Proceedings & Conference Contributions 
1. Aarts MPJ, Vleugels M. An explorative study on the impact of Daylight and View among 

Operating Room Nurses. Daylight symposium, Velux 2019. 2019 Paris, France. 
2. Duijnhoven J van, Burgmans MJH, Aarts MPJ, Rosemann ALP, and Kort HSM. Personal lighting 

conditions to obtain more evidence in light effect studies, 2019. In: Adv. Intell. Syst. Comput., 
2019. doi:10.1007/978-3-319-96059-3_12. 

3. Bakker C de, Aarts M, Kort H, Meier A, and Rosemann A. Local lighting control in open-plan 
offices: The influence of office lay-out. 2019. In: Adv. Intell. Syst. Comput.. doi:10.1007/978-3-
319-96059-3_10. 

4. Aarts MPJ and Kort HSM. Lighting conditions in hospital medication rooms and nurses appraisal, 
2017. In: Healthy Buildings 2017 Europe, Lublin, Poland, 2017. 

5. Aarts MPJ, Rosemann ALP, Loenen EJ van, and Kort HSM. Influence of light condition on 
medication care in a hospital. 2017.  In: Lighting for Modern Society Proceedings Lux Europe 
2017, Lighting Engineering Society of Slovenia, 2017: pp. 202–206. 

6. Duijnhoven J van, Aarts MPJ, Rosemann ALP, and Kort HSM. Office light: window distance and 
lighting conditions influencing occupational health. 2017. In: Healthy Buildings 2017 Europe, 
Lublin, Poland 

7. Duijnhoven J van, Bakker C de, Aarts MPJ, Rosemann ALP, and Kort HSM. An unobtrusive 
practical method to derive individual’s lighting conditions in office environments. 2017. In: 
Proceedings 2017 IEEE 14th Int. Conf. Networking, Sens. Control. ICNSC 2017, pp. 471–475. 
doi:10.1109/ICNSC.2017.8000138. 

8. Meerbeek B, Druenen T van, Aarts M, Loenen E van, and Aarts E. Impact of blinds usage on 
energy consumption: Automatic versus manual control. 2014. In: Lect. Notes Comput. Sci. 
(Including Subser. Lect. Notes Artif. Intell. Lect. Notes Bioinformatics). 8850 158–173. 
doi:10.1007/978-3-319-14112-1_14. 

9. Aarts MPJ, Huisman ERCM, Mattheus B, and Kort HSM. Studying health effects of light on 
elderly people with dementia, methodology considerations. 2014. In: Proceedings of the 26th 
Annual Meeting of the Society for Light Treatment and Biological Rhythms (SLTBR), June 27-29 
2014, Vienna, Austria, 

10. Creemers PTJ, Loenen EJ van, Aarts MPJ, Chraibi S, and Lashina T. Satisfying dimming speed for 
co-workers in an open office. Acceptable fading time of a granular lighting system in an open-
plan office. 2014. In: Proceedings of Experiencing Light 2014: International Conference on the 
Effects of Light on Wellbeing, 10-11 November 2014, Eindhoven, The Netherlands, (pp. 70-73). 
Eindhoven. 



 

231 

11. Meerbeek BW, Druenen T van, Aarts MPJ, Loenen EJ van, and Aarts EHL. Impact of blinds usage 
on energy consumption: automatic versus manual control. 2014. In: Ambient Intelligence, 
European Conference AmI 2014, (Lecture Notes in Computer Science, 8850, pp. 158-173). 
Switzerland: Springer. 

12. Vossen FM and Aarts MPJ. Visual comfort of luminescent solar concentrators in offices. 2014. 
In: Proceedings of Experiencing Light 2014 : International Conference on the Effects of Light on 
Wellbeing, 10-11 November 2014, Eindhoven, The Netherlands, (pp. 132-132). 

13. Nugteren, IM, Aarts MPJ and, Schoutens AMC. Daylight to fulfill lighting needs for demented 
elderly. 2012. In: Proceedings of experiencing light 2012 : international conference on the 
effects of light on wellbeing, Eindhoven, The Netherlands, November 12-13, 2012, Eindhoven: 
Technische Universiteit Eindhoven. 

14. Meerbeek BW, Loenen EJ van, Kulve M te, and Aarts MPJ. User experience of automated blinds 
in offices. 2012. In: Proceedings of Experiencing Light 2012 : International Conference on the 
Effects of Light on Wellbeing, 12-13 November 2012, Eindhoven, The Netherlands, (pp. 1-5). 
Eindhoven: Technische Universiteit Eindhoven. 

15. Aarts MPJ, Chraibi S, Aries MBC, Loenen EJ van, and Wagenaar TJL. Light transmittance range 
of glass for visual comfort in an office environment. 2011. In: Cleantech for sustainable 
buildings. From nano to urban scale, Lausanne, Switzerland, September 2011, (pp. 541-546). 
Lausanne: EPFL. 

16. Aarts MPJ, Chraibi S, and Tenner AD. Lighting design for institutionalized people with dementia 
symptoms. 2011. In: Proceedings of the light & care symposium, 10 November 2010, 
Eindhoven, The Netherlands, (pp. 20-24). Eindhoven: SOLG. 

17. Ochoa Morales CE, Aries MBC, Aarts MPJ, Loenen EJ van, and Hensen JLM. Integrating Visual 
and Energy Criteria for Optimal Window Design in Temperate Climates. 2011 In: Proceedings 
of CISBAT 2011 - Cleantech for Sustainable Buildings. From Nano to Urban Scale, (pp. 589-594). 
Lausanne, Switzerland: Ecole Polytechnique Federale de Lausanne. 

18. Aarts MPJ, Boxem G, Cóstola D, Diepens JFL, Gousseau P, Hensen JLM, Hoof J van, Hooff TAJ 
van, Hopfe CJ, Loomans MGLC, Melhado MDA, Mirsadeghi M, Rutten PGS, Schellen HL, Schellen 
L, Schijndel AWM van, Struck C, Trcka M, Vreenegoor RCP, Wit MH de, Zeiler W, and Zoon WAC. 
Healthy environments from a broad perspective: an overview of research performed at the unit 
Building Physics and Systems of Eindhoven University of Technology. 2009. Proceedings of the 
International Conference on Perspectives on European Healthcare Design and Planning: 
Achieving Excellence in Diversity, 26 May, TNO - 3TU, Rotterdam, (pp. 10). Rotterdam: TNO. 

19. Aarts MPJ, van Velzen SJ, and Huijbregts Z. Ultra high color temperature and visual 
performance. 2009. In: Proceedings Lux Europa 2009, 11th European lighting congress, 
Istanbul, September 2009, (pp. 101-108). Istanbul, Turkey: Turkish National Committee of 
Illumination. 

20. Vries HJA de, Aarts MPJ, Knoop M, and Cornelissen H. Beneficial non-visual effects of daylight, 
research into the influential parameters. 2009. In: Proceedings Lux Europa 2009; 11th 
European lighting congress, Istanbul, September 2009, (Lux Europa, pp. 155-161). Istanbul: 
Turkish national committee on illumination. 

