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General introduction
In recent years, the hospital environment has gained attention as a potential modifiable
factor that may influence patient outcome [1]. Especially in the care for the critically ill
patient, the focus has always been on patient survival and the Intensive Care Unit (ICU)
environment is designed to optimally facilitate treatment. Traditionally, the beginning
of intensive care originated during the large polio epidemic in the 1950’s, notably in
Copenhagen [2]. The necessity of mechanical ventilation of these patients led to the
development of specialized wards. Over time, possibilities of life support expanded and the
number of bedside medical equipment increased. In addition, intensive care and monitoring
by specialized nurses led to round-the-clock activity in the ward. Since the primary goal
of the ICU treatment is survival, negative effects of the ICU environment on the patient, in
terms of excessive noise and light as well as sleep quality, were considered secondary until
recently. Nowadays, the detrimental effects of critical illness and ICU admission on longterm patient outcome are widely appreciated [3]. Apart from the severity of the underlying
disease, it has become clear that the development of some of these sequelae, such as sleep
disturbances and delirium, are associated with the ICU environment itself [4]. Therefore,
attention to this environment and a critical appraisal of potential modifications are justified to
further improve patient care.
Effects of the ICU environment on the critically ill patient
As is known from extensive research, but also from stories from ICU survivors, an ICU stay is
often considered as a very impressive and sometimes even as a traumatic event [5]. Negative
long-term effects, including post-traumatic stress symptoms, anxiety and depression, are
frequently reported among ICU survivors [6]. Especially, inability to sleep and excessive
noise in the ICU are often mentioned by ICU patients and health care professionals [5, 7, 8].
Sleep is severely disturbed in ICU patients and normal sleep architecture is nearly absent [9].
According to sleep stage criteria, the presence of Rapid Eye Movement (REM) is considered
a distinctive criterion and sleep can be categorized as non-REM stage 1 to 3 and REM sleep.
Non-REM stage 3 (slow wave sleep) is considered to be the most restorative type of sleep,
while stage 1 is the least restorative [10]. Under normal circumstances, REM sleep accounts
for about 25% of total sleep time and most sleep (50%) occurs in stage 2. Sleep stage 1,
normally responsible for 5% of total sleep time in healthy people, however, accounts for up
to 60% of total sleep time in ICU patients, whereas duration of REM sleep is often severely
reduced or even completely abolished [11].
In addition to sleep disturbances, patients often suffer from delirium (from the Latin word ‘lira’
meaning ‘trail’), which is a frequently encountered psychiatric syndrome, especially in critically
ill patients [12, 13]. Delirium is defined as a disturbance of consciousness with inattention,
accompanied by a change in cognition or perceptual disturbance that develops over a short
period (hours to days) and fluctuates over time [14]. Reported incidences of delirium vary
between 30 and 50% depending on the severity of illness and the presence of mechanical
ventilation [13, 15]. While formerly thought to be a self-limiting and irrelevant problem,
nowadays delirium is recognized to be a major problem, which is nor benign, nor self-limiting.
Many studies have demonstrated negative short-term and long-term consequences, including
increased ICU and hospital length of stay [12, 13, 15], higher probability of persistent cognitive
impairment following ICU discharge [16], and higher mortality rates [15, 17].
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Excessive night-time noise and light exposure, caused by staff activities, alarms and
machines, are known risk factors for sleep disturbances [18-20]. The precise relationship
between disturbed sleep and delirium is still unclear; the influence of the ICU environment
on these factors is one of the subjects of the research described in this thesis.
Light exposure in the ICU and its effect on the ICU patient
Exposure to daylight has profound effects on human physiology. Most effects occur through
light exposure on the human retina. Apart from providing visual information through the rods
and cones, a third type of photoreceptor transfers information on light and darkness to the
biological clock, which resides in the suprachiasmatic nucleus (SCN). The SCN exerts its
effect through stimulation or inhibition of the neurohormone melatonin from the pineal gland.
The effects of melatonin on the body may be best understood as a translation of information
about a day’s length into body physiology by effects on body temperature, appetite and
sleepiness [21]. Under normal circumstances, release of melatonin is inhibited by direct light
exposure. As a consequence, melatonin levels are nearly undetectable during daytime. In the
evening, when the lighting levels normally drop, melatonin levels rise, and peak early in the
night [21]. The lack of normal daylight exposure, or different timing of light exposure, may lead
to a disturbance of this circadian rhythm and may manifest itself with sleep disturbances,
as are frequently encountered in nightshift work and jet lag [22, 23]. An additional function
of melatonin secretion is that it is central in estimation of the photoperiod, which is a day’s
length. Changing of the photoperiod over the seasons has important effects in animals and
plants. The “winter immuno-enhancement theory” states that with the shortening of day’s
lengths in autumn, the immune system of animals becomes more active to be prepared for
the cold winter with infectious challenges, whereas with the lengthening of days in spring,
energy is diverted to reproduction [24].
In ICU patients the circadian rhythm, as measured by melatonin secretion, is unequivocally
disturbed [25-27]. Among other reasons, severity of the underlying disease, use of sedatives
and absence of normal daylight exposure appear to play a role. Light levels in the ICU
are generally in the order of 100 Lux, which is much lower than lighting levels normally
encountered in daylight, which are in the order of 10,000-100,000 Lux [28]. Therefore, natural
suppression of melatonin by daylight exposure is likely reduced or absent and misalignment
of the biological clock with external triggers may occur. This may play a role in the occurrence
of sleep disturbances and may also be associated with the development of ICU-acquired
delirium [29]. Additionally, apart from direct effects of light exposure, pre-hospital admission
daylight exposure may play a role and recent research has demonstrated effects of preadmission photoperiod on ICU survival in a large retrospective observational cohort study [30].
Possible solutions for the disturbed light exposure
Lighting therapy, as a means to prevent or realign a disturbed circadian rhythm, appears
to be effective in non-ICU patients and conditions, such as seasonal affective disorder
[31], shift work disorder [32] and jet lag [22], but also in depression and neuropsychiatric
conditions [33, 34].
Currently, the literature on the possible influence of light application in improving sleep
quality or preventing delirium in ICU patients is scarce and mainly observational.
Postoperative episodes of organic delirium were much more common (2-3 times) in a
windowless intensive care unit as compared with a daylight one [35], indicating that lack of
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normal daylight exposure may contribute to delirium. In an ICU unit without windows, the
incidence of hallucinations and delusions was more than twice as high compared to an ICU
with translucent windows as was shown in a retrospective study [36]. Bright light therapy
used in a small group of 11 post-operative ICU patients showed a favorable effect on the
development of postoperative delirium [37]. However, the sample size was too small to draw
firm conclusions.
Since an ICU patient remains in the same room 24 hours a day, prolonged exposition to
varying light levels according to the time of the day, thereby mimicking daily physiological
light exposure, may represent a promising therapeutic modality. Currently, it is possible to
install a specially designed lighting system into the ceiling. This lighting system can offer
different light intensities and colours according to a fixed day-night rhythm, with a rising light
intensity during the morning, a peak early in the afternoon, and then a gradual fall to a low
light level during night-time.
In addition to artificial light therapy, avoiding extensive night-time light exposure on the
patient eyes by means of eye-masks may be an alternative. Some studies have shown
beneficial effects of eye masks on sleep quality, either alone in experimental settings or in
combination with earplugs in real ICU settings [38-40].
Noise in the ICU
Noise is defined as any unwanted or undesirable sound which can be disruptive to normal
hearing [41]. The definition of a sound being classified as noise is obviously subjective and
determined by many factors, such as individual perception, cultural and social factors, the
possibility of controlling the source of the noise and appropriateness to the situation.
Normally, sound is defined by the amplitude (sound pressure, expressed in the unit of
decibels, dB) and frequency, expressed in Hertz of a sound wave. Noise is normally
expressed by its perceived loudness of the human ear and expressed in A-weighted
decibels (dBA) to account for the difference in sound perception of different frequencies of
the human ear [42]. Optimal hearing takes place between 1000 and 5000 Hz and the pain
threshold with respect to the sound pressure lies around 120 dB.
With respect to hospitals, the World Health Organisation (WHO) recommends that average
background noise levels in hospitals should not exceed 30 dBA and that peaks during the
night should be <40 dBA [42]. Unfortunately, research on sound pressure levels, in hospitals
in general and ICUs specifically, demonstrate rising sound pressure levels over the years up
to averages of 60-65 dBA in ICU’s, which is the equivalent of a busy office, whereby the limit
set by the WHO is never met, especially not during night-time [43, 44]. Noise peaks up to 85
dBA, the equivalent of a road drill, occur as many as 16 times per hour [44].
Many factors contribute to the noise pollution in the ICU. Especially noise from alarms and
mechanical ventilation are typical for ICU environments, but also noise from high-intensity
staff activity and discussion at the bedside play an important role [43]. A small number of
studies has investigated noise sources thereby using different methodology. Most of these
studies have evaluated noise sources by use of a human observer in the ICU room, which
may introduce the Hawthorne effect through potentially influencing behaviour of the patient
and staff inside the room [45, 46]. Much is still unclear as to what the exact impact of the
specific noise source is on patient wellbeing, however it appears to be dependent on the
type of noise, the relation of the specific noise event to background noise and the familiarity
of the noise [47, 48].
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Impact of noise on ICU patients
According to the WHO, excessive noise seriously harms human health and interferes with
people’s daily activities at school, at work, at home and during leisure time [42]. It may disturb
sleep, cause cardiovascular and psychophysiological effects, reduce performance and
provoke annoyance responses and changes in social behaviour [49]. The WHO has calculated
that more than 1 million healthy life years (Disability Adjusted Life Years, DALY) are lost annually
because of environmental noise exposure in European Union-member states alone [50]. Most
of these DALYs can be attributed to noise-induced sleep disturbance and annoyance [49, 50].
In the ICU, patients as well as caregivers rate noise is among the top 3 of bothersome
experiences in the ICU [7, 8]. Especially, prevention of adequate sleep by alarm sounds,
speech of staff and noises coming from daily activities appear to be most disruptive [5, 8].
However, studies evaluating noise in the ICU show conflicting results as to whether noise is
a significant contributor to sleep disturbances or not [19, 51-54]. In a small group of critically
ill patients (n=22), polysomnography showed that noise accounted for as little as 11.5% of
arousals from sleep in mechanically ventilated patients [19]. Most studies found much higher
rates of arousals caused by environmental noise [51, 53, 55, 56]. Apart from the fact that
different methods have been used to determine the sleep quality, an important problem in
determining the value of these studies is that the in many ICU patients, the classical EEG
patterns defining sleep stages, are abnormal. Therefore conventional scoring rules may
therefore not apply to ICU patients [9]. In addition to sleep, increased stress by unexpected
noise, beyond the control of the patient, such as alarms, may increase sympathetic tone and
negatively influence cardiac function [57].

Aims and outline of this thesis
The overall aim of this thesis is to investigate effects of the ICU environment on patients with
a focus on delirium and sleep. In the first part effects of light and light deprivation on ICU
patients are investigated, while the second part of the thesis focuses on the influence of
noise on ICU patients.
In part one, chapter 2 describes a study on the feasibility and effects of the use of eyemasks in the ICU. Chapter 3 reports the results of a retrospective cohort study evaluating
the association between 28-day pre-admission photoperiod and the incidence of ICUacquired delirium. A more detailed approach on how to summarize lighting conditions
for use in studies evaluating effects on the circadian system is described in chapter 4.
In chapter 5 the results of a study evaluating effects of continuous, dynamic bright light
application on incidence and duration of delirium, the Dynamic Light Application to reduce
the incidence and duration of ICU acquired delirium study, are presented. In chapter 6 the
results of a small pilot study evaluating effects of DLA on nursing staff health and cognition
are described. Finally, chapter 7 describes a study on the association between the
presence of delirium and levels of biomarkers, known to be associated with delirium.
In part two, chapter 8 describes the results of an extensive study on the ICU soundscape
performed in the ICU of the Jeroen Bosch Hospital. The results of a nationwide survey on
noise levels and sleep quality in six ICUs in the Netherlands are presented in chapter 9,
followed by a general discussion (chapter 10), a summary (chapter 11) and a summary in
Dutch (chapter 12).
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Abstract
Background
The ICU is a busy environment whereby exposure to excessive nighttime light occurs
frequently. This may be disturbing to sleep and eye masks are used to prevent awakenings
from light exposure. Studies in non-critically ill patients show that eye masks may improve
sleep. Feasibility data in ventilated ICU patients are not available.
Methods
In the ICU of the Jeroen Bosch Hospital, 18 adult, mechanically ventilated ICU patients, were
offered to wear an eye mask for improvement of sleep during their stay in the ICU. Baseline
characteristics of each participant were collected. Wearing comfort was assessed using a
5 point Likert scale and sleep quality was measured using a Numeric Rating scale ranging
from 0 to 10.
Results
Average age of participants was 71 (± 7) years and 11 (61%) were male. Of 18 patients,
11 were willing to wear an eye mask on 28% of nights on the ICU (median 4 nights, range
1-5). Main reasons for putting off the masks were restlessness (30%) and discomfort of the
patient (20%). Sleep quality improved significantly from 6.6 [IQR 5.9-8.2] to 7.5 [IQR 7.0-8.0],
p = 0.041 in patients who wore the eye mask during the whole night.
Discussion
In this small study, eye masks were not very well tolerated and therefore should be used with
caution and only in a selected group of mechanically ventilated ICU patients. Though not
the primary aim of this study, improvement of sleep was found in patients who wore the eye
masks, supporting previous literature.
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Introduction
Critically ill patients require intensive nursing and medical care and therefore the Intensive
Care unit is a busy place with excessive noise and light levels [1, 2]. As is well known, sleep
is severely disturbed in this patient category and, among others, environmental factors
such as excessive noise and light exposure, especially during the night, may play a role in
the development of disturbed sleep and delirium [3]. Reducing sensory input, by means of
sound- and light masking, through the use of earplugs and eye masks, is currently used to
improve sleep in daily life. Eye mask were developed in the 1930’s, when the first model was
patented as a way to improve sleep in trains, hotels but also “to aid sufferers from insomnia
in the home as well”[4]. Earplugs, though described in Homers’ Odyssey, have been around
since the early 1960’s, when the first commercially available models were introduced to be
used by swimmers and to reduce harmful noise. Since excessive noise and light exposure
is very common in the ICU, the use of eye masks and earplugs may be effective and cheap
interventions to improve sleep in this vulnerable patient group [5]. An important limitation
of the abovementioned studies is that only patients without sedation and/or mechanical
ventilation were included and potentially negative effects of earplugs, for example,
restlessness, discomfort, or anxiety, were not reported.
In this pilot study we therefore studied whether of one of these interventions, the use of eye
masks, is feasible in mechanically ventilated critically ill patients and whether it leads to
improved sleep quality.

Materials and Methods
Patients
In this pilot study, adult patients, admitted to the ICU of the Jeroen Bosch Ziekenhuis were
screened for eligibility. To select a group of patients at high risk for sleep disturbances,
patients were considered eligible when they were at least 65 years of age, intubated and
mechanically ventilated, with an expected ICU Length of Stay (LOS) of at least 48 hours.
Patients had to be able to answer to questions and to turn off the eye mask themselves.
Furthermore, at admission, at least 2 SIRS criteria had to be present. Patients were
excluded if they 1) were known to have pre-existent cognitive disorders (dementia,
psychosis), 2) already had a delirium on admission to the ICU, 3) had a severe neurological
disorder or 4) did not speak properly Dutch.
Intervention
Participants were offered to wear an eye mask between 22.00 hrs. and 06.00 hrs. during
the rest of their ICU stay. The eye masks were provided by the Koninkijke Luchtvaart
Maatschappij (Royal Dutch Airlines). Since the use of an eye mask is a part of the Dutch
Guideline on Delirium Management, formal ethical approval for this study was waived.
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Assessment
1. How did the patients experience the eye masks
Very pleasant -- pleasant -- neutral -- unpleasant -- very -- unpleasant
2. The eye masks contributed to the patients comfort
Fully agree -- agree -- neutral -- disagree -- fully disagree
3. The eye masks led to an improvement of the patients sleep
Fully agree -- agree -- neutral -- disagree -- fully disagree
4. Wearing of the eye mask by the patient influenced the way I approached the patient
Fully agree -- agree -- neutral -- disagree -- fully disagree
5. What was/were the reasons for putting of the eye mask?
Box 1: short questionnaire with 4 statements and 1 open question to evaluate nurses’ perception
of the use of eye masks

Results
Between the 1st of September 2010 and the 1st of January 2011, 18 patients were included
in this study. Baseline characteristics are shown in table 1. The eye masks were worn on 28
% of the total number of eligible nights on the ICU. Of 18 patients, 7 patients did not wear an
eye mask during any night of their ICU stay. 11 patients wore an eye mask at least during a
part of their ICU stay. Results of these patients are shown in table 2.
Self-perceived quality of sleep improved from 6.6 [IQR 5.9-8.2] to 7.5 [IQR 7.0-8.0]
(P = 0.041) when the mask was worn. In 72% of cases, the mask was refused or taken off
prematurely due to restlessness (30%), discomfort (20%) or anxiety (11%). Of the 11 patients,
6 (55%) experienced a delirium during their ICU stay. In patients who experienced a delirium
during their ICU stay, self-perceived quality of sleep was significantly worse than in patients
who did not develop a delirium. (6.0 vs. 8.0 p=0,002).
Patient characteristic

N=18

Age (yrs, ±SD)

71±7

Male (%)

11(61%)

APACHE-II-score (±SD)

26±6

ICU LOS ( median days, IQR)

8 [5-17]

Delirium

6 (30%)

Diagnosis group:
- Surgical

5 (28%)

- Medical

13 (72%)

Table 1: patient characteristics; APACHE: Acute Physiology and Chronic Health Evaluation;
LOS, Length of Stay; IQR, interquartile range; SD, standard deviation
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Patient

Sex/
age

Diagnosis

ICULOS
Number
after
of eligible
inclusion nights

Mask
on

Mask
off

Delirium

VAS
VAS
with w/o
Mask mask

1

F/71

Pneumonia

15

15

4

11

Yes

7.5

5

2

M/76

GI perforation 3

3

1

2

No

7

10

3

M/72

pneumonia

12

7

5

Yes

7.3

4

4

F/67

GI perforation 5

5

1

4

No

8

6.3

5

M/70

pneumonia

14

13

4

9

Yes

6.7

5.6

6

M/63

exacerbation
COPD

18

18

3

15

Yes

8

5.9

7

M/67

pneumonia

17

16

2

14

Yes

7

5.2

8

F/61

sepsis

13

12

5

7

Yes

6.8

6.4

9

F/66

pneumonia

21

11

9

2

No

9.1

9

10

F/73

exacerbation
asthma

5

5

4

1

No

8.2

-

11

F/82

sepsis

6

6

1

5

No

8

7.6

17

Table 2: patient details and sleep evaluation in 11 patients who wore the eyemask

Questionnaire
29/64 questionnaires were returned. Only two nurses thought that patients found the eye
masks pleasant and three nurses thought that eye masks improved patients comfort and sleep
quality. Wearing the eye mask influenced the way the nurse approached the patients in 22 of
29 nurses. Main reasons for putting off the mask according to the nurses were restlessness of
the patient (mentioned 18 times), clear discomfort for the patient (n=12), and fear (n=7).

Discussion
In this study, we evaluated the feasibility of the use of eye masks in 18 mechanically
ventilated patients. Eleven patients (61%) were willing to wear an eye mask at least one night
in the ICU. In these patients self-perceived quality of sleep, improved significantly when the
mask was worn. In 72% of cases, the mask was refused or taken off prematurely due to
restlessness (30%), discomfort (20%), or anxiety (11%).
In recent years, studies have demonstrated beneficial effects of eye masks and, to a larger
extent, earplugs on sleep and delirium in ICU patients. Hu et al. investigated the effect of
eye masks and earplugs on sleep in healthy volunteers in a simulated ICU environment
and found improved sleep both subjectively as measured by polysomnography [6] . Van
Rompaey and colleagues [7] reported that earplugs may be useful in the prevention
of delirium in non-ventilated ICU patients. A recent Cochrane review, evaluating nonpharmacological interventions to improve sleep in the ICU, concluded that the use of eye
masks and earplugs may have some beneficial effects on sleep promotion and potentially
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decrease the risk of delirium in adult ICU patients [5]. These results have been incorporated
into several national guidelines, stating that eye masks and earplugs may be offered to ICU
patients to improve sleep and reduce the chance of developing delirium [8, 9]. However, less
attention has been paid to the fact that all studies were performed on lesser ill, non-sedated
patients. Since the majority of critically ill patients are mechanically ventilated and receive
sedation, we evaluated the use of eye masks in a small group of ICU patients. We found
that the majority of patients refused to wear a mask or put the mask of, due to feelings of
restlessness, discomfort or anxiety.
It is quite imaginable that the appliance of sound and/or light masking to intubated
patients may lead to feelings of sensorial deprivation, especially when used together at
the same time. Sensorial deprivation, defined as the deliberate reduction or removal of
stimuli from one of more of the senses may result in anxiety, hallucinations and psychoticlike experiences, even after short periods of time as has been demonstrated in healthy
volunteers [10-12]. These effects may specifically hold true for ICU patients, who are already
prone for developing cognitive disturbances such as ICU acquired delirium.
Sleep quality improved significantly in the nights the mask was worn. Though this was not
the primary aim of our study, this finding supports results from earlier studies demonstrating
beneficial effects of eye masks on sleep quality.
In conclusion, eye masks may improve sleep in selected ICU patients. However, its use may
also lead to feelings of discomfort and anxiety in mechanically ventilated ICU patients and
therefore its standardized use should be used with caution and only on a voluntary basis in
this specific group.
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Abstract
Purpose
It is assumed that there is a relation between light exposure and delirium incidence. The aim
of our study was to determine the effect of prehospital light exposure on the incidence of
intensive care unit (ICU)–acquired delirium.
Materials and Methods
Data from 3 ICUs in the Netherlands were analyzed retrospectively. Delirium was assessed
with the Confusion Assessment Method for the ICU. Daily light intensity data were obtained
from meteorological stations in the vicinity of the 3 hospitals. The association between light
intensity and delirium incidence was analyzed using logistic regression analysis adjusting for
known covariates for delirium.
Results
Data of 3198 patients, aged (mean±SD) 61.9±15.3 years with Acute Physiology and Chronic
Health Evaluation II score 16.4 ± 6.6 were analyzed. Delirium incidence was 31.2% and did
not vary significantly throughout the year. Twenty-eight-day preadmission photoperiod was
highest in spring and lowest in winter; however, no association between light exposure and
delirium incidence was found (odds ratio 1.00; 95% confidence interval, 0.99-1.00; P = 0.72).
Furthermore, delirium was significantly associated with age, infection, use of sedatives,
Acute Physiology and Chronic Health Evaluation II score, and diagnosis of neurological
disease or trauma.
Conclusions
The incidence of delirium does not differ per season and prior sunlight exposure does not
play a role of importance in the development of ICU-acquired delirium.
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Introduction
Delirium is a frequently encountered syndrome in critically ill patients in intensive care
units (ICUs). This syndrome is defined as a disturbance of consciousness with inattention
accompanied by a change in cognition or perceptual disturbance that develops over a short
period and tends to fluctuate over time [1]. Reported incidences vary between 20% and 80%,
mainly depending on the severity of illness, case mix, and study design [2, 3]. A large number
of risk factors have been found and generally can be subdivided into predisposing factors and
precipitating factors [4]. Among precipitating factors, reduced daylight exposure may play a
role in the development of delirium [5]. Whether light exposure directly affects the incidence of
delirium is not known. The presence of windows in the ICU appears to reduce the incidence
of delirium and hallucinations in postoperative ICU patients, and more recently, it was shown
that patients who stayed in a single room with daylight exposure had a modest reduction in
duration of ICU-acquired delirium compared with an ICU with wards with less exposure to
daylight [6-8]. With respect to artificial lighting, up to now, only 1 study showed a reduction
in delirium incidence with the use of bright light therapy in a small group of postoperative
patients [9]. In addition to direct effect of light exposition on cognition, shortening of daily light
exposure during fall/wintertime is associated with seasonal affective disorder syndrome, a
syndrome characterized by depressive symptoms, which most frequently occurs during fall/
wintertime [10]. More recently it was shown that also among healthy subjects seasonality
in cognitive functioning exists, with a more dysfunctional pattern during winter [11]. Less
sunlight exposure was found to be associated with cognitive impairment in a large cohort
of healthy volunteers [12]. In a broader extent concerning cognitive impairment in patients, 1
study showed a higher delirium incidence during winter in a geriatric population, suggesting
a relation with reduced daylight exposure during that season [13]. In ICU patients, up to now,
no studies investigated effects of preadmission daylight exposure on delirium during ICU
stay. Interestingly, a recent study did investigate the effect of preadmission daylight exposure
on mortality in ICU patients and demonstrated that less preadmission sunlight exposure was
associated with a reduction in ICU mortality, presumably due to alterations in immunity in
response to a shortened day length [14]. However, in this study, no correction was made for
the incidence of delirium [15]. Thus, preadmission light exposure appears to have an opposite
effect on cognitive function in healthy persons and mortality in ICU patients, but its relevance
for the development of ICU-acquired delirium is not known. The aim of our study was
therefore to determine if the amount of sunlight exposure before ICU admission is associated
with the development of delirium in the ICU.
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Materials and methods
Study design
A retrospective cohort study was performed using patient data obtained from 3 medical
centers in The Netherlands: Radboud University Nijmegen Medical Centre in Nijmegen
(RUNMC), University Medical Centre in Utrecht (UMCU), and Jeroen Bosch Hospital,
’s-Hertogenbosch (JBZ). As this was a retrospective observational study, the need for
informed consent was waived by the local ethics committee.
Patients
Demographic- and illness-related variables of 3198 patients were analyzed using data
obtained between 2008 and 2012: RUNMC (2117 patients), UMCU (526 patients), and JBZ
(555 patients). All patients admitted to the ICU during hospital admission were eligible for
analysis. If a patient was admitted to the ICU several times during 1 hospital admission, only
the first ICU admission was included in the analysis. Because the main focus of this study
was to assess the association between sunlight exposure and delirium occurrence in the
ICU, we restricted to patients who were admitted to the ICU within 30 days after hospital
admission and performed a predefined subgroup analysis of patients who were admitted to
the ICU within 48 hours after hospital admission. To determine the power of our study, we
decided to perform a post hoc power calculation, using the actual delirium incidence.
Data collection
For each patient, hospital and ICU admission dates were registered as well as Acute
Physiology and Chronic Health Evaluation (APACHE) II scores on admission as an indicator
of severity of illness. Several variables were considered as risk factors for delirium and
served therefore as covariates, that is, age, admission diagnosis group, presence of infection
or sepsis, and use of sedative medication [16]. The presence of delirium was determined
by using the Dutch validated Confusion Assessment Method for the ICU (CAM-ICU) [17] at
least 2 times daily during the complete ICU length of stay. In all 3 hospitals, the CAM-ICU
is being used by well-trained ICU nurses for at least 4 years. Delirium was defined as at
least 1 positive CAM-ICU assessment that occurred during patients’ complete ICU stay.
Periodical checks of CAM-ICU measurements were performed by expert nurses to check
for interobserver reliability. Sunlight data were obtained from nearby weather stations from
the Royal Dutch Meteorological Institute: Volkel for the RUNMC (distance 14 miles, latitude
51.65°), De Bilt for the UMCU (distance 2 miles, latitude 52.11°), and the average values
of the data from Volkel and Herwijnen for the JBZ (respective distances 12 and 17 miles,
latitudes, respectively, 51.65° and 51.83°). The amount of sunlight can be expressed in terms
of duration (photoperiod) and intensity of the light striking a surface (insolation). Because the
exact location of the subjects and actual indoor/outdoor exposure before hospital admission
could not be established, no accurate estimates on insolation could be made. Therefore,
only photoperiod was used, calculated from the total amount of radiation using the method
described by Slob [18]. For our analysis, the cumulative photoperiod was defined as the total
number of hours of daylight for 7, 28, and 60 days before hospital admission.
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End point
We focused on the incidence of ICU-acquired delirium and its association with 28-day
preadmission photoperiod. In addition, associations between 7- and 60-day photoperiod
and incidence of ICU-acquired delirium were studied as well as the association between
season of admission and ICU-acquired delirium incidence.
Statistical analyses
Differences between delirious and nondelirious patients were tested using Pearson χ2 test
for categorical variables and the Student t-test for continuous, normally distributed variables.
Correlations between season and photoperiods were tested using Spearman ρ. Of 3 patients
(<0.01%), APACHE II scores were missing. By calculating the mean APACHE II scores of all
other patients, accounting for delirium, missing APACHE II score was imputed. No other data
were missing. Association between occurrence of delirium and the cumulative photoperiod
was assessed using multivariate logistic regression, calculating odds ratios (ORs) with 95%
confidence intervals (CIs). Age, sex, season of admission, APACHE II score, infection during
ICU admission, sedation during ICU admission, and admission group served as covariates.
To assess the possible presence of severe collinearity issues, collinearity analyses were
performed by calculating the variance inflation factors and tolerance values. For all variables,
the variance inflation factor was below 5, and the tolerance values above 0.2, indicating no
severe collinearity within our multivariate analysis. The multivariate analysis has also been
performed with interaction terms to establish whether the association between delirium and
the 28-day photoperiod varied with season, the incidence of infection, sedation used, APACHE
II score, and admission group. The same analyses were performed using season instead of
the 28-day photoperiod. These analyses did not reveal a statistically significant interaction,
demonstrating that the association did not vary within these covariates. All statistical analyses
were performed using SPSS version 20.0. P<0.05 was considered statistically significant.
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Results
In total, 3198 patients were included for this study with a mean age ± SD of 61.9 ± 15.3 years
and APACHE II score of 16.4 ± 6.6. Demographic characteristics of delirious and nondelirious
patients are shown in Table 1. The overall delirium incidence during ICU admission was 31.2%.
Therefore, this study has 80% power (α = .05) to detect a season-dependent change in
delirium incidence of 2.3%. Interobserver reliability was good with a Cohen’s κ of 0.78 to 0.90.
Non-Delirious patients
(n=2201)

Delirious patients
(n=997)

P-value

Age (y, SD)

60.6 ± 15.4

64.0 ± 14.9

<0.001

Sex: male (%)

1389 (63.1%)

606 (60.8%)

0.22

APACHE II

14.2 ± 5.6

20.0 ± 7.0

<0.001

Infection (%)

283 (12.9%)

411 (41.2%)

<0.001

Sepsis (%)

150 (6.8%)

240 (24.1%)

<0.001

Sedation (%)

623 (28.3%)

684 (68.6%)

<0.001

- Surgical

1572 (71.4%)

514 (51.6%)

<0.001

- Medical

434 (19.7%)

302 (30.3%)

<0.001

- Trauma

43 (2.0%)

33 (3.3%)

<0.05

Neurological

152 (6.9%)

148 (14.8%)

<0.001

Length of Stay ICU
(days, SD)

2.0 ± 2.9

10.7 ± 14.2

<0.001

Sunlight exposure 28days (hours, SD)

146.3 ± 60.4

142.7 ± 60.4

0.13

Mortality (%)

82 (3.7%)

157 (15.7%)

<0.001

Diagnostic category

Table 1. Characteristics of delirious and non-delirious ICU patients

Seasonal variation in sunlight and association with delirium incidence
The cumulative amount of sunlight in 28 days prior ICU admission (Table 2) was lowest
during winter (mean ± SD, 80.3 ± 28.0 hours) and highest during spring (188.8 ± 50.2 hours).
Season of admission was significantly correlated with the cumulative photoperiod for 7 days
(r = 0.59), 28 days (r = 0.71) and 60 days (r = 0.70) before hospital admission (all P < .001).
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Photoperiod

Spring

Summer

Autumn

Winter

P-value

7 days prior

47.8 ± 17.9

44.1 ± 15.0

23.3 ± 12.0

21.9 ± 11.6

<0.001

28 days prior

188.8 ± 50.2

177.3 ± 37.2

101.7 ± 36.0

80.3 ± 28.0

<0.001

60 days prior

372.3 ± 90.5

399.0 ± 63.2

246.1 ± 53.3

148.7 ± 27.9

<0.001

Table 2: Cumulative photoperiod prior to and after ICU admission according to season;
Data are presented as mean hours ± standard deviation

Figure 1 shows seasonal variation of the 28-day photoperiod before hospital admission as well as the incidence of
delirium during ICU stay.

In a multivariate analysis, we found no association between season and the occurrence of
delirium when adjusting for the confounders mentioned above (Table 3). In contrast, age,
APACHE II score, use of sedatives, presence of infection, and a diagnosis of neurologic
disease or trauma were all significantly associated with the development of ICU-acquired
delirium (Table 3). In a subgroup of 2441 patients in whom type of sedation was registered,
adding type of sedation to the regression model showed that use of midazolam was
independently associated with an increased risk of delirium (OR, 6.7; 95% CI, 4.85-9.43),
which increased when a combination of midazolam and propofol was used (OR, 14.08; 95%,
CI 9.76-20.20). The single use of propofol was associated with a risk of developing delirium
(OR, 2.78; 95% CI, 2.05-3.78). The cumulative photoperiod for 28 days before hospital
admission did not show an association with the occurrence of delirium (OR 1.00; 95% CI,
0.997-1.002; P = 0.7). In addition, 7- and 60-day photoperiod before hospital admission were
not significantly associated with delirium either (OR, 1.002; 95% CI, 0.996-1.007; P = .6 and
OR, 1.000; 95% CI, 0.998-1.001; P = 0.5, respectively).
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In addition, in a subgroup of 2424 patients who were admitted to the ICU within 48 hours
after hospital admission, no association between 28-day photoperiod and the occurrence of
delirium was found (OR, 1.000; 95% CI, 0.998-1.003; P = .721).
OR

95% C.I.
Lower

Upper

P-value

Gender (male)

1.026

0.853

1.233

0.788

Age (years)

1.015

1.009

1.022

<0.001

Infection (yes)

3.369

2.735

4.151

<0.001

Sedation (yes)

3.781

3.138

4.555

<0.001

- Summer

0.996

0.788

1.261

0.976

- Autumn

1.062

0.774

1.456

0.709

- Winter

0.881

0.616

1.259

0.485

- Medical

0.903

0.719

1.134

0.381

- Trauma

3.114

1.822

5.322

<0.001

- Neurological

3.698

2.723

5.021

<0.001

APACHE II

1.104

1.086

1.122

<0.001

28 day photoperiod

1.000

0.997

1.002

0.673

Season
- Spring (referent)

Diagnostic category
- Surgical (referent)

Table 3: Determinants of delirium using multivariate logistic regression
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Discussion
In this large, multicenter study, we found no association between preadmission sunlight
exposure and ICU-acquired delirium, and the incidence of delirium did not vary between
seasons. With a sample size of 3198 patients and a delirium incidence of 31.2%, we would
have been able to detect a difference in delirium incidence of 2.3% with a power of 80%
indicating that this study was sufficiently powered to detect a clinical relevant difference
in delirium incidence. Light exerts different effects on humans. Apart from its effect on a
sense of well-being, its biological effect is mediated through specific receptors in the retina,
which connect with the suprachiasmatic nuclei, resulting in a circadian rhythm mediated
by suppression or stimulation of the neurohormone melatonin. In addition to diurnal
variations, long-term effects of light exposure on immune function [19, 20] and cognition
[12] have been described, and recently, a shorter prehospital light exposure was found to
be associated with an increased survival in ICU patients [14]. Several factors may explain
our results. First, ICU-acquired delirium is a multifactorial disorder. Many risk factors for
developing delirium have been identified to play a role. Among these, infection, use of
sedatives, severity of illness, and age are the strongest risk factors for the development of
delirium in ICU patients [4, 5]. In our study, we included these most relevant covariates and
confirmed their association with the development of delirium in ICU patients. Although some
studies [6-9] suggest an effect of light exposure during ICU admission on the development
and duration of delirium, the lack of an effect of preadmission daylight exposure on the
development of ICU-acquired delirium suggests that, in critically ill patients, other factors
probably play a much more important role. Second, patients who are admitted to the ICU
are likely to be sedated. Light exerts its biological effects mainly through stimulation or
inhibition of melatonin secretion [21]. As is known from studies in ICU patients, sedative
medication influences the melatonin secretion [22-24]. Therefore, it could be that effects
of light on cognition, observed in nonsedated patients, are blunted in ICU patients by the
effect of sedation. We did not find a difference in mortality in contrast to the study of Castro
et al [14]. Although the methods applied are quite similar, some differences between the
patient groups have to be pointed out. On average, preadmission photoperiod in the study
of Castro et al was 2 to 3 times as high as in our group, which might be due to differences
in the geographic positions of the medical centers where these studies were conducted
(Pittsburgh, Pa, at latitude 40° north as compared with an average latitude of 52° north in
our current study). Although the exact mechanism by which sunlight influences mortality
is not known, a possibility would be that there is a certain threshold of sunlight exposure
below which no benefit is observed. In addition, mortality in the study of Castro et al was
higher than in our study (10.7 % vs. 7.4%) with a larger number of patients, which may
explain why we did not find a significant difference in mortality as our study may have been
underpowered to detect such a difference.
There are some limitations that need to be addressed. First, to determine photoperiod,
data were used from weather stations in the vicinity of the participating hospitals. To
determine the amount of light exposition more precisely, light data from each persons living
environment in the preadmission period would be needed, but these were obviously not
available. Although this might impose some random error, photoperiod data between the
3 weather stations did not differ much, implying that the exact location of the person did
not have much influence on the photoperiod. Once admitted to the hospital, patients may
Effect of preadmission sunlight exposure on intensive care unit-acquired delirium: A multicenter study | 35

not be exposed to sunlight. Therefore, we performed an additional analysis in patients who
were admitted to the ICU within 48 hours after hospital admission. In this subgroup, also,
no association was found. Second, we used the CAM-ICU to establish the diagnosis of
delirium. Although this easy-to-use test demonstrates an excellent specificity in research
settings, debate exists about its sensitivity in routine, clinical care, which was much lower in
a recent multicenter study than in earlier single-center studies [25]. However, this screening
tool remains the most feasible test to detect delirium. In addition, lower sensitivity may play a
role during incidence measurements but is unlikely to affect the diagnosis of delirium during
the whole ICU admission, when a patient is screened at least twice a day for several days,
as was the case in our study. Third, we measured delirium as a dichotomous outcome and
not severity of delirium. However, we were able to retrieve data on duration of delirium, as a
surrogate marker of severity of delirium, in 450 patients. No association was found between
28-day photoperiod and duration of delirium (data not shown). Finally, we used a limited
number of known confounders in our multivariate analysis. The number of confounders may
be larger than those used in this study, so residual confounding may play a role. However,
we attempted to reduce this by using the most relevant confounders, which are known to
influence delirium and be influenced by season. In our statistical analysis, we adjusted for
these confounders, which did not affect our results.
In conclusion, prehospital sunlight exposure does not seem to influence the risk of
developing ICU-acquired delirium, nor could any seasonal variation in this study be
seen. This may be due to the fact that other factors are of much more importance in the
pathogenesis of delirium in critically ill patients. Importantly, it remains to be elucidated
whether the risk of delirium may decrease with improvement of daily light exposure during
their ICU stay, by means of windows or artificial light.
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Abstract
There are currently no accepted metrics for summarizing lighting conditions in studies
aimed at investigating effects mediated by the circadian system. The objectives of this paper
are to propose a set of metrics for capturing circadian variations in environmental lighting
conditions and to compare two different lighting regimes applied to patient rooms. Our
metric design emphasizes the characterization of light stimuli over time, e.g. their spread
over one or more days. Lighting measurements for comparative assessment were taken
in 20 beds in the Intensive Care Unit of the Jeroen Bosch Hospital. Lighting conditions
between the ICU beds differed significantly across a number of circadian metrics. The
proposed set of metrics offers a simple yet comprehensive approach to characterizing
lighting conditions from the circadian perspective with direct application in clinical studies
investigating the effects of light on health.
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Introduction
The human circadian system orchestrates the timing of a range of physiological events and
drives the rhythms of body temperature, hormone secretion, metabolism and sleep/wake
cycling. The primary environmental stimulus to the human circadian system is light exposure
to the eye. Various organs and tissues have peripheral oscillators that respond to the
signaling of the central circadian pacemaker located in the brain’s suprachiasmatic nuclei
[1, 2]. Given its prominent role in regulating the timing of physiological processes, imbalances
in the circadian system have noticeable health and well-being consequences [3, 4].
The close relationship between lighting and circadian rhythms may plausibly explain the
body of evidence suggesting that lighting conditions affect the healing process of patients in
hospitals. It has been shown that patients in intensive care units, where daylight is available,
display lower rates of delirium than in windowless units [5, 6]. The length of stay of patients
and their sleep have also been reported to be affected by lighting conditions in hospitals
[7-10]. If the apparent link between lighting and healing is causal then delivering adequate
lighting to patients could be a promising means to improve patient outcome. However, to
determine what lighting settings would be qualified as adequate, quantitative measures of
light and its impact on the circadian system are necessary. A suitable set of quantitative
circadian lighting metrics would serve three main purposes:
1) To facilitate the design and analysis of experiments aimed at investigating the impact of
light on health.
2) To aid the design of healthy spaces in which the non-visual effects of light on people are
properly taken into account.
3) To enable the management of lighting conditions in order to maintain these within
desirable ranges.

Background
Previous research on circadian physiology has shown that the impact of light on the human
circadian system depends on its intensity, spectrum, spatial distribution, timing, duration,
pattern and photic history [11, 12]. Translating these properties of light into practical metrics
with applications in the design of healthy buildings remains a major challenge.
A circadian light metric characterizes lighting conditions from the perspective of their impact
on the human circadian system. Although this impact can manifest itself in different ways,
nocturnal melatonin suppression has become a popular proxy measure. Based on the effect
of light on melatonin suppression, new radiometric measures of light intensity have been
proposed to complement those tailored for visual perception, e.g. illuminance expressed
in lux. These new measures indicate the degree in which a certain light source stimulates
the circadian system. An example of circadian light intensity measure is the circadian
stimulus (CS) that estimates the potential melatonin suppression of a light source based on
its spectral composition and taking into consideration spectral opponency in the human
phototransduction system [13, 14]. A computationally simpler approach for deriving a circadian
stimulus measure is achieved by multiplying the radiometric spectrum of light by a circadian
efficacy function which is the basis of the circadian action factor proposed by Gall [15].
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Measures of circadian lighting intensity have been applied to assist lighting designers to meet
architectural goals in healthy buildings. Leslie et. al. have recently proposed the concept of a
‘daylight dashboard’, a tool that estimates the circadian stimulus of light from measurements
taken at specific time points of the day (9:00h, 12:00h and 15:00h) and over different days
of the year [16]. Pechacek and colleagues have developed a method to assess whether a
sufficient illuminance for a desired circadian effect is achieved in a given space [12].
Although Leslie’s and Pechacek’s methods represent an advance in the characterization of
ambient lighting effects on humans, they fail to take into consideration the important role that
light intensity variations over time play in driving circadian rhythms. As an oscillatory process,
circadian physiology is influenced not only by the magnitude of a stimulus, but also by its
time distribution. Oscillatory processes such as circadian rhythms respond very differently
when the phase or frequency of a sequence of stimuli of the same strength changes.
In clinical trials investigating the effects of light on humans, an incomplete characterization
of the lighting exposure risks the invalidity of the results. Despite this risk, many studies
report lighting conditions measured during only over a portion of the day, not accounting for
their broader circadian patterns [17-19]. Only by measuring light exposure throughout the 24
hours of the day can we ensure that circadian effects are better understood [20]. Currently,
there is no set of commonly accepted metrics for summarizing lighting conditions in such
trials. In this paper, we propose a set of metrics to assist the characterization of lighting
conditions in clinical investigations studying the effects of light on humans.

Design of circadian lighting metrics
Our main objective is to quantify differences in lighting conditions throughout the day that
are able to impact the human circadian system. For the purpose of reducing noise in the
measurement data, we want to eliminate variations that would only contribute marginally to
the end effect, thus increasing the chances of computing metrics that consistently assign a
same numerical value for light conditions affecting the circadian system in a same way.
In deriving our metrics, we divide a 24 hour period into a bright and dark period according
to the intensity of light present, preferably using a circadian intensity measure, cf. section
2. The strategy for eliminating immaterial lighting variations consists of finding the shortest
durations of bright and dark periods able to produce most of the impact on the circadian
system. The circadian impact chosen in our strategy is the strengthening of weak circadian
rhythms of melatonin over a predefined number of days by alternating periods of light and
darkness as explained in the next paragraphs.
In the remainder of this section, we describe our approach to estimate the shortest durations
for the bright and dark periods of the day. In the sequence, we will use these values to derive
our circadian lighting metrics.
Shortest bright and dark intervals for maximum stimulus
The starting point for the design of our circadian metrics is a day of 24 hours containing
two disjoint time intervals: a dark interval of duration tD and a bright interval of duration tB,
both measured in hours. The dark interval contains the lowest light levels in the day and
the bright interval contains the brightest levels. In these 24 hours, lighting during the dark
interval is assumed insufficient to stimulate the human circadian system (e.g. no suppression
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of nocturnal melatonin), while during the bright interval, the light stimulus is maximal. Note
that the absence of stimulus during the dark interval does not imply it will not impact the
dynamics of the circadian system over time: as a cohort of oscillators, the circadian system
is bound to respond differently to different patterns of intermittent stimuli.
We assume that the bright and dark intervals are such that tD +tB ≤ 24h, meaning that their
combined duration may extend to up one entire day without necessarily doing so cf. figure 1.