21. Hoof J van, Aarts MPJ, and Schoutens AMC. Ambient bright light improves behaviour and 
circadian rhythmicity of institutionalised older adults with dementia. 2008. In: Indoor Air 2008: 
Proceedings of the 11th International Conference on Indoor Air Quality and Climate, (pp. 1-8). 
Copenhagen, Denmark,: International Centre for Indoor Environment and Energy, Technical 
University of Denmark. 

22. Aarts MPJ, Hoof J van and, Schoutens AMC. High colour temperature light improves restless 
behaviour and circadian rhythm of institutionalised older adults with dementia. 2007. In: 



List of Publications 

232 

Proceedings of the Symposium Light, Performance and Quality of Life, 8 November 2007, 
Eindhoven, The Netherlands, (pp. 56-60). Eindhoven: Light & Health Research Foundation 
SOLG. 

23. Aarts MPJ, Schoutens AMC, and Stapel JC. Natural light exposure, healthy elderly people and 
sleep: a field study. 2006. In: Proceedings of the 2nd CIE Expert Symposium on Lighting and 
Health, (pp. 47-48). Ottawa. 

24. Aarts MPJ, Begemann SHA, and Westerlaken AC. Field study of the visual and biological light 
conditions and lighting requirements of independent living elderly. 2004. In: CIE (Ed.), CIE 
Expert Symposium on Light and Health, Wenen: CIE. 

25. Begemann SHA, Tenner AD, and Aarts MPJ. Daylight, artificial light and people. 1994. In: 
Proceeding of the 39th IES Lighting Convention, Sydney Lights 1994. Sydney, Australia. 

 

Professional Publications 

1. Aarts M and Kaempf J. Im licht der wissenschaft: biologie und physiologie der menschen. 2019. 
In: Tec21. 19, p. 29-34. 

2. Aarts M and Kort H Lichttherapie-apparatuur langs de meetlat. 2019. In: [Inst]ALLICHT. 12, p. 
20-21 

3. Aarts M, Mennen L, Rosemann R, van Loenen E , and Kort H. De invloed van licht op medicatie 
zorg in ziekenhuizen. 2018. In: TVVL Magazine. 6, p. 12-16. 

4. Aries MBC, Aarts MPJ, and Rosemann ALP. Invloed daglicht in gebouwde omgeving op prestatie 
van gebruikers. 2016. In: TVVL Magazine. 45, p 4-7. 

5. Aarts MPJ. Ouderen hebben meer licht nodig. 2016. In: Zorginstellingen. 41,5, p. 12-15. 
6. Aries MBC and Aarts MPJ. Dagslys og produktivitet i skoler og pa arbejdspladser. 2015. In: Lys. 

2015, 4, p. 20-21 
7. Aarts M, Aries M and Rosemann A. Lichtforschung zum Anfassen: " Global Open Lab Days" an 

der TU Eindhoven. 2015. In: Licht : Planung, Design, Technik, Handel. 67, 11-12, p. 98-99. 
8. Aarts MPJ, Aries MBC, and Hoof J van. Dynamische verlichting in de zorg: de feiten. 2013. TVVL 

Magazine. 42, 1, p. 22-25. 
9. Berk ABM, Rutten PGS, Loomans MGLC, Aarts MPJ, and Loonen RCGM. Gelijktijdig berekenen 

en beoordelen van gevelprestaties. 2013. In: TVVL Magazine. 42, 1, p. 16-20. 
10. Aarts MPJ, Aries MBC, Mangkuto RA, and Loenen EJ van. Research in building lighting. 2012. 

INSide Information magazine TU/e. 2, p. 6-8. 
11. Aarts MPJ, Chraibi S, and Tenner AD. Lichtontwerp voor een verpleeghuis voor mensen met 

dementia. 2011. In: Bouwfysica 22, 2, p. 2-6. 
12. Aarts MPJ, Bolster TF. Op zoek naar het ideale Nederlandse raam. 2012. In: Bouwfysica. 22, p. 

22-27. 
13. Aarts MPJ and Hoekjen HJ. De zon een pepmiddel? 2008. In: Verlichting. 3, p. 45-47 
14. Aarts MPJ and Schoutens AMC. Gezonde verlichting voor senioren. 2008. In: Weekblad Facilitair 

& Gebouwbeheer. 125, p. 31-34. 
15. Sliepenbeek L and Aarts MPJ. Geef dementerende patiënten meer licht. 2007. In: Licht, 

Vaktijdschrift voor beslissers over verlichting. 21, p. 18-19. 
16. Aarts MPJ and Westerlaken AC. Licht en gezondheid bij senioren. 2007. In: Bouwfysica. 18, p. 

20-25. 
17. Aarts MPJ and Westerlaken AC. Licht voor welzijn en welbevinden senioren. 2007. In: 

Verwarming en Ventilatie. 64, II, p. 738-743. 
18. Groot EH de, Aarts MPJ, Visser R, and Settels PJM. Nieuwe norm voor verlichting van 

binnenwerkplekken. 2004. In: Stedebouw en Architectuur. 20, 8, p. 14-15. 



 

233 

19. Aarts MPJ, Pernot CEE, and Zonneveldt L. Benut en doseer het daglicht: lichtcomfort op de 
werkplek. 2001. In: Zonvak. p. 54-59.  
 



 

234 

  



 

235 

 
 
 
 
 

Acknowledgements 
 



Acknowledgements 

236 

Acknowledgements 
Working towards a Ph.D. is an individual journey on which you have to find and follow your own path. 

Fortunately, you don’t have to walk that path alone. 

On my path, I experienced the love and support of many people who helped me to reach the destination 

of this journey: successfully defending my doctoral thesis. 

In the first place I would like to express my gratitude to my promotors who not only offered me this 

opportunity but also paved the path in such a way that hurdles were taken down on forehand or could 

be overcome. Thank you Helianthe for showing me, as a true travel guide, the destination of this journey. 

This motivated me to continue even at times when the inevitable ‘why-am-i-doing-this-again?’ question 

popped-up. You helped me to structure the thesis into a coherent story, as presented here. I am very 

thankful for all the discussions we had related to this Ph.D.-journey and coaching me through the 

academic ‘jungle’. Thank you Evert for all your detailed comments and remarks I received on my thesis 

like correcting for the ‘Dinglish’. Thank you also for keeping me ‘out of the wind’ at times when the 

Building Lighting group-ship was adrift without our captain. With only a one-day-a-week professor-ship, 

similar to Helianthe, you managed to keep the ship afloat, even in rough seas. At this point we reached 

a safe haven, preparing for the next journey. Many thanks to Alex; you have believed in me from the 

start and convinced me to be selfish occasionally and to focus on finishing my Ph.D. even at the time you 

became sick and knew that many things would end-up on my shoulders. I have seen your determination 

in making the Building Lighting Group a success and the price you paid, which I will never forget. I am 

grateful for the many discussions on light-related and non-light related topics. You enriched me and I 

believe in you. Your situation also made me realize the fragility of life and not to forget to unwrap each 

day as a present. 