Figure 1. Dark and bright intervals over a hypothetical day

We further assume that for a number of consecutive days a person without endogenous
melatonin circadian rhythm (zero amplitude) is exposed to the lighting conditions of this
hypothetical day. In this scenario, the question of interest is stated as follows: What is the
minimum length of tD and tB for producing a rhythm of maximal amplitude in the considered
period of time?
Using the results of a previous study [21] with simulations of a circadian system model in
which the period investigated was three days, it can be noted that maximum amplitude (or
quasi maximum for a cutoff point of 80pg/mL) is obtained when 6h ≤ tB ≤ 16h, cf. Figure 2.
This result implies that the circadian system recovery response to daily stimuli where tB ≥ 6h
and tD ≥ 24 − 16h = 8h is near maximal. As such, a day with tB = 6h and tD = 8h contains the
shortest bright and dark intervals needed to produce rhythms of (near) maximal amplitude.
The pattern of light outside these two intervals should barely affect the outcome since, by
fixing tD = 8h, the total light stimulus lies inbetween that provided with tB = 6h and tB = 16h as
it is assumed that tD + tB ≤ 24h.
The above discussion suggests that the impact of a daily lighting pattern on the circadian
system can be assessed by simply looking at the signal during the brightest 6h and darkest
8h. Narrowing the computation of metrics to these intervals ensures that most of the effect
of light on the circadian rhythm is captured and leaves out innocuous variations in lighting
conditions that may nonetheless add noise to our metrics.
Metric definitions
Our characterization of the effects of light in the circadian system is better understood
by drawing a loose parallel with a simple pendulum. Starting from a position of rest, the
pendulum is brought to an oscillatory movement by a sequence of stimuli. If a stimulus of
limited strength is applied for at least a certain minimum duration (minimum push period)
and no stimulus is present for another minimum duration (minimum release period), a certain
maximum amplitude of oscillation is obtainable. For a particular pattern of stimuli, we would
like to derive a set of metrics to predict their relative impact on the amplitude of oscillation.
We choose to characterize the impact of a stimulus pattern on the amplitude of an
oscillatory process using four categories of metrics: magnitude, contrast, clustering and
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variability. In our pendulum metaphor, these categories can be understood as describing the
strength of the stimuli applied during the minimum push and release periods (magnitude),
the difference of stimuli between these two periods (contrast), the spread of stimuli over one
period of oscillation (clustering), and the spread of stimuli over multiple periods of oscillation
(variability);

Figure 2. Melatonin peak after daily light pulses of 10,000 lux and different durations, otherwise dark
(adapted from reference 21)

In order to eliminate lighting variations that are immaterial in their marginal impact on the
circadian oscillation, most metrics will be derived exclusively from the periods of the day in
which the stimuli is largest or smallest as henceforth defined: The bright period (equivalent to
the push period) is the collection of time intervals in which the light intensity is in the upper
6/24 percentile; Likewise, the dark period (equivalent to release period) is the collection
of time intervals in which the light intensity is in the lower 8/24 percentile. According to
these definitions, the total duration of the bright period within a day is at least 6 hours and
the duration of the dark period is at least 8 hours. Note that these definitions allow for the
bright and dark periods to be fragmented, i.e., be comprised of smaller segments dispersed
throughout a 24 hour time interval. The bright and dark periods are thus uniquely defined by
the following intensity thresholds:
• Bright threshold (tB ): the maximum light intensity for which at least 6 hours of
measurements are at the same or higher level.
• Dark threshold (tD ): the minimum light intensity for which at least 8h of measurements
are at the same or lower level.
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The measure of light intensity used here and throughout the following discussion can
denote those related to circadian stimulus (e.g. CS) or visual perception (e.g. lux) as sensor
limitations or preference determine. In the remainder of this section we detail our four metric
categories.
Magnitude
Magnitude metrics quantify the intensity of light during the darkest and brightest intervals of
a 24 hour period.
• Bright mean level (MB ): The 20% trimmed mean of all light intensity measurements
equal or above the bright threshold.
• Dark mean level (MD ): The 20% trimmed mean of all light intensity measurements equal
or below the dark threshold.
Contrast
Circadian contrast (A) quantifies the difference between light intensity levels during bright and
dark intervals in a 24h period and can be simply defined as the difference MB - MD . We note
however that a metric thus defined can be very misleading when MB and MD are derived using
light intensity measures that do not take into consideration the non-linear responses of the
circadian system to light. For example, a day cycle with MB =1000 lux and MD = 0 lux is bound
to have a very different impact than a cycle with MB =2000 lux and MD = 1000 lux although
both would be characterized as having a contrast of 1000 lux. As a consequence, circadian
contrast is preferably computed using lighting intensity measures such as CS which takes into
consideration non-linearities in the circadian system’s response to light, cf. section 2.
In cases where only light measurements in lux are available, we suggest using a best
effort strategy to estimate circadian contrast using melatonin suppression as a proxy for
assessing circadian response. Zeitzer et al. proposed the following function as a good fit to
describe melatonin suppression as a function of lighting intensity for a fluorescent source of
approximately 4000K [22]:

The circadian contrast (A) can thus be computed from MB and MD levels in lux from the
formula:

For instance, a contrast A = 0.95, is obtained when MD = 10 lux and MB = 1000 lux.
Figure 3 shows the circadian contrast given by this formula for different values of MB and MD.
Note that this approach is a best effort only as the light being measured is likely to
differ from that assumed by Zeitzer et al [22].
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Figure 3. Contrast metric for different values of dark mean level (MD ) and bright mean level (MB)

Clustering
Clustering metrics quantify the fragmentation of bright and dark intervals in a 24 period. A
clustering metric is defined separately for the dark and bright interval as follows:
• Bright Cluster (CB ): The longest continuous time interval above bright threshold TB
• Dark Cluster (CD ): The longest continuous time interval below dark threshold TD
A small value for this metric indicates that the total stimulus is fragmented into a series of
short stimuli within one period of oscillation. Conversely, a large value indicates that the total
stimulus is mostly concentrated in one long uninterrupted interval. For the computation of
the clustering metrics, the period of 24 hours is assumed to “wrap around”, meaning that 24
hour and 0 hour are the same point.
Variability
Circadian variation (S) is a measure of periodicity of the daily lighting schedule over a given
set of days. The metric is defined as:

where cv is the coefficient of variation (i.e., standard deviation divided by mean) and Ii is the
set of light intensity measurements during hour (i - 1, i ) for the days in set D.
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Example of metric calculation
As a practical example of computing these circadian metrics consider the following hourly
measurements taken over a three-day period and depicted in Figure 4.

The bright and dark thresholds for day three in this time-series are respectively TB = 600lux
and TD = 50lux. The justification of these values can be visualized by arranging the light
measurements in increasing order of magnitude and setting aside 8 hours of measurements
at the lowest end and 6 hours of measurement at the highest end as shown in Figure 5a.
Figure 4. Illustration of three days of 24 hour lighting time-series with hourly measurements

The bright and dark mean levels for day three are computed using the extreme values in
Figure 5a. The bright mean level, MB = 1050 lx, is the 20% trimmed mean of the higher end
of the measurements. Similarly, the dark mean level, MD = 20.5 lx, is the 20% trimmed mean
of the lower end of the measurements.
The contrast on day three, A = 0.95, is obtained by directly applying Equation 1. Bright and
dark clustering for the same day are respectively CB =4 hours and CD = 7 hours. According
to Equation 2, the circadian variation for the three days in the example is S = 0.43, meaning
that the light level on the average hour is expected to vary by 43% of its mean value over the
three day period. The results for day three are summarized in Table 1.
Metric

Value

Contrast

A = 0.95

Bright mean level

MB = 1050 lux

Bright clustering

CB = 4h

Dark mean level

MD = 20.5 lux

Dark clustering

CD = 7h

Circadian variation

S = 0.43

Table 1. The circadian metrics for Day 3
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(a)

(b)

Figure 5. Illustration of metric computation. Note that clusters in (b) are allowed to “warp around” in time.
(a) Bright and dark thresholds (day 3); (b) Clustering (day 3)
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Comparing lighting conditions in a clinical study
We applied the proposed circadian lighting metrics to compare experimental conditions in
an ongoing clinical trial studying the effects of dynamic light on ICU acquired delirium in the
Jeroen Bosch Hospital, The Netherlands (Clinicaltrials.gov ID NCT01274819). In this study,
rooms are set to one of two possible lighting schedules as indicated in Figure 6. Patients
in the control group are assigned to a standard lighting schedule with fixed intensity levels
and correlated color temperature, while patients in the intervention group are assigned to
a dynamic light schedule where both light intensity and correlated color temperature vary
during the day.

Horizontal Illuminance

Color Temperature

Figure 6. The two lighting schedules used in the clinical study

For the comparative assessment, illumination measurements were collected during the
summer months of July 2011 and 2012, and the winter month of December 2011 in 20 ICU
rooms using a Philips Dynalite DU5804C wall-mounted sensor. The sensor was placed at a
2m high location behind the patient’s bed and programmed to log measurements every 15
minutes.
Results
After discarding the days in which rooms were set to more than one lighting condition, the
number of summer room-days sampled was Nsummer = 265, with a total of 125 room-days
in the dynamic lighting group and 140 in the standard lighting group. During the winter,
the number of room-days sampled was Nwinter = 198, with a total of 82 room-days in the
dynamic lighting group and 116 in the standard lighting group. Figure 7 shows a set of four
scatterplots of the light intensities in patient rooms per time of the day. The plots represent
the conditions in rooms with dynamic and standard lighting during summer and winter
months. A continuous line in each graph indicates the average light intensity over time for
the rooms in the same group.
According to these graphs, dynamic light rooms enjoy on average higher light levels during
the day when compared to standard rooms irrespective of the season. In summer months,
all rooms exhibit higher light levels over a longer period of time regardless of the lighting
group. Another clear difference between groups is seen in the variability of light levels
during daytime: lighting intensity in the standard rooms has greater variance as the relative
contribution of daylight to the total illumination can be far larger.
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(a)

(b)

(c)

(d)

Summer – Standard lighting

Winter – Standard lighting

Figure 7. Light intensity in the ICU of the Jeroen Bosch Hospital per time of the day during summer and winter
months. The continuous lines in the graphs represent average light intensity values. (a) Summer- dynamic lighting;
(b) Winter- dynamic lighting; (c) Summer-standard lighting; (d) Winter- standard lighting

Figure 8 shows a comparison between the lighting conditions in the two groups of rooms
using the quantitative metrics described earlier. Figure 8a indicates that circadian contrast
in the dynamic lighting rooms is higher and less variable than in the standard rooms for both
summer and winter. In particular, the circadian contrast levels for dynamic lighting rooms
are close to the practical ceiling value (i.e. approximately 1), implying that light during the
brightest hours strongly stimulates the circadian system while the light during the darkest
hours does not. Figure 8b confirms the differences observed in Figure 7 showing that the
dynamic light rooms exhibit higher light levels than the standard rooms and that light levels
are higher during the summer.
Regarding fragmentation of the brightest hours of the day, dynamic lighting rooms display
less variability in comparison to standard rooms as indicated by the bright cluster metric
in Figure 8d. The average value of approximately 3 hours in the dynamic lighting group
reflects the shape of the programmed lighting schedule in which two bright light pulses are
separated by a noon dip.
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As for the darkest hours of the day, Figure 8c shows that there are no pronounced
differences between light levels, neither between groups or between seasons: the dark
mean levels remain similarly low for all conditions (mostly below 10 lux). Figure 8e shows that
in the darkest hours the dark cluster metrics used to assess fragmentation of the patient rest
period are similar across groups and seasons. Taken together, these results indicate that
the dark period of the day is mostly invariant across conditions. Finally, the graphs in Figure
8f represent the circadian variation of rooms over the days measured and suggest that the
lighting conditions in the dynamic lighting rooms are on average less variable than in the
standard rooms, irrespective of the season.
Discussion
In this practical example, only illuminance measurements were available for the computation
of metrics and ensuing comparative analysis of lighting conditions between groups of
rooms. The major limitation of relying solely on photometric measures for the analysis is that
much of the variance observed may be meaningless from the point of view of the circadian
system. The accuracy of this statement becomes evident when examining the circadian
contrast values for the dynamic lighting group during summer and winter months. There
is virtually no difference in circadian contrast between or within these months. This lack of
variation happens despite the fact that bright mean light levels are clearly distinct between
summer and winter and considerable variation from day to day occurs. The apparent
contradiction is explained by our use of a circadian measure to computer contrast as
opposed to relying solely on photometric quantities.
Provided we can trust in the accuracy of circadian measures available, the benefit of
using these in clinical studies should be obvious as they eliminate differences where
none were present from the point of view of the circadian system. On the other hand,
circadian measures may identify distinctions that would be undetectable by photometric
measurements. However, much has yet to be learned before circadian metrics of light
intensity can enjoy undisputed accuracy [23]. The metrics proposed represent a collection
of methods to summarize the dynamics of lighting conditions. Each metric offers a distinct
insight into these dynamics although some correlation between their values is expected.
In the final analysis, it is up to the study designer to decide which ones to include in
the analysis based on the characterization needed. Although each metric in isolation is
incapable of completely characterizing circadian lighting conditions, contrast is the one that
is most informative from the perspective of capturing light intensity variations over a 24 hour
cycle.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 8. Comparison of lighting conditions between rooms with dynamic and standard lighting in the summer
and winter months.. (a) Circadian contrast; (b) bright mean level; (c) Dark mean level; (d) Bright cluster; (e) Dark
cluster; (f) Circadian variation
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Conclusions
In this paper we introduced a set of lighting metrics for use in the comparative analysis of
environmental lighting conditions according to impact of circadian physiology. These metrics
are intended to capture variations in the stimulus that impact the dynamics of an oscillatory
process such as their spread over one or more periods of oscillation; In order to eliminate
lighting variations that do not contribute to the circadian oscillation, most metrics were
derived exclusively from the periods of the day in which the stimulus is largest or smallest.
The duration of these periods was defined as the minimum interval required for maximizing
the amplitude of oscillation of a circadian system model with no rhythm. The resulting set
of metrics offers a simple yet comprehensive approach of characterizing lighting conditions
from the circadian perspective with direct application in clinical studies investigating the
effects of light on health.
A comparative analysis of lighting conditions across groups of patient rooms with different
illumination systems was presented on the basis of the circadian metrics proposed. The
results indicated that illumination across groups differs in terms in daytime light levels,
but that such differences nearly disappear during summer when assessed in terms of
circadian contrast. Daytime light levels across groups were shown to also differ in terms of
fragmentation and multiday variability. No differences between nighttime light levels were
observed. Such a broad characterization of the dynamics of light stimuli is instrumental for
accurately identifying the key factors impacting human health via the circadian system.
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Abstract
Background
Disturbed circadian rhythm is a potentially modifiable cause of delirium among patients in
intensive-care units (ICUs). Bright-light therapy in the daytime can realign circadian rhythm
and reduce the incidence of delirium. We investigated whether a high-intensity dynamic light
application (DLA) would reduce ICU-acquired delirium.
Methods
This was a randomised, controlled, single-centre trial of medical and surgical patients
admitted to the ICU of a teaching hospital in the Netherlands. Patients older than 18 years,
expected to stay in the ICU longer than 24 h and who could be assessed for delirium were
randomised to DLA or normal lighting (control), according to a computer-generated schedule.
The DLA was administered through ceiling-mounted fluorescent tubes that delivered bluishwhite light up to 1700 lux between 0900 h and 1600 h, except for 1130-1330 h,
when the light was dimmed to 300 lux. The light could only be turned off centrally by
investigators. Control light levels were 300 lux and lights could be turned on and off from
inside the room. The primary endpoint was the cumulative incidence of ICU-acquired
delirium. Analyses were by intention to treat and per protocol. The study was terminated
prematurely after an interim analysis for futility. This study is registered with Clinicaltrials.gov,
number NCT01274819.
Findings
Between July 1, 2011, and Sept 9, 2013, 734 patients were enrolled, 361 in the DLA group
and 373 in the control group. Delirium occurred in 137 (38%) of 361 DLA patients and 123
(33%) of 373 control patients (odds ratio 1.24, 95% CI 0.92–1.68, p=0.16). No adverse events
were noted in patients or staff.
Interpretation
DLA as a single intervention does not reduce the cumulative incidence of delirium. Brightlight therapy should be assessed as part of a multicomponent strategy.
Funding None.
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Introduction
Delirium is a frequently occurring brain disorder, especially in critically ill patients, associated
with harmful short-term and long-term outcomes [1, 2]. Its pathogenesis is associated with
multiple risk factors that can be separated into predisposing and precipitating factors.
Among the latter, disturbances of circadian rhythm and sleep disorders are frequently seen
in critically ill patients [3-5]. Besides severity of disease, mechanical ventilation and the use
of sedative medication, a lack of normal light exposure in intensive-care units (ICUs) might
be relevant [4] because light is the most powerful cue for the human circadian rhythm.
Several studies indicate that bright-light therapy can realign disturbed circadian rhythm.
Positive effects of bright light have been reported in mild disorders, such as shift work
and jet lag disorders, and psychiatric disorders, such as seasonal affective disorder, nonseasonal depression, and neurodegenerative disorders (e.g., Alzheimer’s disease) [6-9].
Because delirium is associated with disturbances of circadian rhythm and sleep, brightlight therapy might be useful to reduce its incidence or severity. Bright-light therapy has
lessened restless behaviour in geriatric patients with delirium and in postoperative patients
[10, 11]. Whether this therapy would have effects on delirium in critically ill patients, however,
is unclear. Daylight access through windows in ICU rooms has also become the standard
of care [12]. We tested the hypothesis that continuous bright light therapy, delivered through
a ceiling-mounted lighting system, in addition to regular lighting and daylight, would reduce
the incidence and duration of ICU-acquired delirium.

Methods
Study design
The Dynamic Light Application to Prevent ICU-Acquired Delirium study was a singlecentre, randomised, controlled trial done in the ICU of the Jeroen Bosch Hospital in’sHertogenbosch, Netherlands. This teaching hospital has 730 beds and a mixed medical and
surgical ICU of 16 beds, into which the annual admission rate is around 850 patients.
12 rooms have direct daylight access, with windows facing south and west.
The study was approved by the regional medical ethics committee (registration number
M392 NL 34780.028.10, METOPP, Tilburg, Netherlands). All patients or their next of
kin provided written informed consent. When no informed consent could be obtained
immediately on admission, deferred consent was allowed.
Patients
All consecutive ICU patients admitted to the ICU between July 1, 2011, and Sept 9, 2013,
were screened for eligibility. Patients had to be 18 years or older with an expected ICU stay
of at least 24 h. We excluded those whose anticipated life expectancy was less than 48 h or
who could not be assessed for delirium (e.g., severe hearing or visual impairment, unable to
understand Dutch, or severe mental impairment).
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Randomisation and masking
Patients were randomly assigned to normal lighting settings (control) or the dynamic lighting
application (DLA) intervention in a 1:1 ratio, according to a secured computer-generated
randomisation list. Patients were enrolled by senior ICU physicians and residents and
allocated the next available study number. Masking of treatment allocation was not possible.
Dynamic lighting system
A bright lighting system (Philips Lighting, Eindhoven, Netherlands) was installed into the
ceiling of every ICU room. Immediately after randomisation, lighting settings were adjusted
according to the patient’s study group assignment. The DLA offers various light intensities
and colours via conventional fluorescent tubes. Five armatures per room were installed,
each containing three fluorescent tubes (two Philips Savio TBS770, TL5-54W/827 tubes
and one Philips Savio TBS 779 TL5-54W/965 tube). On the basis of previous research, the
maximum illuminance was 1700 lux and the colour temperature was 4300 K to achieve 8001000 lux bluish-white light at the level of the patients’ heads, in line with previous reports
that had showed effects with lighting therapy [9, 13].
In all rooms, photometers (Philips Dynalite DUS804C, Philips Lighting) were installed, in the
wall at the head end of each bed, at a height of 2 m. Illuminance was measured every 15
min and the results were stored on a central computer. Mean illuminance was calculated for
each patient per hour for the duration of his or her stay in the ICU. The lighting system was
controlled from a central module, located in the nursing station, which was only accessible
by the investigators.
Intervention
For patients in the DLA group, lighting level and colour temperature rose from 0700 h
onwards to peaks of 1700 lux and 4300 K, respectively, at 0900 h. This light intensity was
maintained until 1130 h. To allow patients a period of rest, in accordance with normal daily
practice in the ICU, the lighting level was decreased to 300 lux with a colour temperature of
3000 K until 1330 h. From 1330 h onwards, the level was again increased to 1700 lux and
4300 K, which was maintained until 1600 h, after which a gradual fall to a light level of 300
lux occurred over 1 h. At 2230 h the light was switched off automatically. If additional light
was necessary because of procedures, a bright light setting (1000 lux) could be turned on
from within the room that automatically switched back to the previous lighting setting after
30 min.
Patients in the control group were exposed to the standard lighting settings of 300 lux and
3000 K. The light could be turned on and off in the room and could be changed to a bright
setting of 1000 lux for procedures.
Assessment of delirium
24 h after each patient was admitted to the ICU, the risk of delirium was assessed with the
validated PRE-DELIRIC delirium prediction model [14]. Patients were deemed to be at high
risk of developing delirium if the score was greater than 40%.
Cumulative incidence and duration of delirium were determined with the Confusion
Assessment Method for the ICU (CAM-ICU), which is validated and widely used [15]. It was
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used at least three times per day as part of normal care. During the study period, validity
of the CAM-ICU measurements was tested every 2 months by nurses expert in assessing
delirium to check for inter-observer reliability, which remained good during the study, with a
mean Cohen’s κ coefficient of 0.79 for 178 measurements.
Cumulative incidence of delirium was defined as the presence of delirium (at least one
positive CAM-ICU screening) on at least 1 day during ICU stay. The number of delirium-free
and coma-free days in 28 days was calculated by subtracting the number of days patients
had delirium or were comatose from 28. Patients were deemed to be comatose when the
CAM-ICU could not be scored and the Richmond Agitation Sedation Scale score was lower
than –3 for the whole day. All days without both conditions were defined as delirium-free
and coma-free days. If patients were not comatose but the CAM-ICU could not be scored
(e.g., the patient was in surgery), presence of delirium was determined by review of the
medical and nursing records to look for signs and symptoms of delirium and the use of
haloperidol. When a patient had been free from delirium for 48 h since a positive CAM-ICU
score, the delirium was judged to have resolved and the 2 days were recorded as delirium
free. If patients were discharged to the ward within 28 days of admission to the ICU and
were delirious in the 72 h before ICU discharge, all data on delirium were analysed up to
28 days after inclusion in the study. When patients were in non-ICU wards during the rest
of their stay in hospital, delirium was determined by a score of 3 or higher on the Delirium
Observation Scale (DOS) or by consultation with a geriatrician or treatment with haloperidol
or other antipsychotics because of suspected delirium. In the latter two situations, delirium
was taken to have ended on the last day of consultation or drug use.
Markers of circadian rhythm
To detect differences in the effects of DLA and standard lighting settings on circadian
rhythm, we measured concentrations of the melatonin metabolite 6-sulfatoxymelatonin
and the stress hormone cortisol in urine [16]. 6-sulfatoxymelatonin is a reliable proxy
for melatonin secretion, and in healthy individuals, concentrations rise in the evening
and peak during the night. Bright light suppresses secretion of melatonin, and thereby
6-sulfatoxymelatonin [17]. Cortisol concentrations are normally low during the night but rise
in the early morning and peak at the time of awakening [18].
We assessed circadian rhythm in a subgroup of patients, 11 in the DLA group and nine
in the control group, who were not undergoing dialysis and had not used corticosteroids
for more than 3 weeks in the year before the study or for any shorter period in the month
before the study. Urine was collected every 3 h in one 24 h period. Three 3 mL samples
were obtained and stored at –70°C until analysis. 6-sulfatoxymelatonin was measured
with a competitive ELISA that used a polyclonal rabbit antibody (Bühlmann Laboratories,
Schönebuch, Switzerland). Free cortisol was measured with a luminometric assay on a
random-access analyser (Architect i system, Abbott Laboratories, Abbott Park, IL, USA).
High nocturnal 6-sulfatoxymelatonin excretion and high morning cortisol excretion indicate
preserved circadian rhythm and, therefore, we calculated average hourly excretion during
the night-time (2100–0600 h) and morning (0600–1200 h) periods along with the total 24 h
excretion.
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Outcome measures
The primary outcome measure was the cumulative incidence of ICU-acquired delirium.
Secondary outcome measures were duration of ICU-acquired delirium (measured as the
number of delirium-free and coma-free days in 28 days), duration of mechanical ventilation,
length of stay in the ICU and in hospital overall, and mortality in the ICU and during the
overall hospital stay.
No adverse events with the use of DLA were expected, but headache or photophobia were
to be noted as adverse events and would lead to the lighting setting being switched to the
regular setting.
Statistical analysis
Outcomes were assessed by intention to treat (all randomised patients) and per protocol
(patients who were exposed to the assigned lighting condition for at least 80% of the
admission period and completed the entire study without protocol deviations). In 2009,
the incidence of delirium in the Jeroen Bosch Hospital ICU was 40%. Therefore, we
assumed that the incidence of delirium would be 40% in the control group and calculated
that 1000 patients would be needed to detect a 10% absolute reduction in cumulative
delirium incidence with DLA at 90% statistical power with two-sided α value of 0.05. We
did prospectively defined post-hoc subgroup analyses with the Mantel-Haenzel fixed
effects model to investigate effects of DLA on cumulative incidence of delirium in specific
subgroups of patients with sepsis, medical admission to the ICU, surgical admission to the
ICU, stay longer than 3 days in the ICU, APACHE II scores greater than 25, and high risk of
delirium. An interim analysis was done, on the basis of which the study was ended because
of futility on Sept 9, 2013.
Statistical analyses were done with SAS (version 9.2) by RJFL, who was unaware of
intervention allocations to protect against detection bias. Proportions were compared
with the χ2 or Fisher’s exact tests. Continuous data were compared with Student’s t test
for normally distributed variables and the Kruskal-Wallis test or Mann-Whitney U test for
non-parametric data. Differences in cumulative incidence of delirium and mortality were
investigated by Kaplan-Meier survival analysis. This study is registered with ClinicalTrials.
gov, number NCT01274819.
Role of the funding source
There was no funding source for this study. Philips supplied the lighting system for the study
but had no role in the study design or conduct. The corresponding author had full access to
all the data in the study and had final responsibility for the decision to submit for publication.
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Results
Between July 1, 2011, and Sept 9, 2013, 1759 patients were admitted to the ICU, of whom
1374 were eligible and 734 were randomised (figure 1). Patients in the DLA group were
slightly older than those in the control group and significantly more patients in the DLA
group had medical diagnoses than those in the control group (p=0.025). 698 (95%) of 734
patients were admitted into rooms with access to natural daylight (table 1). The incidence
of known risk factors for delirium, such as cognitive disturbances or alcohol abuse, was
similar in the two groups. Ten (1.4%) patients were transferred to other ICUs within 28 days
of randomisation.
All patients were started on their assigned lighting schedules within 24 h after ICU
admission, and adherence was 100%. In 23 patients, lighting measurements were
incomplete because of technical errors and, therefore, these data were available for
711 patients. Mean cumulative daytime lighting levels between 0600 h and 1800 h were
significantly higher in the DLA group than in the control group (5366 [SD 1590] lux vs 2793
[1419] lux, p<0.0001; figure 2). Cumulative daytime lighting levels in the control group varied
substantially between seasons, but remained significantly lower than those in the DLA
group. DLA was well tolerated by patients and staff. No adverse events were reported.
Delirium occurred in 137 (38%) of 361 patients in the DLA group and 123 (33%) of 373 in the
control group (odds ratio 1.24, 95% CI 0.92–1.68, p=0.16, table 2). The median numbers of
delirium-free and coma-free days in 28 days were similar in the two groups (difference 1 day,
95% CI 0–1), as were the lengths of stay in ICU (difference 0 days, –1 to 0) and lengths of
stay in hospital (difference 1 day, –2 to 3).
We found no association between the cumulative illuminance and the cumulative incidence
of delirium (table 3, figure 3). 17 patients in the DLA group and 16 in the control group
had delirium within 24 h of ICU admission. When these patients with early delirium were
excluded, the median time to development of delirium was 4.4 days (IQR 2–6) in the DLA
group and 4.0 days (2–7) in the control group (p=0.84).
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Figure 1: Trial profile; ICU=intensive-care unit. LOS=length of stay. DLA=dynamic light application.