Prof. Marieke Schuurmans, prof. Stephan Völker, prof. Elphi Nelissen, and Carmen Van Vilsteren, thank 

you for being part of the doctoral committee. Your highly valuable input, from different disciplines, 

improved this thesis and made it comprehensible and interesting, to an even wider audience than 

building engineers and lighting experts alone.  

For my studies in the hospitals, I want to express my gratitude to all the nurses and all others who 

participated, as well as the hospital organizations who facilitated the studies. A special thanks to Robert 

ten Broeke and Noud van Ham (Catharina Ziekenhuis, Eindhoven), Albert Trip, Elsbeth Nagtegaal 

(Meander MC, Amersfoort), Frank Spreekmeester (Radboud UMC, Nijmegen), and Koen Simons (Jeroen 

Bosch Ziekenhuis, Den Bosch). Many thanks to the companies who donated their equipment and 

measurement support without restrictions: Helvar, Signify, OLED, Fluxplus, Chrono Eyewear and 

LEDNED. A special thanks to Roel Vermeulen and Anke Hus (IRAS, Utrecht University) for lending us the 

Lightwatchers, Marijke Gordijn (Chrono@work) for your value feedback on the nightshift studies. 

As said before, you don’t have to walk the path alone. I would first like to thank my colleagues from the 

Building Lighting group for sticking together and helping out when needed, without reluctance. A special 

thanks to Kars for all the work you did while working as a PDEng student in the two field studies on night-

shift work in the hospital. Your journey started in 2018 and we continued in parallel, aiming both to end 

in early 2020. Thanks Christel for helping me through the wonderful world of statistics and for the many 

joint papers we wrote. Thanks Juliëtte for sharing your enthusiasm and drive, both work-related and 

non-work related. Thanks for your help on Chapter V and taking over educational tasks which allowed 

me to focus on this Ph.D. I am very happy that you decided to continue your work in our group; let’s see 

if we can make the BL-group shine even brighter in the future! Thanks Rajendra for all your educational 



 

237 

input, the joint proposals, and for your friendship. Thanks Thijs for helping me with the different courses. 

I also want to express my gratitude to my colleagues from BPS for their moral support and for respecting 

the situation where I couldn’t be fully available for managerial tasks. Special thanks to Jan, Wout and 

Harrie of the BPS-lab, for always finding solutions for my technical challenges, and to Léontine and 

Nathaly of the BPS-secretariat for their personal and professional support. 

I want to thank all the Master and Graduate students I had the pleasure of supervising. I am really proud 

seeing how you successfully developed a career in academia as well as in industry. A special thanks to 

the students from our own department, from the department of IE&IS (HTI-group), and from Nurses 

Sciences (Utrecht University), who conducted studies for this thesis: Lenny for her contribution to 

Chapter II and III, Giel and Bas for Chapter III, Adonia for Chapter IV, and Annerieke and Steffen for 

Chapter VI. Also thanks to the others who contributed to new insights on hospital lighting but whose 

work was not included in thesis: Maaike, Marie-José, Anne and Yuri (Daylight and stress in OR), Diyako 

(Medication labels), Erwin (Lighting situation in hospitals) and Jantje (Lighting for the PACU). 

For moral support, a big thanks to all the colleagues from the Department of the Built Environment. 

Special thanks to the current dean, Theo Salet, and to the former dean, Elphi Nelissen, for facilitating 

the opportunity to work on my Ph.D. thesis. This really contributes to the emancipation of women in 

science. 

Thanks to the Intelligent Lighting Institute (ILI) who showed me the diversity of light and lighting and 

especially the colleagues from Sound lighting of the HTI-group Yvonne, Karin, Samantha, and Laura. 

Thanks for your help on human-related studies and statistics, the many joint projects, the conferences 

we experienced and organized, the new lighting courses we developed, the co-supervision of students, 

and the many other great achievements.  

Thanks to all the colleagues from the Utrecht University of Applied Sciences for your input and 

discussions at the research meetings. A special thanks to Chantal, Mirjam, Arjan, and Marten for your 

help and sharing your knowledge on optometry. 

I want to thank my two dearest ex-colleagues and ‘light-sisters’: Martine and Myriam. Even though we 

don’t see each other that often anymore I still feel strongly connected. I am grateful our paths have 

joined. I am also extremely proud to see how you flourished outside the TU/e. 

The seed of my interest in lighting was planted almost 30 years ago when I graduated at Philips Lighting 

under the supervision of Ton Begemann and Ariadne Tenner. While my initial focus was on electrical 

lighting, Laurens Zonneveldt fed my interest in daylight which made my tree of knowledge grow even 

more abundant, richer and divers. I miss the cappuccini in de Zwarte Doos and the discussions we had 

on things beyond light. Thanks also to Joost van Hoof and Toine Schoutens for all our joined publications 

and offering help whenever needed. 

Finally, this Ph.D. trip is not something you do only during regular working hours. Therefore I want to 

thank all my close and dearest friends with whom many birthdays, weddings, New Years, were 

celebrated and holidays, group-activities, tennis games, dinners, and camping weekends shared. It  is an 

enormous a wealth of having such a group of good friends. Thanks Zeeland-group, BWK-eetclub, and my 

tennis-maatjes. I especially want to thank Lianne and Richard who were there for the better but also for 

the worse times.  

I also want to thank my brother Mark and sister Claartje; as normal siblings, we regularly have an 

argument but in the end, we realize how much we are alike, how we were ‘uit hetzelfde hout gesneden’, 

and that we know that rough times can be overcome together. Thanks also for all the warmth I received 

from my family of the so-called ‘cold side’ and especially to Marij, the mother-in-law you all wish for 

having. 



Acknowledgements 

238 

I want to thank my parents for paving my initial path and holding my hand when needed. Although sadly 

enough, neither of you can physically celebrate this big moment with me, I can feel your glowing pride. 

Last but not least I want to thank my three amazing, talented, lovely, cool and dear kids, Eva, Alec, and 

Mick. You are the sunshine of my life and the most important creatures on earth. I hope to accompany 

you on the path of life and join you on the many journeys that lay ahead of you. I will try to make up for 

all the time I was not 100% there for you because I was still at work or devoting my attention to the 

computer. The good thing is that you have learned how to prepare a (healthy) meal and how to 

manage your own calendar. Forever proud! 

Finally, I want to thank Paul for allowing me the time I needed to finish this journey. Although we went 

through a dark period, I have good hopes for a bright and sunny future; may love be strong enough to 

conquer it all and continue our journey of life together. 



 

239 

 

 

 



Bouwstenen is een publicatiereeks
van de Faculteit Bouwkunde,
Technische Universiteit Eindhoven.
Zij presenteert resultaten van
onderzoek en andere activiteiten op
het vakgebied der Bouwkunde,
uitgevoerd in het kader van deze
Faculteit.

Bouwstenen en andere proefschriften van de 
TU/e zijn online beschikbaar via: 
https://research.tue.nl/

Kernredactie
MTOZ



Reeds verschenen in de serie
Bouwstenen

nr 1
Elan: A Computer Model for Building 
Energy Design: Theory and Validation
Martin H. de Wit
H.H. Driessen
R.M.M. van der Velden

nr 2
Kwaliteit, Keuzevrijheid en Kosten: 
Evaluatie van Experiment Klarendal, 
Arnhem
J. Smeets
C. le Nobel
M. Broos 
J. Frenken
A. v.d. Sanden

nr 3
Crooswijk: 
Van ‘Bijzonder’ naar ‘Gewoon’
Vincent Smit
Kees Noort

nr 4
Staal in de Woningbouw
Edwin J.F. Delsing

nr 5
Mathematical Theory of Stressed 
Skin Action in Profiled Sheeting with 
Various Edge Conditions
Andre W.A.M.J. van den Bogaard

nr 6
Hoe Berekenbaar en Betrouwbaar is 
de Coëfficiënt k in x-ksigma en x-ks? 
K.B. Lub
A.J. Bosch

nr 7
Het Typologisch Gereedschap: 
Een Verkennende Studie Omtrent 
Typologie en Omtrent de Aanpak 
van Typologisch Onderzoek
J.H. Luiten
 
nr 8
Informatievoorziening en Beheerprocessen
A. Nauta
Jos Smeets (red.)
Helga Fassbinder (projectleider)
Adrie Proveniers
J. v.d. Moosdijk

nr 9
Strukturering en Verwerking van 
Tijdgegevens voor de Uitvoering 
van Bouwwerken
ir. W.F. Schaefer
P.A. Erkelens

nr 10
Stedebouw en de Vorming van 
een Speciale Wetenschap
K. Doevendans

nr 11
Informatica en Ondersteuning 
van Ruimtelijke Besluitvorming
G.G. van der Meulen

nr 12
Staal in de Woningbouw, 
Korrosie-Bescherming van 
de Begane Grondvloer
Edwin J.F. Delsing

nr 13
Een Thermisch Model voor de 
Berekening van Staalplaatbetonvloeren 
onder Brandomstandigheden
A.F. Hamerlinck

nr 14
De Wijkgedachte in Nederland: 
Gemeenschapsstreven in een 
Stedebouwkundige Context
K. Doevendans
R. Stolzenburg

nr 15
Diaphragm Effect of Trapezoidally 
Profiled Steel Sheets: 
Experimental Research into the 
Influence of Force Application
Andre W.A.M.J. van den Bogaard

nr 16
Versterken met Spuit-Ferrocement: 
Het Mechanische Gedrag van met 
Spuit-Ferrocement Versterkte 
Gewapend Betonbalken
K.B. Lubir
M.C.G. van Wanroy



nr 17
De Tractaten van 
Jean Nicolas Louis Durand
G. van Zeyl

nr 18
Wonen onder een Plat Dak: 
Drie Opstellen over Enkele 
Vooronderstellingen van de 
Stedebouw
K. Doevendans

nr 19
Supporting Decision Making Processes: 
A Graphical and Interactive Analysis of 
Multivariate Data
W. Adams

nr 20
Self-Help Building Productivity: 
A Method for Improving House Building 
by Low-Income Groups Applied to Kenya 
1990-2000
P. A. Erkelens

nr 21
De Verdeling van Woningen: 
Een Kwestie van Onderhandelen
Vincent Smit

nr 22
Flexibiliteit en Kosten in het Ontwerpproces: 
Een Besluitvormingondersteunend Model
M. Prins

nr 23
Spontane Nederzettingen Begeleid: 
Voorwaarden en Criteria in Sri Lanka
Po Hin Thung

nr 24
Fundamentals of the Design of 
Bamboo Structures
Oscar Arce-Villalobos

nr 25
Concepten van de Bouwkunde
M.F.Th. Bax (red.)
H.M.G.J. Trum (red.)

nr 26
Meaning of the Site
Xiaodong Li

nr 27
Het Woonmilieu op Begrip Gebracht: 
Een Speurtocht naar de Betekenis van het 
Begrip 'Woonmilieu'
Jaap Ketelaar

nr 28
Urban Environment in Developing Countries
editors: Peter A. Erkelens 
 George G. van der Meulen (red.)

nr 29
Stategische Plannen voor de Stad: 
Onderzoek en Planning in Drie Steden
prof.dr. H. Fassbinder (red.)
H. Rikhof (red.)

nr 30
Stedebouwkunde en Stadsbestuur
Piet Beekman

nr 31
De Architectuur van Djenné: 
Een Onderzoek naar de Historische Stad
P.C.M. Maas

nr 32
Conjoint Experiments and Retail Planning
Harmen Oppewal

nr 33
Strukturformen Indonesischer Bautechnik: 
Entwicklung Methodischer Grundlagen 
für eine ‘Konstruktive Pattern Language’ 
in Indonesien
Heinz Frick arch. SIA

nr 34
Styles of Architectural Designing: 
Empirical Research on Working Styles 
and Personality Dispositions
Anton P.M. van Bakel

nr 35
Conjoint Choice Models for Urban 
Tourism Planning and Marketing
Benedict Dellaert

nr 36
Stedelijke Planvorming als Co-Produktie
Helga Fassbinder (red.)



nr 37 
Design Research in the Netherlands
editors: R.M. Oxman 
 M.F.Th. Bax 
 H.H. Achten

nr 38 
Communication in the Building Industry
Bauke de Vries

nr 39 
Optimaal Dimensioneren van 
Gelaste Plaatliggers
J.B.W. Stark
F. van Pelt
L.F.M. van Gorp
B.W.E.M. van Hove

nr 40 
Huisvesting en Overwinning van Armoede
P.H. Thung 
P. Beekman (red.)

nr 41 
Urban Habitat: 
The Environment of Tomorrow
George G. van der Meulen 
Peter A. Erkelens

nr 42
A Typology of Joints
John C.M. Olie

nr 43
Modeling Constraints-Based Choices 
for Leisure Mobility Planning
Marcus P. Stemerding 

nr 44
Activity-Based Travel Demand Modeling
Dick Ettema

nr 45
Wind-Induced Pressure Fluctuations 
on Building Facades
Chris Geurts

nr 46
Generic Representations
Henri Achten

nr 47
Johann Santini Aichel: 
Architectuur en Ambiguiteit
Dirk De Meyer

nr 48
Concrete Behaviour in Multiaxial 
Compression
Erik van Geel

nr 49
Modelling Site Selection
Frank Witlox

nr 50
Ecolemma Model
Ferdinand  Beetstra

nr 51
Conjoint Approaches to Developing 
Activity-Based Models
Donggen Wang 

nr 52
On the Effectiveness of Ventilation
Ad Roos

nr 53
Conjoint Modeling Approaches for 
Residential Group preferences
Eric Molin

nr 54
Modelling Architectural Design 
Information by Features
Jos van Leeuwen

nr 55
A Spatial Decision Support System for 
the Planning of Retail and Service Facilities
Theo Arentze