Among all patients with delirium, the median number of delirium-free and coma-free days in
28 days was 20 (IQR 8–24) in the DLA group and 17 (7–25) in the control group (p=0.96).
Patients with delirium were significantly older, more severely ill, and more had history of
cognitive disturbances, alcohol abuse, and smoking than patients without (table 4).
More received sedatives and at significantly higher cumulative doses (except for of
midazolam). Additionally, patients with delirium had significantly longer stays in the ICU and
hospital than those without, but mortality did not differ (table 4).
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DLA (n=361)

Control (n=373)

Age (years)

66.3 (12.8)

64.4 (13.7)

Men

211 (58%)

219 (59%)

APACHE II score

22.7 (8.6)

22.4 (8.1)

PRE-DELIRIC score

58.8 (31.8)

55.4 (30.6)

Median (IQR) hospital stay before ICU admission (days)

0 (0–42)

0 (0–96)

- Medical

262 (73%)

242 (65%)

- Surgical

78 (22%)

101 (27%)

- Trauma

11 (3%)

19 (5%)

- Neurological

10 (3%)

11 (3%)

Sepsis

114 (32%)

122 (33%)

Acute kidney injury

75 (21%)

79 (21%)

- Cognitive disturbances

35 (10%)

26 (7%)

- Documented alcohol abuse

24 (7%)

25 (7%)

- Active smoking

126 (35%)

118 (32%)

- COPD

13 (4%)

24 (6%)

- Diabetes

53 (15%)

44 (12%)

- Immunosuppression

18 (5%)

19 (5%)

- Cirrhosis

2 (<1%)

3 (<1%)

Daylight room

342 (95%)

356 (95%)

- Summer

93 (26%)

109 (29%)

- Autumn

91 (25%)

96 (26%)

- Winter

96 (27%)

89 (24%)

- Spring

81 (22%)

79 (21%)

Reason for admission to ICU

History

Season at time of admission

Table 1: baseline characteristics; Data are mean (SD) or number (%) unless stated otherwise. DLA=dynamic light
application. APACHE=Acute Physiology and Chronic Health Evaluation. COPD=chronic obstructive pulmonary
disease.
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DLA (n=361)

Control (n=373)

p value

- Cumulative incidence

137 (38%)

123 (33%)

0.16

- 28-DFD*

26 (17–28)

27 (16–28)

0.29

- Delirium duration (h)

2 (2–5)

2 (1–5)

0.87

- Time to first delirium day (days)

3 (2–5)

3 (2–7)

0.61

- Intubation

233 (65%)

242 (65%)

0.92

- Duration of invasive mechanical ventilation (h)

20 (0–93)

19 (0–95)

0.67

- Midazolam

120 (33%)

129 (34%)

0.70

- Propofol

184 (51%)

184 (49%)

0.66

- Fentanyl

172 (48%)

189 (51%)

0.41

- Remifentanil

245 (68%)

246 (66%)

0.58

- Number of patients

125 (35%)

117 (31%)

0.35

- Cumulative dose (mg)

11 (4–22)

14 (5–28)

0.42

ICU LOS (days)

4 (2–8)

4 (2–9)

0.82

Hospital LOS (days)

15 (9–29)

16 (9–27)

0.84

ICU mortality

44 (12%)

53 (14%)

0.42

Hospital mortality

66 (18%)

73 (20%)

0.66

Delirium

Mechanical ventilation

Use of sedative agent

Use of haloperidol

Table 2: Clinical outcomes; Data are number (%) or median (IQR). DLA=dynamic light application. 28-DFD=number
of delirium-free and coma-free days in 28 days. ICU=intensive-care unit. LOS=length of stay. *n=724 as ten
patients were transferred to other ICUs within 28 days of randomisation.

The average cumulative incidence of delirium was highest in autumn compared with that for
the whole study period (76 [41%] of 187 vs. an average of 260 [35%] of 734, odds ratio 1.25,
95% CI 0.90–1.73; p=0.08). The percentage of patients who received mechanical ventilation,
the duration of mechanical ventilation, use and types of sedatives, and use and cumulative
amount of administered haloperidol did not differ significantly between the DLA and control
groups (table 2). The median values for length of stay in the ICU and hospital were similar in
the two groups.
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Figure 2: Mean (SD) hourly illuminance DLA=dynamic light application.

Among patients assigned to the DLA intervention group, 44 (12%) of 361 died while in the
ICU compared with 53 (14%) of 373 assigned to the control group (odds ratio 0.84, 95% CI
0.55–1.29). 66 (18%) of 361 in the DLA group died at any time during hospital stay compared
with 73 (20%) of 373 in the control group (odds ratio 0.92, 95% CI 0.64–1.33; figure 4). 20
patients were excluded from the per-protocol analysis. No differences were found between
the per-protocol and intention-to-treat analyses for the primary or secondary outcomes
(table 5).
The post-hoc subgroup analysis showed no effect on cumulative delirium incidence or
the number of delirium-free and coma-free days in 28 days for sepsis, medical or surgical
admissions to the ICU, stays in the ICU longer than 3 days, APACHE II scores higher than
25, and patients with high risk of delirium (figure 5). Additionally, absence of sedation had no
effect on delirium incidence (DLA group 17 [16%] of 105 vs. control group 11 [10%] of 110,
odds ratio 1.74, 95% CI 0.77–3.91, p=0.13) or the median number of delirium-free and comafree days in 28 days (28 [IQR 28–28] days vs. 28 [28–28] days, p=0.98).
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Figure 3: Proportion of patients in ICU who did not develop delirium; ICU=intensive-care unit. DLA=dynamic light
application.

Figure 4: Survival within 28 days of randomization DLA=dynamic light application.

No differences were seen between the DLA and control groups in the average hourly
excretion of 6-sulfatoxymelatonin or cortisol excretion during the night-time or morning
periods (table 6). The 24 h total excretion of these markers also did not differ between
groups (table 6).
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Discussion
Studies have shown unequivocally that circadian rhythm is severely disturbed in critically ill
patients, and these disturbances have been related to the development of delirium [4, 5, 19].
In non-critically ill patients, bright-light therapy seems to restore the circadian rhythm. We
therefore investigated whether daytime artificial high-intensity lighting therapy would affect
delirium outcomes in ICU patients. The system we used provided continuous high-intensity
light, which differs from the intermittent, short bright-light therapies used, for example, in
seasonal affective disorder. DLA delivered greater light exposure during patients’ ICU stays
than did normal lighting, but the additional exposure did not reduce the cumulative incidence
of ICU-acquired delirium. Furthermore, no differences were found for any of the secondary
endpoints.
To increase sensitivity of our analysis, we did predefined subgroup analyses in the most
severely ill patients, those staying in the ICU for longer than 3 days, those with sepsis, and
those with a high risk of developing delirium. No differences were found in the outcome
measures for any subgroup. Additionally, exposure to longer periods of DLA did not improve
outcome. Our analysis of circadian rhythm through measurement of 6-sulfatoxymelatonin
and cortisol excretion showed no differences between the two groups. The mean hourly
and total 24 h values for excretion of 6-sulfatoxymelatonin were low compared with those
in healthy individuals, but were similar to those in other ICU populations [3, 20]. 6-sulfatoxy
melatonin excretion also did not differ significantly between the night-time and morning
periods, which suggests abnormal melatonin secretion. Total 24 h cortisol excretion was
higher than that in healthy individuals, but did not differ significantly between groups [21].
Our analysis of circadian rhythm through measurement of 6-sulfatoxymelatonin and cortisol
excretion showed no differences between the two groups. The mean hourly and total 24
h values for excretion of 6-sulfatoxymelatonin were low compared with those in healthy
individuals, but were similar to those in other ICU populations [3, 20]. 6-sulfatoxymelatonin
excretion also did not differ significantly between the night-time and morning periods,
which suggests abnormal melatonin secretion. Total 24 h cortisol excretion was higher than
that in healthy individuals [21], but did not differ significantly between groups. Our results
contrast with those from previous studies in non-critically ill patients, where light therapy
had beneficial effects on cognitive and non-cognitive functions in geriatric and postoperative
patients [9-11]. Several reasons can be put forward to explain this discrepancy. First, in
contrast to non-critically ill patients, most patients in our study were sedated and had their
eyes closed during the acute disease phase. Since light exerts its effect on the biological
clock by modulation of retinal input through photosensitive ganglion cells, closed eyes could
have prevented some biological effects.
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Delirium (n=260)

No delirium (n=474)

p value

- Age (years)

68.2 (11)

63.8 (14)

<0.0001

- APACHE-II score

25.9 (7.3)

20.8 (8.3)

<0.0001

- Cognitive disturbances

34 (13%)

27 (6%)

0.001

- Alcohol abuse

23 (9%)

26 (6%)

0.08

- Smoking

103 (40%)

141 (30%)

0.006

- Intubation

216 (83%)

259 (55%)

<0.0001

- Duration of invasive mechanical ventilation (h)

203 (38–282)

40 (6–91)

<0.0001

- Midazolam

127 (49%)

122 (26%)

<0.0001

- Cumulative dose (mg)

36.7 (6.5–270)

32.4 (7–154)

0.39

- Propofol

186 (72%)

182 (38%)

<0.0001

- Cumulative dose (mg)

2168 (574–4419)

1228 (207–5068)

0.008

- Remifentanil

223 (86%)

268 (57%)

<0.0001

- Cumulative dose (mg)

48 (15–111)

17 (6–42)

<0.001

- Fentanyl

164 (63%)

197 (42%)

<0.0001

- Cumulative dose (mg)

2.8 (0.5–8.6)

1.2 (0.4–3.0)

<0.0001

- ICU LOS (days)

9 (5–18)

4 (3–6)

<0.0001

- Hospital LOS (days)

23 (15–37)

12 (7–22)

<0.0001

- ICU mortality

32 (12%)

65 (14%)

0.59

- Hospital mortality

51 (20%)

88 (19%)

0.73

Risk factors on ICU admission

Mechanical ventilation

Sedative use

Outcome

Table 4: differences between patients with and without delirium; Data are mean (SD), number (%), or median (IQR).
ICU=intensive-care unit. APACHE=Acute Physiology and Chronic Health Evaluation. LOS=length of stay.

While the precise relation between a disturbed circadian rhythm and delirium is unclear, the
general assumption is that restoration of circadian rhythm should result in adequate evening
melatonin secretion (dim light melatonin onset), improved sleep, and, subsequently, reduced
chance of developing delirium. The positive effects of light therapy on dim light melatonin
onset and on sleep are extrapolated from studies in non-ICU patients with disturbed
circadian rhythms [23]. Whether there is a direct relation between improved sleep and
prevention of delirium, however, is much less clear, although lack of sleep and delirium have
a lot of symptoms in common.
Instead of a causal relation, disturbed circadian rhythm and delirium might both be caused
by brain inflammation, which occurs in disorders associated with systemic inflammation,
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such as sepsis, trauma, and myocardial infarction [24]. Therefore, ICU patients might be less
susceptible than non-ICU patients to external cues, such as daytime light exposure [25].
DLA (n=354)

Control (n=360)

p value

137 (39%)

121 (34%)

0.16

- 28-DFD (days)

26 (16–28)

27 (16–28)

0.24

- Length of ICU stay (days)

5 (3–9)

5 (3–10)

0.57

- Length of hospital stay (days)

15 (9–29)

16 (9–27)

0.49

- ICU mortality

43 (12%)

50 (14%)

0.49

- Hospital mortality

64 (18%)

68 (19%)

0.78

Primary outcome
- Cumulative incidence of delirium
Secondary outcomes

Table 5: per-protocol analysis; Data are number (%) or median (IQR). DLA=dynamic light application.
28-DFD=number of delirium-free and coma-free days in 28 days. ICU=intensive-care unit.

Second, sedatives can disturb the normal circadian rhythm,which might have
counterbalanced the effects of lighting therapy [22]. Again, therefore, effects of lighting
therapy might only have been expected after the acute disease phase was over and the
patient was awake. The subgroup analysis in patients with ICU stays of more than 3 days,
however, showed no differences in outcome, which indicates that DLA had no effect on
the development of delirium in the recovery phase. For patients who received no sedatives
during their ICU stay there were also no differences in outcomes between study groups.
Third, compared with other studies, higher lighting intensities might be necessary in the
patients we assessed to trigger the circadian system, for instance because of reduced
cumulative dose to the retina in patients who are sedated and have their eyes closed. Yet,
we saw no beneficial effects with higher light intensities, and because continuous highintensity ceiling lighting might not be feasible in all ICUs, it seems unlikely that higher
intensities would be beneficial in this setting.
The patients in our study had low melatonin excretion, as measured by urinary levels
of 6-sulfatoxymelatonin. Deficiency of endogenous melatonin has been implicated in
the pathogenesis of brain inflammation [19]. Concentrations of melatonin or its urinary
metabolite 6-sulfatoxymelatonin vary widely within and between ICU patients, and are
affected to notable degrees by mechanical ventilation, adrenergic drugs, and sepsis [3,
5]. Studies on the effects of exogenous melatonin on the incidence of delirium in non-ICU
patients have shown conflicting results [26, 27].
Studies in ICU patients are underway (NCT02615340 and NCT02588742). Abnormalities
in tryptophan and serotonin concentrations have also been associated with delirium, but
were beyond the scope of this study. ICU-acquired delirium is a multifactorial syndrome,
and patients have an average of 11 risk factors [1]. In this study we only investigated one of
these risk factors. Some studies have shown beneficial effects of multicomponent strategies
aimed at reducing the risk of ICU-acquired delirium [28].
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DLA (n=11)

Control (n=9)

p value

- Total over 24 h (µg)

6.0 (5.0–11.5)

7.6 (5.7–14.7)

0.50

- Average hourly in night-time period* (ng/h)

227 (176–551)

327 (222–708)

0.37

- Average hourly in morning period† (ng/h)

363 (203–739)

288 (241–768)

0.94

- Total over 24 h (nmol)

430 (132–854)

564 (233–1232)

0.60

- Average hourly in night-time period* (nmol/h)

7.2 (3.7–17.7)

9.7 (5.8–17.4)

0.71

- Average hourly in morning period† (nmol/h)

10.7 (6.2–40.1)

31.5 (11.5–70.1)

0.20

6-sulfatoxymelatonin excretion

Cortisol excretion

Table 6: urinary excretion of 6-sulfatoxymelatonin and cortisol; Data for DLA and controls groups are median (IQR).
DLA=dynamic light application. *2100–0600 h. †0600–1200 h.

Figure 5: Effect of dynamic light application on delirium incidence in different subgroups; DLA=dynamic light
application. APACHE=Acute Physiology and Chronic Health Evaluation.

Several limitations of this study need to be addressed. First, it was a single-centre study,
which limits its generalisability because the local ICU case-mix, sedation practices,
delirium prevention protocols, and ambient daytime light, which are all associated with
delirium, might differ in other ICUs. The need to install a dedicated lighting system and
lack of external funding prevented a multicentre design. Our patients were generally white
adults, and we cannot rule out that other types (e.g., other ethnic groups or children) or
categories of patients (e.g., cardiovascular surgery or neurosurgery) would benefit from
lighting therapy. Additionally, the possibility remains that DLA could work in ICU patients
deprived of exposure to any natural daylight. However, on the basis of the presumed mode
of action and absence of differences in outcome between patients in rooms without access
to daylight access, this result seems unlikely. We did not correct for other variables in the
ICU environment that have been associated with delirium, such as mobilisation, reduction
of noise pollution, use of physical restraints, and so on,but, because the groups were well
balanced, we believe these would be unlikely to affect our results [29].
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The nature of the intervention meant that masking of study group was not possible. Although
this design feature might not be highly relevant in this negative study, a potential effect of
DLA on staff performance and how they delivered care to the patients cannot be entirely
excluded. During the study, most staff anecdotally expressed that they found the dynamic
light pleasant, which suggests that it is unlikely that any positive effect on the patients would
be counteracted by a putative negative effect on the caregivers.
Since we assumed that DLA would have an effect on duration of delirium as well as
on incidence, we did not exclude patients who became delirious within 24 h after ICU
admission. Thus the amount of DLA that these patients received was limited and the
putative beneficial effects of longer exposure to DLA could be argued to be diluted.
Subgroup analysis that excluded these patients, however, did not change the results on any
of the outcomes.
We only measured markers of circadian rhythm in a small group of patients as a proof of
principle. Measurement of circadian rhythm in ICU patients has several important limitations,
including a decreased reliability of circadian biomarkers due to use of sedatives and severity
of disease, and substantial interindividual differences. Indeed, in our subgroup of patients,
the lowest and highest cortisol excretion values differed by more than 100 times. Removal of
these outliers, however, did not alter our results. Furthermore, this subgroup was too small
to draw firm conclusions on the effect of DLA on markers in the whole group. We did not
measure sleep in our patients because this was beyond the scope of the study and the use
of classic scoring systems to define sleep adequately in ICU patients is a subject of debate
[16]. In view of the absence of a beneficial effect of DLA on clinical endpoints and circadian
markers, the possible effects of DLA on sleep seem of reduced importance.
Finally, we chose to use the CAM-ICU to detect delirium because we wanted to investigate
how a clinically relevant outcome measure would show efficacy or lack of efficacy.
Specificity of the CAM-ICU is high, but single-determination sensitivity in daily practice is
low [30]. Nevertheless, we used the CAM-ICU at least three times per day, which reduces the
chance of false-negative findings in patients who have delirium. The strengths of our study
are the large number of patients, its adequate statistical power, the fixed lighting schedule in
the intervention group, the high adherence rate, and the regular measurement of illuminance,
which confirmed that the patients in the DLA group received increased lighting levels.
In this study continuous lighting therapy was not effective in reducing the cumulative
incidence or the duration of ICU-acquired delirium compared with normal lighting. Future
research should focus on the use of lighting therapy as part of a multifaceted intervention
programme. Assessment of the effect of lighting therapy on hospital staff might be an
interesting direction of study, analogous to effects of lighting therapy in other working
environments.
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Abstract
Background
Bright light exposure has alerting effects in humans. In nurses, alertness may be decreased
due to shift work and high work pressure, potentially reducing work performance and
increasing the risk of medical errors. As part of a larger study evaluating effects of highintensity Dynamic Light Application (DLA) on ICU patients, we sought to investigate effects
of DLA on nurses.
Objectives
To determine whether DLA improves cognitive performance, self-reported depressive
symptoms, fatigue, alertness and wellbeing in ICU nurses.
Methods
This was a single centre cross-over study in a mixed medical and surgical ICU of a teaching
hospital in the Netherlands. 10 registered ICU nurses were randomly divided into two
groups, working alternately a period of 3 to 4 days in patient rooms with DLA and a period
of 3 to 4 days in control lighting settings. DLA was administered through ceiling mounted
fluorescent tubes delivering bluish white light up to 1700 lux during daytime compared to
300 lux in control settings. Cognitive performance, self-reported depressive symptoms,
fatigue and wellbeing before and after each period were assessed using validated cognitive
tests and questionnaires.
Results
No significant differences were found in cognitive performance and self-reported depressive
symptoms and fatigue. Significant lower scores on subjective wellbeing were found in the
DLA period.
Conclusions
In this study, daytime lighting conditions did not impact ICU nurses’ cognitive performance,
perceived depressive symptoms and fatigue. Perceived quality of life, predominantly in the
psychological and environmental domain was lower for ICU nurses working in DLA.
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Introduction
Due to their critical illness, patients in the intensive care unit (ICU) require intensive
monitoring and multiple interventions each day, each of which is prone for error. On average
1.7 errors occur per patient per day resulting in an increased ICU Length of Stay (LOS) [1, 2].
Among precipitating factors, rotating shifts and high work pressure among nursing staff
are frequently reported, leading to fatigue and decreased alertness [3]. Therefore improving
alertness may be a promising strategy in order to reduce the burden of iatrogenesis.
Environmental light exposure has profound effects on humans in health and disease [4].
Besides providing visual information of the environment, light has a broad spectrum of
physiological effects, mainly mediated through its influence on the circadian rhythm. The
release of the neurohormone melatonin is the main effector of the circadian system and its
release is suppressed by light exposure. Blue enriched light with a wavelength of 450 nm
appears to be most responsible for triggering this system [5, 6]. Apart from entraining the
biological clock, light exposure also influences other neurobehavioral responses. Recently,
blue enriched light was found to enhance cognitive performance for tasks of sustained
attention [7]. However, literature on the effect of lighting therapy on the performance of
nurses is scarce. Some studies suggest a beneficial effect of brief bright light exposure or
find improved alertness in nurses exposed to bright light during their night shift compared to
dim light conditions [8, 9].
In 2011, a special lighting system was installed in the ICU of the Jeroen Bosch Hospital
offering a changing light intensity and color during 24 hours of the day with mainly brighter
and blue enriched light in the morning and afternoon when compared to standard lighting
settings. We hypothesized that working in these lighting conditions would have a beneficial
effect on alertness and wellbeing of nursing staff. We therefore performed a cross-over
study to determine the effect of daytime DLA on cognitive function, and self-reported
measures of well-being in ten ICU nurses.