nr 56
Integrated Lighting System Assistant
Ellie de Groot

nr 57
Ontwerpend Leren, Leren Ontwerpen
J.T. Boekholt

nr 58
Temporal Aspects of Theme Park Choice 
Behavior
Astrid Kemperman

nr 59
Ontwerp van een Geïndustrialiseerde 
Funderingswijze
Faas Moonen



nr 60
Merlin: A Decision Support System 
for Outdoor Leisure Planning
Manon van Middelkoop

nr 61
The Aura of Modernity
Jos Bosman 

nr 62
Urban Form and Activity-Travel Patterns
Daniëlle Snellen

nr 63
Design Research in the Netherlands 2000
Henri Achten

nr 64
Computer Aided Dimensional Control in 
Building Construction
Rui Wu

nr 65
Beyond Sustainable Building
editors: Peter A. Erkelens
 Sander de Jonge
 August A.M. van Vliet
co-editor: Ruth J.G. Verhagen

nr 66
Das Globalrecyclingfähige Haus
Hans Löfflad

nr 67
Cool Schools for Hot Suburbs
René J. Dierkx

nr 68
A Bamboo Building Design Decision 
Support Tool
Fitri Mardjono

nr 69
Driving Rain on Building Envelopes
Fabien van Mook

nr 70
Heating Monumental Churches
Henk Schellen

nr 71
Van Woningverhuurder naar 
Aanbieder van Woongenot
Patrick Dogge 

nr 72
Moisture Transfer Properties of 
Coated Gypsum
Emile Goossens

nr 73
Plybamboo Wall-Panels for Housing
Guillermo E. González-Beltrán

nr 74
The Future Site-Proceedings
Ger Maas
Frans van Gassel

nr 75
Radon transport in 
Autoclaved Aerated Concrete
Michel van der Pal

nr 76
The Reliability and Validity of Interactive 
Virtual Reality Computer Experiments
Amy Tan 

nr 77
Measuring Housing Preferences Using 
Virtual Reality and Belief Networks
Maciej A. Orzechowski

nr 78
Computational Representations of Words 
and Associations in Architectural Design
Nicole Segers

nr 79
Measuring and Predicting Adaptation in 
Multidimensional Activity-Travel Patterns
Chang-Hyeon Joh

nr 80
Strategic Briefing
Fayez Al Hassan

nr 81
Well Being in Hospitals
Simona Di Cicco

nr 82
Solares Bauen:
Implementierungs- und Umsetzungs-
Aspekte in der Hochschulausbildung 
in Österreich
Gerhard Schuster



nr 83
Supporting Strategic Design of 
Workplace Environments with 
Case-Based Reasoning
Shauna Mallory-Hill

nr 84
ACCEL: A Tool for Supporting Concept 
Generation in the Early Design Phase 
Maxim Ivashkov

nr 85
Brick-Mortar Interaction in Masonry 
under Compression
Ad Vermeltfoort

nr 86 
Zelfredzaam Wonen
Guus van Vliet

nr 87
Een Ensemble met Grootstedelijke Allure
Jos Bosman
Hans Schippers

nr 88
On the Computation of Well-Structured 
Graphic Representations in Architectural 
Design 
Henri Achten

nr 89
De Evolutie van een West-Afrikaanse 
Vernaculaire Architectuur
Wolf Schijns

nr 90
ROMBO Tactiek
Christoph Maria Ravesloot

nr 91
External Coupling between Building 
Energy Simulation and Computational 
Fluid Dynamics
Ery Djunaedy

nr 92
Design Research in the Netherlands 2005
editors: Henri Achten
 Kees Dorst
 Pieter Jan Stappers
 Bauke de Vries

nr 93
Ein Modell zur Baulichen Transformation
Jalil H. Saber Zaimian

nr 94
Human Lighting Demands: 
Healthy Lighting in an Office Environment
Myriam Aries

nr 95
A Spatial Decision Support System for 
the Provision and Monitoring of Urban 
Greenspace
Claudia Pelizaro

nr 96
Leren Creëren
Adri Proveniers

nr 97
Simlandscape
Rob de Waard

nr 98
Design Team Communication
Ad den Otter

nr 99
Humaan-Ecologisch 
Georiënteerde Woningbouw
Juri Czabanowski

nr 100
Hambase
Martin de Wit

nr 101
Sound Transmission through Pipe 
Systems and into Building Structures
Susanne Bron-van der Jagt

nr 102
Het Bouwkundig Contrapunt
Jan Francis Boelen

nr 103
A Framework for a Multi-Agent 
Planning Support System
Dick Saarloos

nr 104
Bracing Steel Frames with Calcium 
Silicate Element Walls
Bright Mweene Ng’andu

nr 105
Naar een Nieuwe Houtskeletbouw
F.N.G. De Medts



nr 106 and 107
Niet gepubliceerd

nr 108
Geborgenheid
T.E.L. van Pinxteren

nr 109
Modelling Strategic Behaviour in 
Anticipation of Congestion
Qi Han

nr 110
Reflecties op het Woondomein
Fred Sanders

nr 111
On Assessment of Wind Comfort 
by Sand Erosion
Gábor Dezsö

nr 112
Bench Heating in Monumental Churches 
Dionne Limpens-Neilen

nr 113
RE. Architecture
Ana Pereira Roders

nr 114
Toward Applicable Green Architecture
Usama El Fiky

nr 115
Knowledge Representation under 
Inherent Uncertainty in a Multi-Agent 
System for Land Use Planning
Liying Ma

nr 116
Integrated Heat Air and Moisture 
Modeling and Simulation
Jos van Schijndel

nr 117
Concrete Behaviour in Multiaxial 
Compression
J.P.W. Bongers

nr 118
The Image of the Urban Landscape
Ana Moya Pellitero

nr 119
The Self-Organizing City in Vietnam
Stephanie Geertman

nr 120
A Multi-Agent Planning Support 
System for Assessing Externalities 
of Urban Form Scenarios
Rachel Katoshevski-Cavari

nr 121
Den Schulbau Neu Denken, 
Fühlen und Wollen
Urs Christian Maurer-Dietrich

nr 122
Peter Eisenman Theories and 
Practices
Bernhard Kormoss

nr 123
User Simulation of Space Utilisation
Vincent Tabak

nr 125
In Search of a Complex System Model
Oswald Devisch

nr 126
Lighting at Work:
Environmental Study of Direct Effects 
of Lighting Level and Spectrum on
Psycho-Physiological Variables
Grazyna Górnicka

nr 127
Flanking Sound Transmission through 
Lightweight Framed Double Leaf Walls
Stefan Schoenwald

nr 128
Bounded Rationality and Spatio-Temporal 
Pedestrian Shopping Behavior
Wei Zhu

nr 129
Travel Information:
Impact on Activity Travel Pattern
Zhongwei Sun

nr 130
Co-Simulation for Performance 
Prediction of Innovative Integrated 
Mechanical Energy Systems in Buildings
Marija Trcka