Methods
Study design
Recently, the study “Dynamic Light Application to prevent ICU acquired delirium” was
performed at the ICU of the Jeroen Bosch Hospital in ‘s-Hertogenbosch, the Netherlands.
This 730 bed teaching hospital has a mixed medical and surgical ICU of 16 beds, of which
12 rooms have direct daylight access. In this study, ICU patients were randomized to receive
either dynamic, high intensity lighting (DLA) or standard lighting settings [10]. To determine
effects of DLA on nursing staff, a study was performed in ICU nurses to evaluate effects
on cognitive performance and mental wellbeing. To minimize the risk of bias, a cross-over
design was used whereby participants were exposed to a period of DLA followed by a
period of normal light exposure and vice versa.
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Lighting System
Dynamic Lighting Application (DLA) is a modality offering different light intensities and
colors according to a fixed rhythm, using conventional, ceiling-mounted fluorescent tubes
inside the patient rooms. In the intervention setting, lighting levels rose to an illuminance
level of 1700 lux and color temperature of 4300 Kelvin between 9:00 hrs. and 16:00 hrs.
with the exception of a 90 minute period of low lighting level (300 lux) between 11:30 hrs.
and 13:30 hrs., to allow for a period of rest for the patient. After 16:00 hrs., lighting levels
gradually dropped to 300 lux until 22:30 hrs., after which the lighting system switched off
automatically. The lights could not be turned off inside the room, but only from a central
module by the investigators. In the control period, standard lighting settings with an
illuminance level of 300 lux and color temperature of 3000K were used. The light could be
turned on and off in the room. In both DLA and control setting, the light could be put in a
bright setting (1000 lux) to perform procedures. Further details regarding the DLA study have
been published recently [10].
Participants and procedures
The ICU of the Jeroen Bosch hospital has approximately 60 fulltime equivalent nursing staff.
During daytime shifts, nurses are assigned to patients in a 1:1 ratio. Nurses remained in the
room fitted with DLA during their whole shift, except for short breaks and supporting nursing
care in other patients. All registered ICU nurses were given information regarding this study
and were invited to participate on a voluntary basis. After consultation of the medical ethical
committee, formal ethical review was deemed unnecessary since no patients were involved
and the study was approved by the employees’ council of the Jeroen Bosch Hospital.
After obtaining informed consent, participants were divided into two groups. In the first
group, participants were scheduled to work at least three to maximum four consecutive
daytime shifts (07:15 -16:00 hrs.) with patients in patient rooms, where the light was set
to DLA. After a washout period of at least 28 days, the participants were subsequently
scheduled to at least three to maximum four daytime shifts in patient rooms with standard
lighting settings. In the other group, the participants started with at least three to maximum
four daytime shifts in standard lighting settings and after the same washout period, were
assigned to four daytime shifts in patient rooms with DLA setting. Masking of participant
allocation was not possible, due to the nature of the intervention.
Assessment of cognitive performance
Before and directly after each test period, participants were asked to undergo cognitive
performance tasks. Cognitive performance was assessed using two validated computer
based tests, the Test Of Divided Attention (TODA) and the Test Of Selective Sustained
Attention (TOSSA) [11, 12]. Both tests are constructed on a sample of healthy subjects, are
sensitive and standardized, have a short measurement duration and are less strenuous
for participants compared to other attention tests. Both tests were taken by two research
nurses who were trained by an experienced neuropsychologist.
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TODA is used for the assessment of divided attention across aural and visual stimuli.
Participants listen to groups of 2, 3 or 4 beeps and need to distinguish the groups of three
beeps, simultaneously determining the correctness of a sum (under 10). TODA produces a
percentile score (range 0-100%) as a measure of the functioning of divided attention. Scores
< 5th percentile are indicative of a possible attention disorder [11].
TOSSA is used for the assessment of selective sustained attention using aural stimuli.
Participants listen to groups of 2, 3, or 4 beeps and need to distinguish the groups of 3
beeps by pushing the spacebar as quickly as possible. TOSSA produces three percentile
scores (range 0-100%): Concentration Strength (CS) which is defined as the intensity of the
concentration, the Detection Strength (DS) which is the percentage of correct responses
and the Response Inhibition Strength (RIS) defined as the strength with which the impulse to
react on a distracter (2 or 4 beeps) can be repressed [12].
To prevent the influence of a learning effect on the performance on these tests, participants
performed a practice session of both tests one time before the actual study started.
Assessment of psychological wellbeing
Information on subjective wellbeing, mental health and sleep quality of ICU nurses was
assessed using the Center for Epidemiologic Studies Depression scale (CES-D), the Fatigue
Assessment Scale (FAS), World Health Organization Quality Of Life abbreviated version
(WHOQOL-BREF) and an additional questionnaire specific for this study.
The CES-D is a self-reported 16 item-questionnaire which measures how often participants
had experienced depressive symptoms in the week before on a 4-point Likert scale. It
is a valid and reliable assessment tool measuring depressive symptoms, especially in
healthy subjects [11]. Total score ranges from 0-48 points, with higher scores denoting a
higher frequency of depressive symptoms experienced. The FAS is a reliable self-reported
questionnaire measuring participant’s symptoms of fatigue, which are representative for the
Dutch population [13, 14]. Items are scored on a 5 point Likert-scale. Total scores range from
0-40 points with higher scores denoting more fatigue.
The WHOQOL-BREF is used to measure the participant’s quality of life. It consists of 26
items with a 5-point Likert scale measuring quality of life, within the physical, psychological,
social and environmental domain and a global evaluation of overall quality of life and
health. Cronbach alpha values for each of the four domain scores range from .66 to .84,
demonstrating good internal consistency [15]. Based on discussions with experienced
ICU nurses, an additional questionnaire was developed to obtain baseline characteristics
(physical health problems, psychiatric health problems, use of psychotropic medication),
as well as subjective measures of alertness/fatigue (see figure 1). Questionnaires were
anonymised and processed by MM who was not directly linked to the ICU department.
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General questions:
• Age
• Gender
• Marital status
• Working hours during research period
Specific questions:
• Physical health problems
• Psychiatric health problems
• Use of (psychotropic) medication
• Sleep experience
• Daily questions:
NRS (0-10)
Sleeping quality
bad - good
Feeling dull
not dull - very dull
Feeling good
bad - good
Subjective sleep duration
minimum hours slept - maximum hours slept
Activity
not active – very active
Positive thoughts
negative thoughts – positive thoughts
Positive events
negative events – positive events
• Experience working in lighting and type of lighting
Figure 1: ‘diary’ questionnaire consisting of baseline characteristics as well as questions involving subjective
wellbeing; daily scores were filled in using a numeric rating scale (NRS)

Outcome measures
The primary outcome was the effect of DLA on cognitive performance using TODA en
TOSSA. Secondary outcomes included effects of DLA on sleep quality, depressive
symptoms, fatigue, and quality of life using the CES-D, FAS, WHOQoL-BREF and the selfconstructed questionnaire.
Statistical analysis
General and demographic measures were depicted using descriptive statistics as
appropriate. Syntax formats were used to analyze the outcomes of the CES-D, the FAS
and the WHOQoL-BREF. Difference scores for the variables from the self-constructed
questionnaire were analyzed using the participant’s maximum exposure time. Therefore,
the first and last measurement moments of the working period were used to compute
the difference scores, whereafter the delta (di) of these scores was used for comparison
between DLA and the control period. Normally distributed continuous data were compared
using Student’s T-test. Wilcoxon Signed-Rank tests were used for non-parametric data.
Delta (di) scores were computed and analyzed for statistical differences. All data were
analyzed using SPSS (IBM, version 22).
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Results
Between January 31st and March 31st 2013, ten ICU nurses were included in this study.
Mean age of participants was 34 year and 70% was female. Participants worked a similar
amount of hours in the DLA period and control period. Baseline characteristics are shown in
table 1.
Variable

DLA

Age, mean (SD)

34 (12)

Male, N (%)

3 (30)

Marital status (married/cohabitant), N (%)

7 (70)

Health problems, N (%)
- Physical problems

4 (40)

- Mental problems

0 (0)

Use of medication, N (%)

2 (20)

Working hours, mean (SD)
- Control period

39 (6)

- DLA period

41 (6)

Table 1: Baseline characteristics

Cognitive Performance
Scores on the TODA changed from 91.3 before the testing period to 94.5 after the testing
period in the control period and from 93.9 to 93.1 in the DLA period (p=0.06). Scores on
all outcome measures of the TOSSA (CS, DS and RIS) did not change significantly in both
periods after each testing period (see table 2).
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Variable

DLA
(before)

DLA
(after)

di

Control
(before)

Control
(after)

di

p-value*

93.9 (9.7)

93.1 (11.0)

-.7

91.3 (10.9)

94.5 (8.1)

3.3

.06

CS: Concentration Strength

94.2 (9.2)

95.0 (9.0)

.8

91.6 (19.1)

95.4 (7.3)

3.8

.92

DS: Detection Strength

95.2 (8.3)

95.8 (8.3)

.6

92.9 (17.6)

96.5 (5.7)

3.5

.89

RIS: Response Inhibition Strength 99.0 (1.3)

99.2 (1.1)

5.0

98.5 (3.5)

98.8 (2.1)

7.3

.87

2.3 (2.3)

.4

2.4 (2.8)

2.4 (2.5)

0

.61

.2

17.8 (3.3)

17.4 (3.5)

-.4

.40

Cognitive performance
- TODA, mean (SD)
- TOSSA, mean (SD)

Mental Health
- CES-D, mean (SD)

1.9 (2.4)

- FAS, mean (SD)

16.9 (2.5)

- WHOQOL-BREF, mean (SD)

109.7 (4.9)

108.0 (4.9)

-1.7

103.9 (7.4)

112.5 (6.0)

8.6

<.01

Overall QoL and health

9.2 (0.8)

8.6 (0.8)

-.6

8.8 (1.1)

9.0 (0.9)

.2

.10

Domain 1: Physical health

16.7 (0.8)

16.9 (0.8)

.2

16.3 (1.3)

16.8 (1.0)

.5

.31

Domain 2: Psychological health

16.2 (0.8)

15.9 (0.8)

-.3

16.2 (1.4)

16.8 (1.0)

.6

.05

Domain 3: Social relationships

17.2 (1.3)

16.9 (0.9)

-.3

17.5 (1.6)

18.0 (1.6)

.5

.08

Domain 4: Environment

17.1 (1.4)

16.8 (1.2)

-.2

16.8 (1.1)

17.7 (1.2)

.9

.01

Sleep quality

8.0 [7.0-9.0]

7.0 [7.0-8.3]

-.2

8.5 [5.8-10]

8.0 [6.5-8.0] -.3

.78

Feeling dull

8.0 [6.8-8.3] 6.0 [2.8-9.0] -1.9

7.5 [5.8-8.3]

8.0 [6.0-8.0] .6

.15

Feeling good

9.0 [8.0-9.0] 8.0 [7.3-9.0]

-0.8

8.5 [7.0-9.0]

8.0 [7.0-9.0]

-.4

.61

Subjective sleep duration

8.0 [6.8-8.3] 5.5 [5.0-7.0]

-1.2

7.0 [6.0-8.3]

6.0 [5.0-7.0]

-1.0 .95

Activity

8.0 [6.8-9.0] 7.5 [6.8-8.0]

-.4

8.0 [7.0-8.0]

7.0 [7.0-8.5]

.4

.40

Positive thoughts

8.0 [7.3-9.3]

.8

9.0 [7.8-10.0]

8.0 [7.0-9.0]

0

.34

Positive events

8.0 [6.5-9.0] 8.0 [6.3-8.3] 0.3

8.0 [7.0-10.0]

9.0 [7.0-9.0]

0.2

.86

17.1 (2.9)
1

2

- Diary, median [IQR]

8.0 [7.8-8.5]

Table 2 Clinical outcomes; data are collected directly prior to (before) and after the specified testing period;
di denotes the difference between these scores. 1 p=0.008 for difference between DLA before and Control before.
2

p=0.006 for difference between DLA after and Control after

Questionnaires
Average CES-D scores did not change significantly during both the DLA period and the
control period (from 1.9 to 2.3 and from 2.4 to 2.4, respectively (p=0.61). Changes in selfreported fatigue over time did not differ between the two testing conditions (DLA 16.9 – 17.1
vs. Control 17.8 – 17.4, respectively (p = .77). Total scores for self-reported quality of life,
measured by WHOQoL-BREF, decreased from 109.7 to 108.0 during the testing period in
the DLA period and improved from 103.9 to 112.5 in the control period (difference score
during testing period -1.7 in DLA period vs. +8.6 in control period, p=0.01). Significant
changes were observed within the domain of psychological health (difference score during
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testing period -0.3 in the DLA period vs. +0.6 in the control period, p=0.05 and environment
(difference score during testing -0.3 in the DLA period vs. +0.9 in the control period, p=0.01)
(see table 2).
Experiences & adverse events
DLA was generally well tolerated by nurses. Some participants experienced a large transition
of light perception switching between normally lit rooms and DLA room during their DLA
period. The DLA was very bright, but nurses got used to it after prolonged exposure. Some
participants reported feeling more ‘awake’, ’alert’ or more ‘focused’. These participants
additionally reported the DLA as a comfortable working environment. Two participants
reported headaches from constantly squinting their eyes, due to the DLA brightness.

Discussion
Critical care nursing involves care of the most ill and vulnerable patients and improvement
of alertness and objective performance among nursing staff appears to be a reasonable
target to improve care for these patients. In this cross-over study, we found no differences
in cognitive performance, fatigue and depressive feelings of ICU nurses when working in
an environment of enhanced light levels compared when working in an environment of
normal light levels. Interestingly, we found a significant increase of subjective well-being,
more specifically in the psychological and environmental domains of the WHOQoL-BREF,
in nurses working in control lighting settings as compared to DLA. No differences were
found for the global evaluation of QoL and health and subjective well-being regarding
physical health and social relationships. While the differences themselves were small in
absolute sense, self-evaluated quality of life in the control period at the start of the test was
significantly lower in the control period than in the DLA period (103.9 vs. 109.7, p=0.008)
and improved during the testing period to a significant higher value after the testing period
(Control 112.5 vs. DLA 108.0, p=0.006).
Bluish light with a wavelength of approximately 460 nm is able to directly trigger specific
regions in the brain involved in vigilance and psychomotor function [16]. Studies have
demonstrated improved alertness and objective performance in simulated working
environments with higher light intensities and in otherwise dim light conditions[7, 17, 18].
Literature on effects of lighting exposure on cognitive performance and wellbeing in nursing
care is scarce. To our knowledge, this is the first study to investigate an enhanced lighting
system on cognitive performance and subjective wellbeing in a daily ICU setting.
Several reasons may explain our findings. First, while bright light exposure has shown
beneficial effects in specific conditions, it is only one of many factors influencing cognitive
performance and wellbeing. Especially shift work, personal stress, physical complaints
and sleep quality all are major contributors to subjective wellbeing and occur frequently in
nursing [3]. Disturbances of the circadian rhythm, often found in shift work conditions, are
associated with negative effects on physical, cognitive and emotional functioning [19-23].
The abovementioned factors may play such a large role, that the light therapy itself is unable
to alter feelings of cognitive performance, wellbeing, depression or fatigue.
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Second, light exposure in the control period may be of sufficient magnitude that no
additional alerting effect is found when increasing the light intensity. Recent research on
effects of bright light on alertness and performance during in experimental evening and
nighttime settings in healthy subjects found improved alertness an performance when
using bright light compared to dim light settings [7, 18]. Investigating effects of bright light in
otherwise dim light situations in nursing care may be promising, but practical realization is
obviously difficult because of opposing lighting needs between patients and staff especially
during nighttime.
Third, differences in perceived wellbeing at baseline between groups, as found in the
WHOQoL-BREF domain scores might be related to expected benefits of working in DLA or
might just be serendipitous findings. Although differences between groups over time are
controlled for by the cross-over design, no conclusion can be inferred because of the small
sample size. Additionally, divergent findings can also be explained by the limited range
of depression scores, possibly due to the short period between baseline and follow-up
measurements. A negative effect of DLA, thereby preventing an improvement of QoL as
found in the control period appears to be unlikely, yet cannot be entirely excluded. Fourth,
in our study, four participants indicated to have physical complaints, of which two originated
during the washout period, but since this happened in both periods it seems unlikely that
this has influenced the outcomes.
Finally, we did not measure number of errors in this small study; while we did not find
positive effect of bright light exposure on alertness or wellbeing, beneficial effects on
reduction in number of errors still may be possible, however seem unlikely.
Several limitations of this study should be addressed. Due to practical reasons, we were
not able to increase the duration of the daytime shifts for longer than four consecutive days.
Shift work is associated with circadian disruption and realignment of circadian rhythmicity
may take up to one month to occur [24] . Second, our lighting system only provided high
intensity light inside the patient rooms. Nursing care does not only take place inside the
patients room, but also involves preparation of medication, retrieving materials and providing
help with other patients, all of which takes place outside the brightly lit rooms. Studies
have shown that the non-visual effects of light are time and intensity dependent in such
a manner that increased duration and/or higher intensity of exposure triggered larger and
longer lasting effects on cognitive performance [25, 26]. This may mean that the cumulative
exposure to the DLA was too short to have clinical relevant effects on the primary and
secondary outcome.
We did not actually measure light exposure on the participants, however, in the RCT
evaluating effect of DLA on delirium incidence, lighting levels in DLA rooms were significantly
higher than in control rooms [10], suggesting that participants within these rooms also
received higher lighting levels.
Obviously, because of the nature of the intervention, participants were aware of their
assigned lighting schedule; although this appears to be less relevant in a negative study, this
still may have introduced bias. Finally, we did not take into account the type of patient and
the workload the participants had to deliver, which may have influenced subjective wellbeing
and cognitive performance.
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Up to now, most research on effects of environmental light has been performed in
experimental settings. In this study we investigated effects of lighting therapy in a
real working environment. In this cross-over study we were not able to demonstrate
improvement of cognitive performance or psychological functioning. Future research should
focus on longer duration of light exposure and possibly higher light intensities in the whole
working area, especially during dim light conditions, as well as effects of lighting therapy on
number of errors in daily ICU nursing.
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Abstract
Background
Neuroinflammation is thought to play an important role in the pathogenesis of ICU acquired
delirium, but the association of inflammatory and brain specific proteins with ICU delirium
is poor. We investigated whether or not serial determinations of markers may improve this
association.
Methods
Critically ill patients with a high risk for ICU delirium and with an ICU length of stay of at
least 6 days were included in the study. Blood was drawn on days 1, 2, 4 and 6 after ICU
admission and analyzed for different markers of inflammation and several brain proteins.
Differences in courses over time prior to and following the onset of delirium, as well as
absolute differences over time were analyzed in patients with and without delirium using
repeated measurement analysis of variance. In addition, a cross-sectional analysis of levels
of these markers before the first onset of delirium was performed.
Results
Fifty patients were included in this study. In the longitudinal analysis, there were no
differences in levels of any of the markers immediately prior to and following the onset
of delirium, but overall, median levels of adiponectin (9019 [ IQR 5776-15442] vs. 6148
[IQR 4447-8742] ng/ml, p=0.05) were significantly higher in delirium patients compared to
non-delirium patients. In the cross-sectional analysis, median levels of the brain protein
Tau (90 [IQR 46-224] vs. 31 [IQR 31-52] pg/ml, p= 0.009) and the ratio Tau/ amyloid
β1-42(1.42 [IQR 0.9-2.57] vs. 0.68 [IQR 0.54-0.96], p=0.003) were significantly higher in
patients with hypoactive delirium compared to non-delirium patients. Levels of neopterin
(111 [IQR 37-111] vs. 29 [IQR 16-64] mmol/l, p= 0.004) and IL-10 (28 [IQR 12-39] vs. 9
[IQR 4-12] pg/ml, p=0.001) were significantly higher in hypoactive delirium patients
compared to mixed type delirium patients.
Conclusions
While differences in markers (adiponectin and several brain proteins) between delirium and
non-delirium patients are present, the development of delirium is not preceded by a change
in biomarker profile of inflammatory markers or brain proteins. Hypoactive delirium patients
account for the observed differences in biomarkers.
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Background
ICU acquired delirium is a frequently occurring problem in critically ill patients and is
independently associated with a myriad of negative short term and long-term outcomes
[1-3]. While recent research showed that many risk factors are associated with the
development of delirium, its pathogenesis is still incompletely understood and involves a
combination of predisposing and precipitating factors [4]. In recent years, the inflammatory
response as a trigger for brain damage and its clinical substrate, delirium, has been subject
of investigation. This neuro-inflammatory hypothesis assumes a systemic inflammatory
response which stimulates release of cytokines in the brain by microglial cells. The cerebral
cytokine release leads to a spectrum of clinical symptoms, ranging from a relative mild
sickness behavior syndrome to full blown delirium [5, 6]. Indeed, associations between
levels of pro-inflammatory markers and the presence of delirium have been found in ICU and
non-ICU patients [7-10]. Also serum levels of other biomarkers, involved in the inflammatory
response, such as neopterin and Monocyte Chemoattractant Protein -1 (MCP-1) are found
in higher concentrations in delirium patients [11, 12]. Interestingly, also markers of brain
damage have been associated with delirium [9, 13, 14].
Also in ICU patients, levels of pro- and anti-inflammatory cytokines, as well as adiponectin
are associated with delirium [9, 10]. Since the levels of biomarkers, as well as the
development of delirium, may change over time, serial measurements of biomarkers may
further elucidate the interplay between inflammation and neuronal injury. However, up to
now, only a limited number of studies with a time-series design have been performed in
ICU patients. Higher levels of IL-6 in delirium patients and an association between S-100B
concentrations and duration of delirium appear to be present [15, 16]. However, only a limited
number of biomarkers or a limited number of time points were analyzed. To gain more
insight in the prediction and development of delirium per se, the aim of our study is therefore
to determine whether levels of inflammatory biomarkers, proteins, and brain proteins, show a
different course, compared to controls, before and after the actual development of delirium.
Additionally, a cross-sectional analysis of these markers prior to the first occurrence of
delirium, thereby discriminating between the subtypes of delirium, will be performed.

Methods
Study design
This biomarker study was part of the “Dynamic Light Application to reduce ICU-acquired
delirium” study (clinicaltrials.gov number: NCT 01274819) which was a single center
randomized controlled trial, published elsewhere [17]. In this study no difference on any
measured outcome was found between the intervention and the control group. The study
was approved by the regional medical ethical committee (registration number M392 NL
34780.028.10, Medisch Ethische Toetsing Onderzoek bij Patiënten en Proefpersonen
(METOPP), Tilburg, the Netherlands). A preplanned longitudinal case-control subgroup
analysis of biomarkers in patients with a high risk to develop ICU delirium was part of the
original protocol.
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Patients and procedures
Inclusion and exclusion criteria of the Dynamic Light Application (DLA) study are reported
previously [17]. Between 2011 and 2013 a total of 734 patients, who were not suffering from
delirium at time of the inclusion, were included in the DLA study. For our biomarker substudy
we planned to evaluate approximately 200 patients with a high risk of delirium. Patients were
therefore eligible if they had a predicted ICU delirium risk of >40% using the validated PREDELIRIC model [18]. Since we wished to investigate if there was a biomarker that showed
an increase just before the development of delirium, only patients with a length-of-stay of at
least 6 days were included and patients that remained comatose during the first seven ICU
days were excluded. For the same reason, also patients who developed delirium after six
days of ICU admission were excluded. Blood was drawn from an indwelling arterial catheter
on the morning after their ICU admission at 0800 hrs. (T=1), and, at the same time, on days
2, 4 and 6. Blood samples were centrifuged and plasma was stored at -70°C until analysis.
Delirium assessment
Delirium was assessed using the Confusion Assessment Method for the ICU (CAM-ICU).
This widely used and validated instrument has a good performance [19] and was performed
at least three times per day as part of normal care. During the study period, the quality of the
CAM-ICU assessments were tested bimonthly by delirium expert nurses to check for interobserver reliability which remained good during the study, with a mean Cohen’s κ of 0.79
(n=178). Patients were considered as having delirium if the CAM-ICU positive at least one
time within the first 7 days of their ICU admission. Delirium was assessed on a daily basis; if
at least one CAM-ICU screening was positive on a day, this was considered to be a ‘delirium
day’. It was then determined if there was a peak in biomarkers just before the onset of
delirium. Importantly, in the setting of sedative use, patients with only one positive CAM-ICU
screening during their admission, with a Richmond Agitation and Sedation Score (RASS)
of -1/-3, were considered having a rapidly reversible sedation-related delirium [20]. These
patients were not considered as true delirious patients. Patients who developed delirium
after 6 days in the ICU, as well as patients who were comatose during the measurement
period (defined as a persistent RASS of -4 or less) were excluded. In all patients the subtype
of delirium was defined by means of the RASS score according to the Peterson criteria [21];
If the RASS was persistently zero or less during the time that delirium was present, this was
considered to be a hypoactive delirium, if not directly related to the use of sedatives. If the
RASS was below as well as above 0 during delirium, this was considered to be a mixed type
delirium, and patients with delirium who had consistently a RASS of above 0 were identified
as hyperactive delirium.
Biomarkers
Concentrations of the pro-inflammatory cytokines tumor necrosis factor (TNF)-α, Interleukin
(IL)-6 and IL-1β, anti-inflammatory cytokine IL-10 and the chemotactic cytokine MCP-1 were
determined in Ethylenediaminetetraacetic-(EDTA) anticoagulated plasma by a simultaneous
multiplex immuno assay, according to the manufacturer’s instructions (Bio-Plex, BioRad,
Hercules, California, USA). The lower detection limit for all cytokines was 4 pg/mL.
Concentrations of Adiponectin, Neopterin and total Tau-protein were determined in EDTA
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anticoagulated plasma using Enzyme Linked Immuno Sorbent Assays (ELISA), according to
the manufacturer’s instructions (R&D systems, Abingdon, United Kingdom, IBL international
GmbH, Hamburg, Germany and Life technologies, Bleiswijk, The Netherlands). The lower
limits of detection were 390 ng/mL for Adiponectin, 1.35 nmol/L for Neopterin and 31.25 pg/
mL for Tau-protein. Levels of Adiponectin were corrected for body mass index of the patient.
Brain specific proteins full length amyloid β1-42 and 1-40 (Aβ1-42 and Aβ1-40) were determined
in EDTA plasma by using a simultaneous Luminex assay (INNO-BIA plasma Aβ forms;
Fujirebio, Gent, Belgium). Lower limit of detection was 18 pg/mL for both Aβ1-40 and Aβ1-42.
Statistics
The course over time in levels of the markers was evaluated prior to, or following delirium
occurrence. The day of delirium occurrence was taken as a reference point, and the days
that blood was drawn (admission days 1, 2, 4 and 6) were recoded based on this time point.
For example, if delirium occurred on admission day 4 biomarkers were analyzed on time
point t-3 (admission day 1), t-2 (admission day 2), t (admission day 4) and t+2 ( admission
day 6). For comparison with the control group, the median day of delirium occurrence in the
delirium-group (i.e. day 3) was used for the non-delirious patients. This means that in these
patient blood was drawn on t-2 (admission day 1), t-1 (admission dag 2), t+1 (admission day
4) and t+3 (admission day 6) (see additional file 1).
A cross-sectional analysis of differences in levels of biomarkers one day before occurrence
of delirium was performed. Average values of the biomarkers before the first occurrence of
delirium were calculated by taking the exact value of the biomarker if it was taken on the day
before the first occurrence of delirium or by averaging the value of the biomarker taken the
day before and the day of the occurrence of delirium in case delirium occurred on days that
no blood was drawn for analysis (i.e. day 3). For patients, that did not develop delirium, the
value of the biomarker on the day before delirium occurred on average in the delirium group
was used. In cases where delirium was already present on the day of the first time point, the
value of that sample was used (additional file 1).
Differences in baseline characteristics between delirium and non-delirium patients were
tested using χ2- test for categorical variables and the Students T-test or Mann-Whitney
U-test for normally or non-normally distributed variables, respectively. The relation between
the biomarker levels over time and the presence of delirium was assessed using a repeated
measures ANOVA (RM-ANOVA) whereby the between-subject factor group Delirium and
Non-delirium was reported and which was adjusted for variables that were significantly
different between delirium and non-delirium patients. Due to the fact that the assumptions
of homogeneity and sphericity were violated, Greenhouse-Geisser correction was used.
Since several biomarkers showed a skewed distribution, biomarkers were log-transformed
allowing to perform RM-ANOVA tests. Due to the exploratory nature of the longitudinal part
of this study no correction for multiple testing was performed in order to increase sensitivity
to detect differences between groups.
Differences between non-delirium and the subtypes of delirium and the biomarkers were
tested using Mann-Whitney U-test. All statistical analyses were performed using SPSS
version 22.
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Results
Between July 2011 and September 2012 187 patients, included in the DLA study, with a high
risk of delirium were evaluated for this study. Of these patients, 101 were discharged within
6 days of ICU admission and therefore a total of 86 patients were included in this study
(see Figure 1). Of these patients, 27 (31%) had a persistent coma during the first week, 6
(7.0%) patients developed delirium after 6 days of ICU admission and of 3 (3.5%) patients,
blood was drawn on other days than scheduled. As a result, 50 patients were analyzed for
this longitudinal study with a mean age of 72 years (±10.3) of which 36 (74%) patients were
male (table 1). Delirium occurred in 35 (70%) patients. Patients in the delirium group were
significantly older than non-delirious patients ( 73 vs. 67 years, p=0.03 but furthermore there
were no significant differences between the two groups regarding baseline demographic
characteristics, although more patients tended to be admitted with sepsis in the delirium
group compared with the non-delirium group (46% vs. 20%, p=0.08).
Hypoactive delirium was present in 11 (31%) patients, mixed type in 23 (66%) patients, and
hyperactive subtype of delirium in 1 (3%) patient. There were no significant differences
in ICU or hospital length of stay or hospital mortality between delirium and non-delirium
patients (table 1).
Longitudinal analysis
The median day of development of delirium was on day 3 [IQR 2-4] after ICU admission. No
differences in course over time of levels of the markers prior to the onset of delirium, as well
as the time course following the onset of delirium were observed between patients who did
or did not develop delirium (table 2 and figure 2).
Over time, levels of adiponectin remained significantly higher in delirium patients compared
to non-delirium patients (table 2 and additional file 2). Within subject analysis showed that
levels of IL-6, IL-10 and MCP-1 decreased significantly over time in both groups, but were
not different between delirium and non-delirium patients. All other markers showed no
significant differences over time between groups. Values of Tau-protein, Aβ1-40 and Aβ1-42
remained stable during the measurement period. 178/200 (89%) of the measurements of IL1β, 126/200 (63%) of the measurements of TNF-α and 48/200 (24%) of the measurements of
neopterin were below the detection limit.
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Figure 1: enrolment scheme
This flowchart shows the selection of patients for the current study; to enable serial sampling, only patients with an
ICU length of stay of at least 6 days were selected.
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Delirium
(n=35)

No delirium
(n=15)

Differences
(p-value)

Age in years, mean (SD)

73 (9.9)

67 (10)

0.03

Male, n (%)

23 (66)

13 (87)

0.12

- Surgical (%)

8 (23)

3 (20)

- Medical (%)

26 (74)

10 (67)

- Neurotrauma (%)

1 (3)

2 (13)

APACHE-II score (SD)

26 (7)

28 (9)

0.42

Sepsis (no. of patients, %)

16 (46)

3 (20)

0.08

PRE-DELIRIC score (mean, SD)

78 (18)

74 (19)

0.45

History of cognitive disorder, n (%)

4 (11)

1 (7)

0.52

Diabetes Mellitus, n (%)

5 (14)

1 (7)

0.41

COPD, n (%)

1 (3)

2 (13)

0.21

Acute kidney injury, n (%)

12 (34)

3 (20)

0.25

Cardiovascular disease n (%)

1 (3)

1 (7)

0.51

Use of steroids n (%)

18 (51)

8 (53)

0.57

Study arm (DLA) n (%)

19 (54)

8 (53)

0.6

Intubation, n (%)

31(89)

14(93)

0.52

Hours of mechanical ventilation, median [IQR]

158 [96-281]

194 [116-383]

0.58

LOS-ICU in days, median [IQR]

12 [10-19]

15 [9-24]

0.45

LOS-hospital in days, median [IQR]

30 [17-42]

35 [19-50]

0.79

Hospital mortality (%)

12 (34)

3 (20)

0.25

Admission type:
0.35

Table 1: baseline characteristics of the study population

Cross-sectional analysis
Delirium versus non-delirium patients
In three patients, delirium occurred before the first blood sampling and in these cases the
first value of the biomarkers was used for analysis. Since only one patient was diagnosed
with a hyperactive form of delirium, we did not include this patient in the subgroup analysis.
We found no differences in levels of inflammatory or brain-specific markers one day before
the development of delirium (see table 3).

98 | Chapter 7

Differences between subtypes of delirium and non-delirium patients
When differentiated between clinical subtypes of delirium, levels of Tau-protein and the ratio
Tau/Aβ1-42 was significantly higher in the hypoactive delirium group compared to the nondelirium group (median 90 [IQR 46-224] versus 31.25 [IQR 31.25-52] pg/ml, p=0.009 and
median 1.42 [IQR 0.90-2.57] versus median 0.69 [IQR 0.54-0.96] p=0.003, respectively;
see table 3). Additionally, in the subgroup of patients with hypoactive delirium, levels of
neopterin and IL-10 were significantly higher than in the mixed type delirium group (median
111 [IQR 37-111] versus median 29 [IQR 16-64] mg/l, p=0.004 and median 28 [IQR 12-39]
versus median 9 [IQR 4-12] pg/ml, p=0.001).

Discussion
In this longitudinal case control study we found that levels of inflammatory as well as
brain proteins did not show different courses immediately prior to, as well as following the
occurrence of delirium compared to patients that did not develop delirium. However, levels
of adiponectin over time remained significantly higher in patients with delirium compared
to those without. In the cross sectional analysis, we found that in patients with hypoactive
delirium levels of Tau and the ratio Tau/Aβ1-42 were significantly higher compared with
non-delirium patients . Levels of neopterin and IL-10 were significantly higher compared to
patients with mixed type delirium.
Several studies in non-ICU patients found levels of IL-6, IL-8 to be most strongly correlated
with the development of delirium [22, 23]. Because delirium is also associated with neuronal
damage, markers of neuronal damage were also found to be elevated in delirium patients
[8, 13]. Since the exact time point at which delirium occurs, as well as its underlying
pathophysiological substrate, is often unclear, different time points may yield different
markers to be elevated, based on the timing of the primary insult as well as kinetics of the
specific biomarker involved. This may explain why no single biomarker has consistently
demonstrated an association with delirium across different patients groups and disease
etiologies. Also, theoretically the accuracy of biomarkers to predict the development of
delirium might be better, just before delirium occurs. In our study we explored the time
course of several biomarkers the days prior to, as well as following the occurrence of
delirium. While associations between many markers and delirium have been investigated,
including Insulin like growth factor, S-100B, and genetic markers such as the ApoE gene
[24], we advanced on our earlier data [9] and selected a relevant subset of pro- and antiinflammatory markers, brain specific proteins and new promising markers in line with
previous ICU studies.
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250 [82-1300]

4 [4-8]

12 [7-25]

37 [18-91]

233 [141-642]

IL 6 (pg/mL)

IL 1 beta (pg/mL)

IL 10 (pg/mL)

Neopterin (mmol/L)

MCP-1 (pg/mL)

0.90 [0.59-1.70]

Table 2: median levels [interquartile range] of biomarkers over time

0.83 [0.56-1.43]

Ratio tau/ Aβ1-42

0.68 [0.50-1.19]

31.25 [31.25101]

177 [146-243]

Tau-protein (pg/mL) 31.25 [31.25-59] 31.25 [31.25120]

181 [155-280]

0.89 [0.74-1.29]

31.25 [31.2587]

177 [146-246]

169 [125-212]

0.68 [0.59-0.96] 0.71 [0.53-1.03]

31.25 [31.25-52] 31.25 [31.2569]

165 [135-232]

0.28 [0.24-0.36] 0.28 [0.23-0.32] 0.28 [0.23-0.35] 0.26 [0.22-0.36] 0.34 [0.25-0.38] 0.33 [0.27-0.46]
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Figure 2: time-course of median values of biomarkers before and after the occurrence of delirium
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Table 3: cross-sectional analysis of biomarkers 1 day prior to clinical occurrence of delirium; data are expressed as
medians [IQR]
1

p=0.001 for difference between hypoactive delirium and mixed type delirium; 2 p=0.004 for difference between

hypoactive delirium and mixed type delirium; 3 p=0.009 for difference between hypoactive delirium and no delirium;
4

p=0.003 for difference between hypoactive delirium and no delirium

Based on the neuroinflammatory hypothesis [25], we presumed that, especially before the
occurrence, levels of pro-inflammatory biomarkers might show higher values in patient
that develop delirium, which would strengthen the direct association between (neuro)
inflammation and delirium. In contrast, no differences were observed immediately before as
well as after delirium occurrence, suggesting that circulating higher levels of inflammatory,
as well as brain specific markers in critically ill patients are merely markers of systemic
disease severity, which in itself may be associated with delirium. This limits the potential,
independent role for these biomarkers in identifying those at high risk for developing delirium
as well as the early detection of delirium. These findings are in contrast with previous
biomarker studies in delirious ICU patients with time series designs. In 77 critically ill
patients daily levels of IL-6 were determined and higher levels of IL-6 in patients with acute
brain failure were found [15]. Lack of information on the exact time point at which delirium
occurred, as well as the inclusion of comatose patients makes a direct comparison with our
study difficult. In another study in 63 critically ill delirious patients, S-100B was measured on
day 1 and 8 [16]. Higher levels of S-100B were associated with a longer duration of delirium,
but no comparison with non-delirious patients was made.
We found that levels of adiponectin over time remained significantly higher in delirium
patients compared to non-delirium patients, which is in concordance with a previous study
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in ICU patients [10]. Adiponectin is a protein excreted exclusively by adipocytes and exerts
insulin sensitizing, vascular protective and anti-inflammatory properties. Due to its effects on
downregulation of the immune response and low adiponectin levels in septic patients some
advocate therapeutic use of adiponectin in critically ill patients [26]. Although its effect on the
brain is still unclear, our results intriguingly show that there is a positive association between
levels of adiponectin and delirium. We could not confirm associations between levels of
pro-inflammatory biomarkers over time, especially IL-6 and IL8, and delirium, even though
delirious patients appeared to have more sepsis (45% vs. 20%, p=0.08), a condition which
has been associated with delirium [27]. Contradictory findings in ICU and non-ICU patients
regarding inflammatory markers and the development of delirium may, in addition to the
timing of the sampling and delirium etiology, be due to the fact that the effects of a systemic
inflammatory response on the brain are also mediated by the amount of neurodegeneration
[25, 28] and large differences between patient groups are likely present. In our study, a
history of cognitive disorders was present in 5 patients, 4 (11%) in the delirium group and
1 (7%) in the non-delirium group (p=0.52). These groups are too small to come to a
conclusion based on these numbers.
We found no differences between delirium and non-delirium patients regarding levels of
brain specific proteins, however, between the clinical subtypes of delirium we found that
levels of Tau protein and the ratio Tau/Aβ1-42 were significantly higher in the hypoactive
delirium group compared to the non-delirium group. A previous study showed that several
isoforms of Aβ were associated with delirium in non-inflamed ICU patients whereby the
difference in levels of Tau and the Tau/Aβ1-42 ratio between these groups approached
statistical significance [9]. Interestingly, we found that a somewhat similar association in
hypoactive delirium, however, in the current study we did not differentiate between inflamed
and non-inflamed patients. In recent years, the impact of subtype on delirium on various
measures has been subject of investigation. While the hypoactive form appears to have
a worse outcome in terms of short-term and long-term mortality in ICU patients [3, 29],
much is still unclear, especially regarding its association with the development of long-term
cognitive disturbances.
We found levels of neopterin and IL-10 before the onset of delirium to be significantly
higher in patients with hypoactive delirium compared to patients with mixed type
delirium. Neopterin, a chemotactic marker of inflammation produced by monocytes and
macrophages, was found to be elevated in CSF and serum of delirium patients [11, 30],
however its role in critically ill patients has not been determined before. The association of
IL-10 with ICU-acquired delirium has shown conflicting results [9, 10], but, up to now, no
discrimination between subtypes of delirium has been made. Higher values in hypoactive
delirium would therefore suggest another pathophysiological mechanism compared
to mixed type delirium, but this is not supported by the absence of difference in other
inflammatory markers, nor difference in baseline characteristics in the groups. Further
studies are necessary to clarify this potential association.
There are several limitations that need to be addressed. First, we measured inflammatory
and brain specific markers in peripheral blood and not in cerebrospinal fluid (CSF). Levels
and course over time of these markers in CSF may therefore differ from those in serum
and an association may even exist between markers measured in CSF and occurrence
of delirium. Second, we judged patients with one positive CAM-ICU score in the setting
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of sedative use as having a rapid reversible sedation-related delirium [20] and therefore
these patients were considered as non-delirium. While this judgment is still under debate,
this only concerned one patient and considering this patient as having delirium would
not have altered the outcomes. Third, we included a relatively small number of patients
in a mixed medical surgical ICU thereby possibly limiting generalization of the findings.
Additionally, we did not correct for multiple testing in our statistical analysis increasing the
risk of false positive findings. Fourth, we used the median day of delirium onset (day 3) in
the non-delirium group for comparison to the patients with delirium. Since it is unknown
at what time-point the brain of the non-delirious would be most susceptible for delirium
development, this time-point was chosen in concordance with previous research [9].
Fifth, we used the CAM-ICU to detect delirium. While specificity of the CAM-ICU is high,
sensitivity in daily practice can be rather low [31]. Nevertheless, we used the CAM-ICU three
times per day, which reduces the chance of a false negative finding in delirious patients.
Finally, we did not take into account long-term outcomes of our patients, so we cannot
definitively confirm our hypothesis of an association between levels of biomarkers and longterm cognitive impairment.

Conclusions
In this study in critically ill patients levels of markers of inflammation or brain proteins did
not show differences in patterns in delirious patients immediately prior to or following the
occurrence of delirium, compared to non-delirious patients. These findings indicate that
these biomarkers are of limited value in the prediction of delirium.
Levels of adiponectin over time remained significantly higher in delirium patients compared
to non-delirium patients. Cross-sectional analysis on laboratory values, just prior to the
clinical occurrence of delirium showed that serum levels of tau protein and the ratio Tau/
Aβ1-42 were significantly higher in patients with the hypoactive form of delirium compared
to non-delirium patients. Levels of neopterin and IL-10 were significantly higher in hypoactive
delirium compared to mixed type delirium. These findings suggest different pathways in
the development of these subtypes of delirium and a possible association between the
hypoactive form of delirium and the development of cognitive disorders. Further studies are
warranted to explore this relationship.
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Day of delirium
occurrence

Number of
patients

Blood sample no.