nr 131
Niet gepubliceerd

˙

�



nr 132
Architectural Cue Model in Evacuation 
Simulation for Underground Space Design
Chengyu Sun

nr 133
Uncertainty and Sensitivity Analysis in 
Building Performance Simulation for 
Decision Support and Design Optimization
Christina Hopfe

nr 134
Facilitating Distributed Collaboration 
in the AEC/FM Sector Using Semantic 
Web Technologies
Jacob Beetz

nr 135
Circumferentially Adhesive Bonded Glass 
Panes for Bracing Steel Frame in Façades
Edwin Huveners

nr 136
Influence of Temperature on Concrete 
Beams Strengthened in Flexure 
with CFRP
Ernst-Lucas Klamer

nr 137
Sturen op Klantwaarde
Jos Smeets

nr 139
Lateral Behavior of Steel Frames 
with Discretely Connected Precast Concrete 
Infill Panels
Paul Teewen

nr 140
Integral Design Method in the Context 
of Sustainable Building Design
Perica Savanovic

nr 141
Household Activity-Travel Behavior: 
Implementation of Within-Household 
Interactions
Renni Anggraini

nr 142
Design Research in the Netherlands 2010
Henri Achten

nr 143
Modelling Life Trajectories and Transport 
Mode Choice Using Bayesian Belief Networks
Marloes Verhoeven

nr 144
Assessing Construction Project 
Performance in Ghana
William Gyadu-Asiedu

nr 145
Empowering Seniors through 
Domotic Homes
Masi Mohammadi

nr 146
An Integral Design Concept for
Ecological Self-Compacting Concrete
Martin Hunger

nr 147
Governing Multi-Actor Decision Processes 
in Dutch Industrial Area Redevelopment
Erik Blokhuis

nr 148
A Multifunctional Design Approach 
for Sustainable Concrete
Götz Hüsken

nr 149
Quality Monitoring in Infrastructural 
Design-Build Projects
Ruben Favié

nr 150
Assessment Matrix for Conservation of 
Valuable Timber Structures
Michael Abels

nr 151
Co-simulation of Building Energy Simulation 
and Computational Fluid Dynamics for 
Whole-Building Heat, Air and Moisture 
Engineering
Mohammad Mirsadeghi

nr 152
External Coupling of Building Energy 
Simulation and Building Element Heat, 
Air and Moisture Simulation
Daniel Cóstola

´



nr 153
Adaptive Decision Making In 
Multi-Stakeholder Retail Planning 
Ingrid Janssen

nr 154
Landscape Generator
Kymo Slager

nr 155
Constraint Specification in Architecture
Remco Niemeijer

nr 156
A Need-Based Approach to 
Dynamic Activity Generation
Linda Nijland

nr 157
Modeling Office Firm Dynamics in an 
Agent-Based Micro Simulation Framework
Gustavo Garcia Manzato

nr 158
Lightweight Floor System for 
Vibration Comfort
Sander Zegers

nr 159
Aanpasbaarheid van de Draagstructuur
Roel Gijsbers

nr 160
'Village in the City' in Guangzhou, China
Yanliu Lin

nr 161
Climate Risk Assessment in Museums
Marco Martens

nr 162
Social Activity-Travel Patterns
Pauline van den Berg

nr 163
Sound Concentration Caused by 
Curved Surfaces
Martijn Vercammen

nr 164
Design of Environmentally Friendly 
Calcium Sulfate-Based Building Materials: 
Towards an Improved Indoor Air Quality
Qingliang Yu

nr 165
Beyond Uniform Thermal Comfort 
on the Effects of Non-Uniformity and 
Individual Physiology
Lisje Schellen

nr 166
Sustainable Residential Districts
Gaby Abdalla 

nr 167
Towards a Performance Assessment 
Methodology using Computational 
Simulation for Air Distribution System 
Designs in Operating Rooms
Mônica do Amaral Melhado

nr 168
Strategic Decision Modeling in 
Brownfield Redevelopment
Brano Glumac

nr 169
Pamela: A Parking Analysis Model 
for Predicting Effects in Local Areas
Peter van der Waerden

nr 170
A Vision Driven Wayfinding Simulation-System 
Based on the Architectural Features Perceived 
in the Office Environment
Qunli Chen

nr 171
Measuring Mental Representations 
Underlying Activity-Travel Choices
Oliver Horeni

nr 172
Modelling the Effects of Social Networks 
on Activity and Travel Behaviour
Nicole Ronald

nr 173
Uncertainty Propagation and Sensitivity 
Analysis Techniques in Building Performance 
Simulation to Support Conceptual Building 
and System Design
Christian Struck

nr 174
Numerical Modeling of Micro-Scale 
Wind-Induced Pollutant Dispersion 
in the Built Environment
Pierre Gousseau



nr 175
Modeling Recreation Choices 
over the Family Lifecycle
Anna Beatriz Grigolon

nr 176
Experimental and Numerical Analysis of 
Mixing Ventilation at Laminar, Transitional 
and Turbulent Slot Reynolds Numbers
Twan van Hooff

nr 177
Collaborative Design Support:
Workshops to Stimulate Interaction and 
Knowledge Exchange Between Practitioners
Emile M.C.J. Quanjel

nr 178
Future-Proof Platforms for Aging-in-Place
Michiel Brink

nr 179
Motivate: 
A Context-Aware Mobile Application for
Physical Activity Promotion
Yuzhong Lin

nr 180
Experience the City:
Analysis of Space-Time Behaviour and 
Spatial Learning 
Anastasia Moiseeva

nr 181
Unbonded Post-Tensioned Shear Walls of 
Calcium Silicate Element Masonry
Lex van der Meer

nr 182
Construction and Demolition Waste 
Recycling into Innovative Building Materials 
for Sustainable Construction in Tanzania
Mwita M. Sabai

nr 183
Durability of Concrete
with Emphasis on Chloride Migration
Przemys�aw Spiesz

nr 184
Computational Modeling of Urban 
Wind Flow and Natural Ventilation Potential 
of Buildings 
Rubina Ramponi

nr 185
A Distributed Dynamic Simulation 
Mechanism for Buildings Automation 
and Control Systems
Azzedine Yahiaoui

nr 186
Modeling Cognitive Learning of Urban
Networks in Daily Activity-Travel Behavior
Sehnaz Cenani Durmazoglu

nr 187
Functionality and Adaptability of Design 
Solutions for Public Apartment Buildings
in Ghana
Stephen Agyefi-Mensah

nr 188
A Construction Waste Generation Model 
for Developing Countries
Lilliana Abarca-Guerrero

nr 189
Synchronizing Networks:
The Modeling of Supernetworks for 
Activity-Travel Behavior
Feixiong Liao

nr 190
Time and Money Allocation Decisions 
in Out-of-Home Leisure Activity Choices 
Gamze Zeynep Dane

nr 191
How to Measure Added Value of CRE and 
Building Design 
Rianne Appel-Meulenbroek

nr 192
Secondary Materials in Cement-Based 
Products:
Treatment, Modeling and Environmental 
Interaction
Miruna Florea

nr 193
Concepts for the Robustness Improvement 
of Self-Compacting Concrete: 
Effects of Admixtures and Mixture 
Components on the Rheology and Early 
Hydration at Varying Temperatures
Wolfram Schmidt

�¸



nr 194
Modelling and Simulation of Virtual Natural 
Lighting Solutions in Buildings
Rizki A. Mangkuto

nr 195
Nano-Silica Production at Low Temperatures 
from the Dissolution of Olivine - Synthesis, 
Tailoring and Modelling
Alberto Lazaro Garcia

nr 196
Building Energy Simulation Based 
Assessment of Industrial Halls for 
Design Support
Bruno Lee

nr 197
Computational Performance Prediction 
of the Potential of Hybrid Adaptable 
Thermal Storage Concepts for Lightweight 
Low-Energy Houses 
Pieter-Jan Hoes

nr 198
Application of Nano-Silica in Concrete 
George Quercia Bianchi

nr 199
Dynamics of Social Networks and Activity 
Travel Behaviour
Fariya Sharmeen

nr 200
Building Structural Design Generation and 
Optimisation including Spatial Modification
Juan Manuel Davila Delgado

nr 201
Hydration and Thermal Decomposition of 
Cement/Calcium-Sulphate Based Materials
Ariën de Korte

nr 202
Republiek van Beelden:
De Politieke Werkingen van het Ontwerp in 
Regionale Planvorming
Bart de Zwart

nr 203
Effects of Energy Price Increases on 
Individual Activity-Travel Repertoires and 
Energy Consumption
Dujuan Yang

nr 204
Geometry and Ventilation:
Evaluation of the Leeward Sawtooth Roof 
Potential in the Natural Ventilation of 
Buildings
Jorge Isaac Perén Montero

nr 205
Computational Modelling of Evaporative 
Cooling as a Climate Change Adaptation 
Measure at the Spatial Scale of Buildings 
and Streets
Hamid Montazeri

nr 206
Local Buckling of Aluminium Beams in Fire 
Conditions
Ronald van der Meulen

nr 207
Historic Urban Landscapes:
Framing the Integration of Urban and 
Heritage Planning in Multilevel Governance
Loes Veldpaus

nr 208
Sustainable Transformation of the Cities:
Urban Design Pragmatics to Achieve a 
Sustainable City
Ernesto Antonio Zumelzu Scheel

nr 209
Development of Sustainable Protective 
Ultra-High Performance Fibre Reinforced 
Concrete (UHPFRC):
Design, Assessment and Modeling
Rui Yu

nr 210
Uncertainty in Modeling Activity-Travel 
Demand in Complex Uban Systems
Soora Rasouli

nr 211
Simulation-based Performance Assessment 
of Climate Adaptive Greenhouse Shells
Chul-sung Lee

nr 212
Green Cities:
Modelling the Spatial Transformation of 
the Urban Environment using Renewable 
Energy Technologies
Saleh Mohammadi



nr 213
A Bounded Rationality Model of Short and 
Long-Term Dynamics of Activity-Travel 
Behavior
Ifigeneia Psarra

nr 214
Effects of Pricing Strategies on Dynamic 
Repertoires of Activity-Travel Behaviour
Elaheh Khademi

nr 215
Handstorm Principles for Creative and 
Collaborative Working
Frans van Gassel

nr 216
Light Conditions in Nursing Homes:
Visual Comfort and Visual Functioning of 
Residents 
Marianne M. Sinoo

nr 217
Woonsporen:
De Sociale en Ruimtelijke Biografie van 
een Stedelijk Bouwblok in de Amsterdamse 
Transvaalbuurt 
Hüseyin Hüsnü Yegenoglu

nr 218
Studies on User Control in Ambient 
Intelligent Systems
Berent Willem Meerbeek

nr 219
Daily Livings in a Smart Home:
Users’ Living Preference Modeling of Smart 
Homes
Erfaneh Allameh

nr 220
Smart Home Design:
Spatial Preference Modeling of Smart 
Homes
Mohammadali Heidari Jozam

nr 221
Wonen:
Discoursen, Praktijken, Perspectieven
Jos Smeets

nr 222
Personal Control over Indoor Climate in 
Offices:
Impact on Comfort, Health and Productivity
Atze Christiaan Boerstra

nr 223
Personalized Route Finding in Multimodal 
Transportation Networks
Jianwe Zhang

nr 224
The Design of an Adaptive Healing Room 
for Stroke Patients
Elke Daemen 

nr 225
Experimental and Numerical Analysis of 
Climate Change Induced Risks to Historic 
Buildings and Collections
Zara Huijbregts

nr 226
Wind Flow Modeling in Urban Areas Through 
Experimental and Numerical Techniques
Alessio Ricci

nr 227
Clever Climate Control for Culture:
Energy Efficient Indoor Climate Control 
Strategies for Museums Respecting 
Collection Preservation and Thermal 
Comfort of Visitors
Rick Kramer

nr 228
Fatigue Life Estimation of Metal Structures 
Based on Damage Modeling
Sarmediran Silitonga 

nr 229
A multi-agents and occupancy based 
strategy for energy management and 
process control on the room-level
Timilehin Moses Labeodan

nr 230
Environmental assessment of Building 
Integrated Photovoltaics:
Numerical and Experimental Carrying 
Capacity Based Approach
Michiel Ritzen 

nr 231
Performance of Admixture and Secondary 
Minerals in Alkali Activated Concrete:
Sustaining a Concrete Future 
Arno Keulen 



nr 232
World Heritage Cities and Sustainable 
Urban Development: 
Bridging Global and Local Levels in Monitor-
ing the Sustainable Urban Development of 
World Heritage Cities 
Paloma C. Guzman Molina 

nr 233 
Stage Acoustics and Sound Exposure in 
Performance and Rehearsal Spaces for 
Orchestras: 
Methods for Physical Measurements
Remy Wenmaekers

nr 234
Municipal Solid Waste Incineration (MSWI) 
Bottom Ash:
From Waste to Value Characterization, 
Treatments and Application
Pei Tang

nr 235
Large Eddy Simulations Applied to Wind 
Loading and Pollutant Dispersion
Mattia Ricci

nr 236
Alkali Activated Slag-Fly Ash Binders: 
Design, Modeling and Application
Xu Gao

nr 237
Sodium Carbonate Activated Slag: 
Reaction Analysis, Microstructural 
Modification & Engineering Application
Bo Yuan

nr 238
Shopping Behavior in Malls
Widiyani

nr 239
Smart Grid-Building Energy Interactions:
Demand Side Power Flexibility in Office 
Buildings
Kennedy Otieno Aduda

nr 240
Modeling Taxis Dynamic Behavior in 
Uncertain Urban Environments
Zheng Zhong 

nr 241
Gap-Theoretical Analyses of Residential 
Satisfaction and Intention to Move 
Wen Jiang

nr 242
Travel Satisfaction and Subjective Well-Being: 
A Behavioral Modeling Perspective 
Yanan Gao