Time points of
lab samples used
for longitudinal
analysis

Day before
delirium
occurrence

Sample used for
cross-sectional
analysis

1

1

1

t, t+1, t+3, t+5

0

1

2

8

2

t-1, t, t+2, t+4

1

1

3

9

t-2, t-1, t+1, t+3

2

2

4

9

t-3, t-1, t, t+2

3

Average of
samples 2 and 3

5

5

t-4, t-3, t-1, t+1

4

3

6

3

t-5, t-4, t-2, t

5

Average of
samples 3 and 4

3

4

Supplementary file 1: Exact description of the time points of the blood sampling relative to the day of delirium
occurrence as well as the calculation of the biomarker level one day before the onset of delirium. ‘t’ denotes day of
delirium occurrence. For example, if delirium occurred on day 2 (t), then blood sample 1 was drawn on day 1 (t-1),
blood sample 2 on day 2 (t), blood sample 3 on day 4 (t+2) and blood sample 4 on day 6 (t+4)
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Additional file 2: levels of several biomarkers over time in delirium and non-delirium patients; values are expressed as medians
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Abstract
The acoustic environments in hospitals, particularly in intensive care units (ICUs), are
characterized by frequent high-level sound events which may negatively affect patient
outcome. Many studies performed acoustic surveys, but the measurement protocol was
not always reported in detail, and the scope of analysis was limited by the selected mode of
sound level meters. Fewer studies systematically investigated the noise sources in ICUs by
employing an observer in the patient room, which may potentially bias the measurement.
In the current study, the soundscape of an ICU was evaluated where acoustic parameters
were extracted from a 67-h audio recording, and a selected 24-h recording was annotated
off-line for a source-specific analysis. The results showed that the patient-involved noise
accounted for 31% of the acoustic energy and 11% of the predicted loudness peaks (PLPs).
Excluding the patient-involved noise, the remaining acoustic energy was attributed to staff
members (57%), alarms (30%), and the operational noise of life-supporting devices (13%).
Furthermore, the contribution of each noise category to the PLPs was found to be more
uneven: Staff (92%), alarms (6%), and device noise (2%). The current study suggests that
most of the noise sources in ICUs may be associated with modifiable human factors.
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Introduction
In contrast to a common belief, studies suggest that the environments in health care facilities
may be remote from being conducive to healing. In addition to the existing symptoms of
illness, the unfamiliar environment with an excessive and uncontrollable level of sensory
stimuli may negatively influence patients not only psychologically but also physiologically,
to a certain extent, by means of sleep deprivation [1-3]. Particularly in intensive care units
(ICUs), patients report that the noise is one of the major factors disturbing their sleep,
where the adverse acoustic environment is typically attributed to the around-the-clock
patient-care activities and a considerable number of life-supporting devices that generate
operational and alarming sounds [4, 5]. Partly confirming the patients’ self-reports, the
noise in an ICU was found to be responsible for 20.9% to 26.2% of awakenings or arousals
from sleep in ICU patients [6, 7] or up to 62.5% in healthy participants in a simulated
ICU environment where other sensory stimuli were possibly under better control [8].The
consequences of sleep deprivation are extensive, including the disruption of the immune
system [9], respiratory deterioration [10] and the occurrence of delirium particularly in ICU
patients [11], where the alteration of sleep cycle is hypothesized to influence the melatonin
level, thus contributing to the episode of delirium [12]. Other undesirable effects of noise,
not necessarily mediated by sleep deprivation, include the high level of anxiety, stress and
annoyance, and changes in cardiovascular response [13, 14].
Given the potential health effects of high-dose noise, numerous studies carried out
measurements in an attempt to evaluate the soundscapes in general hospital wards
but more often in ICUs. As pointed out by some recent studies [15, 16] however, the
measurement protocols in those acoustic surveys were not always documented with
sufficient detail, and rarely consistent between studies, which makes it difficult to compare
the results across studies. The sources of noise in health care environments were also
investigated in a few previous studies, where staff/patient surveys were frequently used
to identify and rate the sources of disturbing noise [5, 17]. Fewer studies investigated the
noise sources particularly in ICUs more systematically and less subjectively than those
described in the preceding text, where an observer was seated in the patient room, taking
note of the disturbing sound events[18-21]. The duration of a single continuous observation
varied from 10 min to 24 h, where a sound event was defined in some studies not only
subjectively but also taking into account the associated sound level [19, 21].Among similar
studies, Mackenzie and Galbrun [21] provides, arguably, the most comprehensive analysis
of the noise sources: The observation was carried out in three different units continuously
for 24 h; the most dominant source was determined every minute based on the maximum
sound pressure level (SPL); the associated SPL values were also reported. In total, 86
noise sources were identified in the study, and, in terms of the number of occurrences,
34% of them were totally avoidable and 28% at least partially avoidable, where the authors
also suggested that 14% of the event occurrences may be eliminated by appropriate staff
education.
Although the studies briefly summarized in the preceding text may provide good insights
into the sources of noise in ICUs, the relatively low time resolution of the annotation (every
1 min in Mackenzie and Galbrun [21]) may be insufficient to reveal the contribution of each
noise source, for example, in terms of the average SPL. More importantly, the presence
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of a human observer may potentially affect the soundscape by influencing the behaviors
of nursing staff, which is known as the Hawthorne effect [18, 21, 22]. In the current study,
the soundscape of an ICU was evaluated where the sources of noise were investigated in
detail. A calibrated audio recording was made in an ICU room continuously for ~3 days, and
unlike the use of a sound level meter, any desired acoustic parameters could be extracted
off-line by post-processing the recording at any desired time resolution only limited by the
sample rate of the recording. The extracted parameters included, in addition to conventional
ones, the long-term loudness prediction given by a psychoacoustic model. Also, the sound
events occurring in a selected 24-h recording were manually annotated, which allowed
for a detailed analysis of the sources of ICU noise and their contribution to the acoustic
parameters and other higher-level descriptors, without the risk of bias due to the presence
of an observer at the measurement site. A description of the measurement protocol and the
methods used to analyze the data will be detailed in the methods section. The results of the
study will be presented in two parts: the first part will first provide an overview of the entire
recording period in terms of the extracted acoustic parameters, followed by the second
part where the source-specific analysis for the selected 24 h will be discussed. Further
discussions will be made in the discussion section, and some conclusions will be given in
the conclusion section.

Methods
Sound recording at ICU
The sound recording was made in the ICU at Jeroen Bosch Hospital in‘s-Hertogenbosch,
The Netherlands in January 2011. In the ICU there were 14 single-bed patient rooms
surrounding a central open-plan nursing station with a small alcove used for the
preparation of medication. Except for the patients who needed to be isolated, the room
doors were usually kept open for the observation of the patients. The recording was
carried out in one of the non-isolated rooms (14.3 m2), where most life-supporting devices
were placed behind the bed. A measurement microphone [Bruel &Kjaer (B&K) 4192, B&K
2669 preamplifier and B&K 2692-D conditioning amplifier, Bruel & Kjær Sound &Vibration
Measurement A/S, Naerum, Denmark] was securely placed on the railing system attached
to the ceiling, approximately 1.5m above the patient bed to the head side, which was the
location closest to the patient’s head without interfering patient-care activities. A MOTU
UltraLite-mk3 Hybrid soundcard (MOTU, Inc., Cambridge, MA) was used to interface the
conditioning amplifier and a laptop, where Cockos Reaper Digital Workstation (Cockos,
Inc., New York) was used on the laptop to make a continuous recording at the sample rate
of 44.1 kHz (24 bits per sample). The upper limit of the dynamic range (0 dBFS) was 119
dB for pure tones, and the noise floor of the recording system measured in an anechoic
chamber was ~30 dBA. The equipment was calibrated on-site before and after the
recording using a B&K 4231 calibrator. For privacy protection and data security, several
measures were taken. For example, informed consent was obtained from all persons
who entered the patient room used for the measurement, including patients, visitors,
and hospital staff. In total, a continuous recording was made for ~67 h (~3 days) from
Thursday to Sunday. During the recording period, the room was occupied by two patients,
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both admitted for respiratory insufficiency due to heart failure, and the room was empty
for ~11 h between the two patients (see Fig. 1). According to the staff, typical patientcare activities were carried out in the patient room during the recording period without
exceptionally urgent situations, where the two patients were mechanically ventilated (both
invasive and non-invasive). Except for the information described in the preceding text, no
other patient data were collected.
Annotation of the recording
Given the sound recording, 24 h were selected for the manual annotation, beginning
with the admission of the first patient (see Fig. 1). The recording was divided into 1-min
segments for convenience, and a team of six research assistants (native Dutch speakers)
listened to the audio files, annotating the sound events using Praat [23]. Table I lists the 28
noise sources and the associated acronyms in 6 categories as used for the annotation,
and the following paragraphs provide a brief description for each category. The “Patient
(v)” category included patient-involved verbal and non-verbal sounds where “(v)” indicates
“vocal”. Whereas “patient non-verbal sound” (PNVS) represented the sounds of patient’s
own coughing, groaning, and so on, “patient-involved speech” (PSP) indicated not only
the patient’s own speech but also that of others (e.g., nursing staff) as long as the patient
was taking part in the conversation, or the speech was directed to the patient. By defining
Patient (v) in this way, it was intended to separate the noise sources in the ICU broadly
in two groups: One that may disturb the patients and the other that may not, where the
noise sources in the Patient (v) category presumably would not be disturbing. The second
category included the verbal and nonverbal sounds from those other than the patients,
and was labeled as “Staff (v)” because this patient was not visited by others during the
first 24 h. Conversations between staff members regarding the patient care were labeled
as “unavoidable speech” (USP), distinguished from other “avoidable speech” (ASP). It is
noteworthy that some of the patient-care conversations might also have been avoidable,
which was however difficult for the annotators to identify without any experience in
patient care. Mostly originating from outside the patient room, “unintelligible speech” was
annotated as UISP. “Staff (a)” consisted of 15 noise sources related to the staff activities.
Most noise sources in this category were labeled after particular objects (e.g., drawer,
cupboard, etc.), but a few labels were only descriptive of the nature of sounds, because
the activity-generated sound events, compared to Patient (v) and Staff (v), were difficult
to identify using only auditory cues. Therefore, “unidentified thump”’ (UT) and “metallic/
non-metallic object scrapping” (MOS/NMOS) were used for the annotation when the noise
was certainly generated by the activities of the nursing staff, but could not be related to
any specific activity or object. The annotators did not recognize any sound associated with
the patient’s activities. “Alarms” were annotated as either “nearby alarm” (NA) or “remote
alarm” (RA), separating the alarm sounds generated inside the patient room from those
originating from outside. From time to time, however, it was difficult for the annotators to
distinguish one from the other in the single channel recording, and therefore, it may be more
appropriate in this report to consider RA to be the softer alarm sounds in the background
compared to NA. The operational noise from medical apparatus was categorized as “M.
Devices,” including mechanical ventilator or “respiratory equipment” (RE), “compressed
air” (CA), and “suctioning device” (SD). The noise from other miscellaneous devices was
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labeled collectively as ME. In the case that the annotators could not identify an audible
sound event, it was classified as “Unidentified” (OUS).The initial list of the noise sources
contained 32 items, which was drafted by combining similar lists reported in the literature
[20, 21]. During the course of the annotation, some entries were found to be obsolete, some
others were merged with similar noise sources, and a new entry (MC) was added to the list,
resulting in the final list as shown in Table I.
Using Praat [23], the research assistants were first trained with representative sound
events. During the training, they were instructed to place labels to the corresponding time
intervals as precisely and tightly as possible. They were also advised to annotate all audible
sound events separately even when the associated time intervals were overlapping. For
a conversation [either in Patient (v) or Staff (v)], speech events were annotated separately
when the research assistants perceived them to be separate utterances (usually with
noticeable intervals >~0.5 s) regardless of the context. A continuous alarm sound consisting
of a train of pulses with a short and regular interval was annotated as a single event, but
non-repetitive alarms were annotated separately. This protocol for the segmentation of
sound events inevitably influenced the results, particularly for the alarm sounds (see Sec.
III B 3).When the first iteration of the annotation was completed, one of the annotators
listened to the 24-h recording once again in Praat [23] to ensure the consistency. In total,
the annotators required ~350 h to complete the task.
Data analysis
Analysis of the annotation data
All data in the current study was analyzed using Matlab (The Mathworks, Inc., Natick, MA).
For each noise source, the number and the total duration of the annotated time intervals
were obtained, from which the average duration of each sound event was also derived. It
was also of interest to investigate if the occurrence of one noise source was systematically
coincident with that of another source. Therefore, the event co-occurrence rate (ECR) was
defined in this study as follows. Assuming that the sound events for a source i (i=1,2,…,28;
one from the list in Table I) were identified Ni times by the annotators in the recording, the nth
occurrence (n=1,2,…,Ni) may be referred to as in. Then, a function Φ can be defined as

for the event in and all the events annotated for another noise source j. Φτ=0(in, j) indicates
whether in overlaps with any occurrence of the source j, whereas Φτ>0(in, j) indicates whether
in and any event of the source j take place one after another with a time interval less than τ.
Adding the values of the function Φ for all the occurrences of the source i, the ECR can be
obtained as a function of the two source indices, i and j with the time constant τ,
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Since the numerator of Eq. (2) is equal to or less than Ni, the ECR takes a value between 0
and 1, which can be interpreted as the ratio of the number of co-occurring events to the total
number of events. It is also noteworthy that ECR τ (i, j) ≠ ECRτ (j, i), in general: For example,
the noise generated by a certain clinical procedure (e.g., suctioning) may often be followed
by a patient’s groaning sound, but the patients may express their discomforts not only
during such treatments. When the annotation was completed, RE and CA were found to
have occurred only a few times but for a considerable duration on each occurrence, which
largely overlapped with other events, obviously resulting in high ECR values. These noise
sources, together with those that were relatively ambiguous (UT, MOS, NMOS, and OUS),
were excluded from the analysis of ECR. To facilitate the source-specific analysis where
the extracted acoustic parameters were related to particular noise sources (see methods
section), the following three types of time intervals were defined: (1) Inclusive intervals
referred to the time intervals associated with each noise source, including the overlapping
intervals, as originally annotated; (2) Exclusive intervals were the time intervals with the
overlapping intervals removed from the inclusive intervals; (3) Representative intervals were a
subset of the exclusive intervals of which the durations were longer than the median of those
of the original (inclusive) intervals.
Analysis of the acoustic parameters
Given the calibrated audio recording, the A-weighted SPL in fast mode (LAF) and the
C-weighted SPL (LC) were first obtained at the audio sample rate (44.1 kHz), from which
LAFmax, LAFmin, and LCPeak were derived for desired time intervals (e.g., every minute)[24].
The A-weighted energy-equivalent SPL, LAeq was also calculated for further analysis.
Furthermore, relative-to-background SPL (LR2B) was defined in the current study as follows:

where L90,1m indicates the ten-percentile SPL [24]) obtained by using a 1-min moving window.
LR2B was used to analyze the “restorative periods” available for patients (see results section).
The parameters described in the preceding text are the conventional measures of sound
level or their derivatives, mainly indicating the physical changes in the sound field. Although
the A-weighting filter is often used to take into account the sensitivity of our ears [24], our
loudness perception is not always consistent with these physical parameters. Where the
perceived loudness of an arbitrary stimulus can only be quantified by psychophysical
experiments in the unit of sone [25], the computational model proposed by Chalupper and
Fastl [26, 27] was used in the current study to approximate the loudness perception. Given
the instantaneous loudness predicted by the model, a first-order low-pass filter was applied
to the output to obtain a long-term loudness [28], which may be a better representation than
the instantaneous or short-term loudness in the context of noise disturbance to humans.
From the long-term loudness, the predicted loudness peaks (PLPs) were obtained, where a
PLP was defined to be a local maximum that is more than twice greater (twice louder) than
the nearby local minima. The PLPs below 5 sone were discarded, where 5 sone is just above
~60 phons for a 1-kHz pure tone [25].
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For the annotated 24-h period, the above extracted parameters were related to the noise
sources, but due to the overlapping intervals, the individual source contributions could not
be completely separated. Therefore, the average source contribution was first estimated
from the exclusive intervals, and the result was extrapolated to the inclusive intervals.
Equations (4) and (5) illustrate how the acoustic energy attributed to each noise source was
estimated,

Ei,excl and ei,excl indicate, respectively, the total and average acoustic energy calculated from
the exclusive intervals for a noise source i given the accumulated duration of the exclusive
intervals Ti,excl, whereas Ei,incl represents the estimated total energy attributed to the same
source over the accumulated duration of the inclusive intervals Ti,incl. In other words, ei,excl
represented in a logarithmic scale is equivalent to LAeq,src, the A-weighted energy-equivalent
SPL averaged over the exclusive intervals, which may be a good indicator of source
strength. Furthermore, LAeq,24h for each source may be estimated by dividing Ei,incl by 24
h and representing the result in a logarithmic scale. Similarly, the average number of the
PLPs attributed to each noise source was obtained by substituting M and m for E and e in
Eqs. (4) and (5), where M and m indicate the total and average number of loudness peaks,
respectively. For the estimation described in the preceding text, it was assumed that the
presence of one noise source does not influence the occurrence or the magnitude of other
noise sources. This assumption may be challenged by the Lombard effect [29], which states
that speakers tend to raise their voices when there is a competing background noise. A brief
discussion is made in the results section regarding the validity of the estimation. In addition
to the average contribution of each noise source, LAFmax, LCPeak, and LR2Bmax (maximum of LR2B
in a given interval) were also investigated for each source. Unlike the loudness peaks, these
parameters are given a single value within a time interval regardless of whether it is an actual
maximum. Since some of the exclusive intervals were extremely short due to the removal
of the overlapping intervals, estimating the maxima from these short intervals could result
in underestimation. To minimize the potential bias, LAFmax, LCPeak, and LR2Bmax for each source
were obtained in this study from the representative intervals with sufficient time durations.
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Results
A. Analysis of the entire recording period
1. Overview of noise level
Figure 1(a) gives an overview of the extracted parameters, using relatively long time
windows: One hour for LAFmin, LAFmax, and LCPeak and 8 h for LAeq, the latter of which
correspond to each nursing shift.
As noted in the figure, the audio recording covers the first patient’s stay from the ICU
admission to discharge, whereas only the first few hours were captured for the second
patient. During the recording period of ~67 h, the patient room was occupied for 55.2 h,
which consisted almost equally of day/night times, where day time was defined as the time
between 7 am and 9 pm. Obviously, LAFmax,1h and LCPeak,1h showed a strong covariation as
shown in Fig. 1(a), which may, to some extent, be related to the distinguished periods, for
example, day/night or occupied/unoccupied. Moreover, LAFmax,1h and LCPeak,1h were relatively
high on admission of each patient (Thursday afternoon and Saturday evening) regardless
of the time of the day, also accompanied by a noticeable increase in LAFmin,1h that otherwise
did not vary much throughout the recording period. This may reflect a relatively high level
of staff activities during the first hours of the patients’ admission. Comparisons between
different periods may be made more explicitly in Fig. 1(b), where LAeq and the (arithmetic)
means, medians, and the interquartile ranges of the other parameters are shown for each
distinguished period. LAFmin,1m, LAFmax,1m, and LCPeak,1m were higher during the occupied period
than the unoccupied, implying that loud sound events were most likely caused by patientcare activities in the patient room when the room was occupied. Furthermore, the medians
of these parameters were higher during the day time than at night, and the differences were
found to be significant (p<0.001) by a Mann-Whitney U test [30].
It is noteworthy that the variance of LAFmin,1m was low, which resulted in the significance of the
difference, although LAFmin,1m appears in Fig. 1(b) not to be different between the two periods,
due to the scaling of the vertical axis.
LAeq showed similar trends depending on the room occupancy and the time of the day. In
fact, the values of LAeq presented in Fig. 1(b) compared well to recent data reported in the
literature, where the average SPL was found mostly in the range from 50 to 60 dBA when
the room was occupied [18, 21, 31-33], and from 40 to 50dBA when unoccupied [34]. More
interestingly, the day/night difference of LAeq observed in the current study was consistent
with those reported in previous studies, where the difference was in a surprisingly narrow
range, approximately 4 to 5 dBA [18, 21, 31, 33]. It is noteworthy that the guideline LAeq for
hospital environments recommended, for example, by the World Health Organization (35
dBA) was difficult to achieve even during the unoccupied period [35].

Analysis of the soundscape in an intensive care unit based on the annotation of an audio recording | 119

(a)

(b)
Fig 1 (a) An overview of the acoustic parameters is given for the entire recording period. (b) Acoustic parameters
are shown for distinguished periods. The bar graphs represent logarithmic averages for L Aeq and arithmetic means
for the other three parameters, whereas the filled circles and the lines extending therefrom indicate the medians
and the interquartile ranges.

2. Restorative periods
The acoustic parameters discussed in the first part of this section focus on the physical
changes in the sound field, but the actual impact of the noise on patients may be difficult
to estimate directly. One of the proposed higher-level parameters appropriate for the
latter purpose is the restorative period, defined in the literature[18, 31] as a continuous
time interval longer than 5min during which the SPL does not exceed a specific threshold,
where various acoustic parameters were used for the definition. Figure 2 shows the
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average restorative periods obtained in the current study next to those reported in
Ryherd et al. [31]. Where the definition of the day/night times was identical in the two
studies, the day-time average restorative period was longer in Ryherd et al. [31] than in
the current study, with a less noticeable difference at night. On the other hand, the ratio
of the accumulated restorative period to the total duration (annotated in percentage in
Fig. 2) was clearly dependent on the time of the day, and it also differed between the two
studies. In the current study, one additional definition of restorative period is proposed,
based on the relative-to-background SPL, LR2B. Stanchina et al. [8] and Gabor et al. [7]
studied the polysomnographies of patients and healthy test participants, and they found
that the peak-to-background sound level, rather than the absolute peak value, may
be the determinant of a potential arousal from sleep. Assuming that the data reported
by Stanchina et al. [8] may have been obtained possibly under better controlled test
environments (e.g., use of recorded ICU noise in the laboratory), one of their arousal
thresholds, 17.7 dBA was adopted in the current study as the threshold of LR2B for
a restorative period. Furthermore, L90,1m in Eq. (3) was assumed to approximate the
background noise level, which was, in Stanchina et al. [8], the level of the added stationary
white noise in the test condition used to obtain the aforementioned threshold.

Fig. 2. Bar graphs indicate the average restorative periods based on two different criteria with the accumulated
duration of the restorative periods (relative to the total time) denoted in percentage values [see Eq. (3) for the
definition of LR2B ]. The filled circles and the lines extending therefrom represent the medians and the interquartile
ranges. The data reported in Ryherd et al. (Ref. 31) are also shown for comparison.