nr 243
Building Energy Modelling to Support 
the Commissioning of Holistic Data Centre 
Operation
Vojtech Zavrel

nr 244
Regret-Based Travel Behavior Modeling:
An Extended Framework
Sunghoon Jang

nr 245
Towards Robust Low-Energy Houses: 
A Computational Approach for Performance 
Robustness Assessment using Scenario 
Analysis
Rajesh Reddy Kotireddy

nr 246
Development of sustainable and 
functionalized inorganic binder-biofiber 
composites
Guillaume Doudart de la Grée

nr 247
A Multiscale Analysis of the Urban Heat 
Island Effect: From City Averaged 
Temperatures to the Energy Demand of 
Individual Buildings
Yasin Toparlar

nr 248
Design Method for Adaptive Daylight 
Systems for buildings covered by large 
(span) roofs
Florian Heinzelmann

nr 249
Hardening, high-temperature resistance and 
acid resistance of one-part geopolymers
Patrick Sturm



nr 250
Effects of the built environment on dynamic 
repertoires of activity-travel behaviour
Aida Pontes de Aquino

nr 251
Modeling for auralization of urban 
environments: Incorporation of directivity in 
sound propagation and analysis of a frame-
work for auralizing a car pass-by
Fotis Georgiou

nr 252
Wind Loads on Heliostats and Photovoltaic 
Trackers
Andreas Pfahl

nr 253
Approaches for computational performance 
optimization of innovative adaptive façade 
concepts
Roel Loonen

nr 254
Multi-scale FEM-DEM Model for Granular 
Materials: Micro-scale boundary conditions, 
Statics, and Dynamics
Jiadun Liu

nr 255
Bending Moment - Shear Force Interaction 
of Rolled I-Shaped Steel Sections
Rianne Willie Adriana Dekker

nr 256
Paralympic tandem cycling and hand-
cycling: Computational and wind tunnel 
analysis of aerodynamic performance
Paul Fionn Mannion

nr 257
Experimental characterization and nu-
merical modelling of 3D printed concrete: 
Controlling structural behaviour in the fresh 
and hardened state
Robert Johannes Maria Wolfs

nr 258
Requirement checking in the building indus-
try: Enabling modularized and extensible 
requirement checking systems based on 
semantic web technologies
Chi Zhang

nr 259
A Sustainable Industrial Site Redevelop-
ment Planning Support System
Tong Wang

nr 260
Efficient storage and retrieval of detailed 
building models: Multi-disciplinary and 
long-term use of geometric and semantic 
construction information
Thomas Ferdinand Krijnen

nr 261
The users’ value of business center concepts 
for knowledge sharing and networking be-
havior within and between organizations
Minou Weijs-Perrée

nr 262
Characterization and improvement of aero-
dynamic performance of vertical axis 
wind turbines using computational fluid 
dynamics (CFD)
Abdolrahim Rezaeiha

nr 263
In-situ characterization of the acoustic 
impedance of vegetated roofs
Chang Liu

nr 264
Occupancy-based lighting control: Develop-
ing an energy saving strategy that ensures 
office workers’ comfort
Christel de Bakker

nr 265
Stakeholders-Oriented Spatial Decision 
Support System
Cahyono Susetyo

nr 266
Climate-induced damage in oak museum 
objects
Rianne Aleida Luimes

nr 267
Towards individual thermal comfort:
Model predictive personalized control of 
heating systems
Katarina Katic



nr 268
Modelling and Measuring Quality of Urban 
Life: Housing, Neighborhood, Transport and 
Job
Lida Aminian

nr 269
Optimization of an aquifer thermal energy 
storage system through integrated model-
ling of aquifer, HVAC systems and building
Basar Bozkaya

nr 270
Numerical modeling for urban sound 
propagation: developments in wave-based 
and energy-based methods
Raúl Pagán Muñoz

nr 271
Lighting in multi-user office environments: 
improving employee wellbeing through 
personal control
Sanae van der Vleuten-Chraibi

nr 272
A strategy for fit-for-purpose occupant 
behavior modelling in building energy and 
comfort performance simulation
Isabella I. Gaetani dell’Aquila d’Aragona

nr 273
Een architectuurhistorische waardestelling 
van naoorlogse woonwijken in Nederland: 
Het voorbeeld van de Westelijke Tuinsteden 
in Amsterdam
Eleonore Henriette Marie Mens

nr 274
Job-Housing Co-Dependent Mobility 
Decisions in Life Trajectories
Jia Guo

nr 275
A user-oriented focus to create healthcare 
facilities: decision making on strategic 
values
Emilia Rosalia Catharina Maria Huisman

nr 276
Dynamics of plane impinging jets at 
moderate Reynolds numbers – 
with applications to air curtains
Adelya Khayrullina

nr 277
Valorization of Municipal Solid Waste 
Incineration Bottom Ash - Chemical Nature, 
Leachability and Treatments of Hazardous 
Elements
Qadeer Alam

nr 278
Treatments and valorization of MSWI 
bottom ash - application in cement-based 
materials
Veronica Caprai

nr 279
Personal lighting conditions of office 
workers - input for intelligent systems to 
optimize subjective alertness
Juliëtte van Duijnhoven

nr 280
Social influence effects in tourism travel: air 
trip itinerary and destination choices
Xiaofeng Pan

nr 281
Advancing Post-War Housing: Integrating 
Heritage Impact, Environmental Impact, 
Hygrothermal Risk and Costs in Renovation 
Design Decisions
Lisanne Claartje Havinga

nr 282
Impact resistant ultra-high performance 
fibre reinforced concrete: materials, compo-
nents and properties
Peipeng Li

nr 283
Demand-driven Science Parks: The Per-
ceived Benefits and Trade-offs of Tenant 
Firms with regard to Science Park Attributes
Wei Keat Benny Ng



DEPARTMENT OF THE BUILT ENVIRONMENT

Western societies face the challenge of maintaining the current 
high standard of healthcare. Due to an aging population which 
leads to more people with a chronic disease, the shortage of 
care professionals is increasing even further. The aim of this 
project was to determine how lighting can support hospital 
nurses in their work as well as keeping care professionals 
healthy and engaged. 
Based on literature, three relevant topics related to light in a 
hospital environment were defined. The first is light for visual 
performance, e.g. reading of medication labels. Studies were 
performed identifying the best lighting condition, showing that 
the care professionals could benefit from a different lighting 
situation than usually applied. The second topic is related to 
nightshift work. Light can help support the constant switching of 
the biological clock, when working fast rotating shifts. A field 
study, applying light glasses, showed its potential, although the 
contribution showed to be less than claimed. The third topic is 
related to daylight and stress, but is not further discussed in this 
thesis. As preparation for the study on nightshift, several 
methodical researches from an engineering perspective were 
performed to identify the best method, and to provide 
recommendations on how to describe light in this relatively new 
research domain. 
In conclusion, lighting is a simple, non-invasive manner to 
support the work and health of nurses. Therefore, this should 
get more attention in the hospital environment, where healthy 
nurses are key in maintaining a high standard of healthcare.
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