The third bar graph of each day/night period in Fig. 2 indicates the average restorative
period given the proposed criteria LR2B <17.7 dBA. It is clear that, when the threshold was
re-defined, a larger number of longer time intervals were counted as restorative periods with
the new definition compared to the previous definition. As reported in Gabor et al. [7], the
threshold for an arousal may vary depending on the background level, which will have to
be taken into account in a more rigorous model of the restorative period. Nevertheless, the
restorative period defined with LR2B in this study may arguably be a more psychophysically
relevant indicator than those purely based on absolute SPLs.
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3. Predicted loudness peaks
An overview of the PLPs is given in Fig. 3(a) in three loudness ranges. If examined regardless
of the loudness range, Fig. 3(a) suggests that the patient may have perceived a minimum
of about 20 and a maximum of 90 audible peaks per hour during the occupied period, the
latter of which is equivalent to 1.5 peaks per min on average. When the loudness range
was taken into account, the proportion between low- and high-level peaks was found to
vary between quiet and noisy periods: For the relatively quiet periods (night or unoccupied
time), low-level peaks below 10 sone were dominant, which reduced significantly in number
during the noisy period (day time) when the number of higher-level peaks increased. This
observation agrees well with the characteristics of the loudness perception simulated by
the computational model in that the softer peaks are masked by the louder, which may not
readily be accounted for by conventional acoustic parameters.
Comparing the occupied day and night times in Fig. 3(b), the number and the composition
of PLPs showed a similar day to night despite the decrease in the total number of PLPs.
Nevertheless, the patient may still have perceived, on average, up to ~50 potentially
disturbing sound peaks per hour at night. Only a small number of PLPs were found during
the unoccupied period however with some loud peaks above 10 sone, which is consistent
with the trend of LAFmax,1h in Fig. 1.
B. Source-specific analysis for the first 24 h
1. Validity of the source-specific analysis
When the annotation of the 24-h sound recording was completed, 27 421 sound events
had been identified, and 14 out of 24 h of recording were labeled for one or more sound
events, with up to 5 events at the same time. In this section, the validity of the analysis is
first discussed in terms of the accuracy of the annotation and the proposed method for
the estimation of the source contribution. First, the total acoustic energy and the number
of PLPs within the annotated time intervals were compared to those found in the entire 24
h. The results showed that the annotated time intervals contained ~97% (~0.1 dB) of the
acoustic energy and 1346 out of 1354 PLPs, implying that the annotators rarely missed
important sound events. Additionally, the ECR was analyzed to validate the methods
employed in the current study. Figure 4 shows the ECR1m for a selected subset of noise
sources [see text under Eq. (2) for the subset selection], which indicates whether a certain
pair of different noise events occurred simultaneously or sequentially within 1 min.

Table I. The results of the source-specific analysis are summarized, where the top five noise sources for each
acoustic parameter are indicated by filled right-handed triangles.
a

See the methods section for the description of each category.

b
c

Duration and occurrence were obtained by counting the inclusive intervals associated with each noise source.

L AFmax, LCPeak and LR2Bmax were obtained from the representative intervals associated with each noise source.

d

From the exclusive intervals, the contribution of each noise source to the acoustic energy and the number of

PLPs were estimated. See Eqs. (4) and (5) and the related text.
e
f

Percentage with respect to the total duration (24 hours).

This row does not always indicate the sum of the above: For example, the total duration of 842 minutes (58 %) is

the sum of the annotated time intervals in 24 hours.
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(a)

(b)
Fig. 3. (a) An overview of the number of the PLPs in three different loudness ranges. (b) Number of PLPs for the
occupied day/night period and the unoccupied period.

Off the diagonal line, some pairs of the noise sources showed relatively high ECR values,
which may partly be explained as follows:
(1) UISP and RAs occurred frequently in the background, resulting in high ECR values for
many noise sources, which does not necessarily mean that they were coupled to each
other.
(2) Footsteps (FS) followed, preceded, or overlapped with all the other sound events shown
in Fig. 4, at least with 74% of chance, implying that events occurred frequently in the
presence of staff members.
(3) Plastic ripping (PR) noise frequently co-occurred with the noise from drawer (DRW), rubbish
bin (RB) and (SD, which appears to be in good agreement with the staff work routine: Take
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a disposable apparatus (e.g., suctioning tube) from a drawer, open the seal and use it, and
then throw it away. It is also noteworthy that RB often co-occurred with SD (78%)
(4) The patient often talked while making non-verbal sounds (78%), during (or shortly before/
after) a suctioning procedure (71%).

Fig. 4. ECRs with the time constant (s) set to 1 min are shown for each noise source and the associated cooccurring source. The source pairs satisfying ECR1 min>0.7 are marked by x.

These observations regarding ECR1m are consistent with the expected work routine of the
staff members and the likely behavior of the patient, providing additional arguments for the
accuracy of the annotation. Furthermore, when the ECR with τ=0 was examined, the median
and the interquartile range of the off-diagonal ECR values [ECR0(i, j),i ≠j] were found only to
be 0.013 and 0.0020 to 0.052, respectively, and for speech activities (PSP, USP, and ASP),
in particular, the corresponding ECR was 0.23 at maximum. These results indicate that the
sound events of different sources did not systematically overlap with each other (although
they may have occurred one after another as discussed in the preceding text), thus implying
that the Lombard effect was unlikely to consistently influence the speech level. Accordingly,
the potential bias in the estimation of the source contribution [see Eqs. (4) and (5)] may be
considered to be minimal. The scheme used to estimate the source contribution was further
validated by comparing the sum of the estimated acoustic energy (Σi Ei,incl) to the actual sum
within the annotated intervals, and similarly for the numbers of PLPs. The results showed
that the sum of the energy contribution was 88% (~0.6 dB) of the actual sum, whereas the
number of PLPs was slightly overestimated (1479 for 1346). Given the results discussed in
the preceding text, the simple method described in Eqs. (4) and (5) appears to estimate the
contribution of each noise source within a reasonable range of bias.
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2. Analysis of individual noise sources
Table I summarizes the results of the source-specific analysis. First, it is noticeable that both
absolute (LAFmax and LCPeak) and relative (LR2Bmax) SPLs and the energy measures associated
with Patient (v), particularly PSP, were observed to be very high, which may be explained
well by the relatively short distance between the microphone and the patient. A brief
discussion is made in the discussion section regarding the high contribution of the patientinvolved conversation. Among the non-patient noise sources, UISP occurred second most
frequently for the longest accumulated duration (4 h), which, however, was not so influential
in terms of the rest of the parameters. FS and RA were found to be similar to UISP in the
same aspects, although the number of PLPs attributed to FS was found to be relatively
high but mostly in the lower loudness range (not shown in the table). On the contrary, some
sources did not occur as frequently, and were also short in terms of the total duration
(e.g., the noise sources with less than ~2% contribution in duration and occurrence). These
noise sources may be further categorized roughly into two groups: One group where the
source strength or the maximum (or peak) SPLs were relatively low (e.g., GM, WS, TR, CA)
and the other group consisting mainly of transient events with relatively high values for the
aforementioned acoustic parameters (e.g., BC, DRW, RB, DOB, CBD, SD, and ME). Although
the contribution of the second group of sources to the overall acoustic energy may be
insignificant, those short events are likely to disturb the patients due to the highly transient
nature, which is partly reflected in the number of PLPs (e.g., more than 4%by BC, RB, and
CBD). It is interesting to note that some of the transient events occurred for a relatively long
accumulated period: Mouse clicking (MC) occurred 1263 times for half an hour; the PR noise
was annotated 893 times for nearly 40 min. Whereas the contribution of MC was minimal in
all aspects, PR was responsible for ~5% of the PLPs with 2% contribution to the acoustic
energy, possibly one of the prominent noise sources in ICUs, which is also reported in the
literature [21]. In terms of the average SPL (LAeq,24h) and the number of PLPs, the staff speech
activities (USP and ASP) and NAs were the most dominant and impactful sources of noise
in this particular ICU room, where NA was the single most dominant source with the highest
energy contribution. When compared between USP and ASP, the total duration of USP
was more than twice that of ASP, but the ratio of the numbers of PLPs was less than 1.5,
which may suggest that, during the conversations not necessarily related to the patient care,
staff members may have made speech sounds with more expressions (accent, intonation,
etc.). The high occurrence rates of UT, MOS, and NMOS explicitly show the limitation of the
annotation based only on the auditory cues, where these noise sources were also found to
contribute relatively significantly to the overall acoustic energy (~2%) and more prominently
to the PLPs. Although the discussions made in the preceding text may hold for most of the
specific noise sources, it may be more appropriate to analyze the results further within each
category of noise sources, which will be presented in the next part of the results section.
3. Analysis by noise category
The results of the source-specific analysis were combined and are shown for each noise
category in Fig. 5. Whereas M. Devices occurred only for 0.08 event/min, the occurrence
rates and the accumulated event durations shown in Figs. 5(a) and 5(b) support the
observations of previous studies that patients may be exposed to an excessive number of
sound events for a significant proportion of their ICU stay [21, 31].
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(a)

(b)

(c)

(d)
FIG. 5. For each noise category, (a) the average number, (b) the accumulated duration, and (c) the average duration
of event occurrences are shown. (d) Four acoustic parameters are shown for each noise category, where L AFmax
and LCPeak are represented as medians with interquartile ranges. The numeric values noted below the label of each
noise category indicate the number of representative intervals.
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Compared to the day time, the occurrence rate of Patient(v) was noticeably low at night,
but the reductions from day to night in other categories were only up to ~30%, indicating
that ~15 disturbing events [excluding Patient (v)] occurred per minute on average even
during the night time. When the individual sources in the Staff (v) category were further
examined, it was found that the occurrence rate of the USP was noticeably reduced at
night by 95% compared to the day time, but the ASP showed far less day/night variation
(33% reduction from day to night). In other words, the ICU staff talked about patient care
much less frequently at night, but the avoidable conversations did still occur in the same
order of frequency as the day time. Perhaps more interestingly, the occurrence rate of
the UISP even increased (by 10%) from day to night, which may simply indicate that UISP
was more audible (to the annotators) at night than the day time due to a smaller number of
louder events (e.g., USP or ASP), but may also reflect the fact that the staff members tend
to spend more time at the central nursing station during the night shift. In Fig. 5(b), it is
striking to find that this particular patient was exposed to noise events for surprisingly long
accumulated periods. When compared between day and night with the different lengths of
day/night times (14 and 10 h, respectively) taken into account, the accumulated durations of
Staff (v), Staff (a), and Alarms were, in general, shorter at night by 56% to 63% than during
the day. The accumulated duration of M. Devices was mainly attributed to the mechanical
ventilator, which operated continuously for ~2 h in the beginning of the patient’s ICU stay.
The contribution of this single event is also clear in Fig. 5(c), where the average duration of
M. Devices is exceptionally longer than those of other categories. It is also interesting to note
that the average duration of Staff (v) is longer than that of Patient (v), which may be related
to the fact that a majority of the patient’s own verbal/nonverbal sounds were relatively short:
Calling or responding to medical staff, indicating pains, etc., or due to the difficulties in
speaking with the respiratory support attached. When the speech events in Staff (v) were
further examined, the average duration of the avoidable speech (~4 s) was shorter than that
of the unavoidable (~6 s), implying that the ASP may have been more casual using shorter
sentences than the unavoidable. The comparison of the average duration between day and
night showed that the sound events were in general shorter at night than during the day
[see Fig. 5(c)]. It is noteworthy that the average duration of alarm sounds reduced at night by
36% compared to the day time (more reduction than in the other categories except for
M. Devices), which may indicate that the nursing staff reacted to the alarm sounds more
quickly during their night shift. However, it should be recalled that the mean duration
indicated in Fig. 5(c) for alarm sounds is an average over all repetitive and nonrepetitive
alarm events, where the repetitive alarms were annotated as a single event (see methods
section). For each noise category, four acoustic parameters were obtained and presented
in Fig. 5(d). Due to the short distance to the microphone, Patient (v) appears to be the most
dominant noise category in terms of all the parameters shown in Fig. 5(d). Excluding Patient
(v), Staff (v) contributed the most to LAeq,24h with relatively high maximum and peak SPLs.
However, alarm sounds were found to be the highest in terms of LAeq,src among the nonpatient noise categories, where the interquartile range was relatively narrow for LAFmax and
LCPeak due to the deterministic nature of the alarm sounds. It is noteworthy that the source
strength and the maximum and peak SPLs associated with M. Devices were relatively high
despite the lowest contribution to the average SPL (LAeq,24h), which were attributed to the
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highly transient noise generated by the SD and other miscellaneous medical apparatus (see
Table I). Converted to a linear scale, LAeq,24h can be represented as the contribution of each
noise category to the overall acoustic energy, as illustrated in Fig. 6(a) where Patient (v) was
excluded (and accordingly, the percentage values differ from those listed in Table I).
As already indicated in Fig. 5(d), Staff (v) was the most dominant among the non-patient
noise categories, and combined with Staff (a), 57% of the total acoustic energy was
generated by the nursing staff. Their conversations regarding the patient-care (USP)
contributed to the overall acoustic energy by 24%, but 8% of the total energy could be
reduced by relocating ASP away from the patient area. The PR noise was found to be the
top contributor in Staff (a) (3% of the total energy). Despite the dominance of the staffgenerated noise, alarm sounds also contributed significantly to the overall acoustic energy,
mainly by the NAs. The contribution of the categories of noise sources was more uneven
when the numbers of PLPs were considered. As illustrated in Fig. 6(b), the alarms and
operational noises from medical devices were responsible for only 8% of the total number of
PLPs, while up to 92% was attributed to the staff speech and other activities (see “all range”
in the figure). Considering that the sound events created by the staff activities were highly
transient and that the sound of speech constantly changes in amplitude, the extremely
disproportionate contribution shown in Fig. 6(b) may not be so surprising, which might
however contradict the common belief that alarm sounds in ICU may be the most obtrusive
noise. When the PLPs were analyzed per loudness range, the proportion of PLPs attributed
to Staff (a) was lower in higher loudness ranges, whereas the opposite trend was observed
for Staff(v) [see Fig. 6(b)]. Also, the alarm sounds contributed to the total number of PLPs by
5% to 6% up to 20 sone, but the PLP was hardly associated with M. Devices in the lowest
range (5 to 10 sone). These observations seem to agree with the nature of the associated
noise sources (see Table I), although it should be noted that only 8 PLPs were found in the
highest loudness range (20 to 40 sone), and therefore the associated percentage values may
not be so meaningful.
In addition to the acoustic energy and the number of PLPs, the restorative periods were
also analyzed together with the annotation data, where the focus was to identify the sound
events that terminated the restorative periods. For the first 24 h, 57 restorative periods
satisfying LR2B <17.7 dBA were identified for an accumulated duration of ~11 h.
Among these intervals, one restorative period was terminated by Patient (v), and another
by an unknown event (missed by the annotators). Within the remaining 55 intervals, 21
were terminated by Staff (v), 30 by Staff (a), and only 4 by Alarms (and none by M. Devices),
as shown in Fig. 7. Considering the individual noise sources in Staff (v), it is interesting to
note that more restorative periods were terminated by ASP than USP, despite the fact that
USP occurred more frequently than ASP (see Table I). The implication may be that the staff
members consciously or unconsciously took more care not to interrupt the otherwise quiet
patient room when initiating care-related conversations than the more casual.
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(a)

(b)
Fig. 6. Excluding Patient (v), the contribution of each noise category is shown for (a) the acoustic energy and (b)
the number of PLPs. In (a), individual sources with more than 3% contribution are also labeled. The numeric values
noted below the horizontal axis in (b) indicate the number of PLPs for each loudness range.

130 | Chapter 8

Discussion
A. Comparison to previous studies
In the following paragraphs, comparisons of the results from the current study to those
reported in the literature will be extended beyond LAeq. LAFmax is also reported in the literature,
perhaps as equally frequently as LAeq, but the comparison across studies is difficult due to
the use of different time intervals from which the maximum SPL is obtained, ranging from
1min to 1 h.[15, 16, 21, 31, 33, 36]. For example, the median LAFmax,1m obtained in the current
study was 71 and 58 dB for the occupied day and night times, respectively, which compared
reasonably well to the values reported in Mackenzie and Galbrun [21] ranging from 60.7
to 73.3 dB, despite the differences in the definition of the day/night times and the total
measurement duration. Restorative period and “occurrence rate” are the examples of higherlevel parameters reported in the literature, where the latter is defined as the accumulated
duration of time intervals (relative to the total time) during which LAFmax,1m or LCPeak,1m exceeds
certain thresholds [36, 37], and it should be distinguished from the (event) occurrence
rate referred to in the current study. As discussed in the results section, the average and
accumulated restorative periods calculated based on LAFmax,1m agreed reasonably between
the current study and Ryherd et al. [31] Tegnestedt et al. [18] also reported the average
restorative period, however, ranging from a minimum of 6.2 min to 175.5 min depending
on the room type and nursing shift, which significantly exceeds the values reported in the
aforementioned studies despite the stricter criteria of the restorative period.

Fig. 7. The number of restorative periods terminated by each noise source and category is indicated. The two
restorative periods interrupted by Patient (v) and an unknown noise source were excluded.
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When calculated for the data obtained in the current study, the occurrence rate did not
agree well with the literature either: For example, the occurrence rate satisfying LAFmax,1m >70
dB was nearly 100% in Okcu et al. [36] but only ~41% in the current study. As introduced in
Sec. I, only a few previous studies systematically surveyed the sources of ICU noise. For a
comparison with the percentage of occurrences reported in Mackenzie and Galbrun [21], the
noise sources associated with LAFmax,1m were identified in this study, and when more than one
source was found to correspond to the maximum SPL (due to the overlapping intervals), the
one with the highest median LAFmax in the representative intervals was selected (see Table I).

Fig. 8. The percentage of event occurrences associated with each group of noise sources is compared between
the data in the current study and that reported in MacKenzie and Galbrun (Ref. 21).

The results for a few selected sources are presented in Fig. 8 together with the data from
Mackenzie and Galbrun [21]. It appears that the percentage attributed to staff speech
and footsteps differed noticeably between the two studies, while that of the other noise
sources was in similar ranges. In the results section and in the preceding text, the results
of the current study were compared to those reported in the literature. Some parameters
compared well at least within reasonable ranges, but in general, it was difficult to draw any
meaningful conclusion, partly due to the inconsistency in the measurement and/or dataprocessing protocols. More importantly, however, the acoustic environments in ICUs may
be highly variable, influenced by numerous factors: For example, building layout, patient’s
condition, and staffing policy to name only a few, which inevitably lead to discrepancies
between the outcomes of acoustic surveys especially when the measurement duration is
limited.
B. Contribution of patient-involved noise
Mainly due to the short distance to the microphone, the acoustic parameters associated
with Patient (v) were found in this study to be the highest among other categories [see Fig.
5(d)]. Given the obvious significance of the patient involved noise, Table II compares some
representative parameters, including and excluding Patient (v).
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L Aeq (dB)

Rest. Period (%) based ona

Day

Night

No. of PLPs

L AF < 55dB

LR2B < 17.7 dBA

Incl. Patient (v)

58

50

1479

12

46

Excl. Patient (v)

56

50

1320

25

59

Table II: Comparisons of several parameters including and excluding Patient (v); aOne minute before and after the
occurrence of Patient (v) was considered to meet the criteria of restorative period regardless of the noise level,
assuming that the patient may still be actively influencing the soundscape during short intervals between the
events of Patient (v).

Due to the nature of the logarithmic scale, the average SPL differed only by 2 dBA during
the day. When Patient (v) was excluded, however, 159 PLPs were disregarded, and the total
restorative periods increased by 13% regardless of the types of criteria. When reporting the
results of acoustic surveys, previous studies do not explicitly discuss whether the patients
were able to speak, interacting with staff members or visitors, thus potentially affecting the
soundscape. Although the estimated bias due to the inclusion of Patient (v) was found in this
study to be minor in terms of the average SPL (yet with more noticeable differences for other
parameters), it is arguable whether any future guideline for the acoustic environments in
hospitals should specify a protocol to distinguish the external disturbances to patients from
the self-generated.
C. Alarm or staff?
Given the dominance in most of the acoustic parameters discussed in the current study
(see Figs. 5–7), one may conclude that the staff-generated noises are more disturbing to the
patients than the alarm sounds. However, several other aspects may have to be considered
before making such a conclusion, where the patients’ annoyance perception of sound
events, especially while they are awake, may also be an important factor. For example, each
pulse of an alarm sound often consists of one or more tonal components, which are known
to be more annoying than other non-tonal sound events at a similar SPL [13]. Furthermore,
it is worth considering other non-sensory aspects for the assessment of the psychological
impact of sound events, particularly on patients. For example, patients may perceive speech
or activity-generated sound events to be more familiar, in general, thus less annoying than
the alarming sounds from the life-supporting devices [38]. Also, the predictability and the
subjective attitude to sounds may influence the annoyance perception. A recent study
shows that patients admitted in ICUs often experience the feeling of isolation and the lack
of control over the environment, especially over unexpected noises [39]. According to these
findings, ICU patients may perceive alarm sounds as more frustrating or annoying than
the staff-generated noises: Staff (v) and Staff (a) are, to a certain extent, predictable in the
presence of nursing staff, but Alarms may not; staff-generated noise may assure patients
that they are being cared for [39], whereas alarms without exact meanings known to the
patients may increase their worry about the health condition. These sensory and non-sensory
aspects briefly discussed in the preceding text may be the reasons why alarms are often
considered by the patients to be the most disturbing or annoying source of ICU noise [5].
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D. Solutions for the ICU noise
When seeking solutions to improve the acoustic environments in ICUs, particularly at the
sources of noise, the current study suggests that it may be sensible to attempt to influence
the behavior or the work routine of the staff members [40], as most of the noise sources
are either directly associated with them [Staff(v) and Staff (a)] or at least partly under their
control (Alarms). For example, a significant number of sound events may be reduced by
relocating staff conversations, and the activity-generated noise such as FS and RBs may
also be reduced to a certain extent. Additionally, studies show that a large number of
alarm sounds (85% to 99.5%) [41-43] are not clinically relevant or important, and therefore,
the associated noise level and the number of events may be reduced by better alarm
management (e.g., patient-specific alarm settings and more timely checkups), accompanied
by the improvement of alarming devices; e.g., a graded system better reflecting the severity
of the situation [42].
E. Limitations of the study
The measurement in the current study was carried out in a single-bed room sequentially
occupied by two patients only for 3 days, and the annotation was completed only for
the first 24 h, mainly due to the limited resources. Despite the fact that the measurement
duration in this study is considered to be relatively long compared to similar studies
reported in the literature, the results of a measurement for a few days may not be regarded
as representative of the general acoustic conditions in ICUs, especially when there are
numerous, highly variable factors affecting the sound-field characteristics, including
patients’ health condition among others. Similarly, the source-specific analysis presented
in this study may provide valuable insights into the ICU noise sources and their contribution
to the overall soundscape, but one needs to be cautious when generalizing it beyond the
annotated 24-h recording. The off-line annotation of noise sources as implemented in the
current study may be less susceptible of the Hawthorne effect than on-site observations.
It is uncertain, however, to which extent the presence of the recording equipment and the
informed consent procedure may have influenced the behavior of hospital staff and patients.
Other limitations were described in the methods and results section wherever relevant
and appropriate.

Conclusion
In the current study, an actual audio recording was made in an ICU continuously for
67 h, from which several acoustic parameters were extracted off-line. In general, the
results confirmed the findings of previous studies that patients admitted in ICUs may be
exposed to an excessive level of noise which is highly transient with numerous audible
peaks. Furthermore, the results of the source-specific analysis showed that a significant
portion of the total acoustic energy was attributed to the patient-involved speech and
non-verbal sounds, mainly due to the microphone position. Among the non-patient noise
categories, the staff-generated noise was found to be the dominant sources in most aspects
investigated in this study. Nevertheless, it was also discussed that the alarm sounds from
the life-supporting devices may be perceived by patients as equally disturbing or annoying,
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when other sensory and non-sensory aspects are considered in addition. Through the
source-specific analysis based on the detailed annotation of an audio recording, the current
study confirmed that the major sources of noise in ICUs may be completely or at least partly
controlled by human factors. It is suggested therefore that the acoustic environments in
ICUs may be improved to a certain extent by influencing the behavior or the work routine of
the nursing staff, most probably assisted by technical solutions and/or improvements. User
acceptance of such solutions may be important for the sustainable improvement of ICU
soundscape, which will have to be evaluated in relatively long-term studies where various
factors affecting the acoustic environment must be taken into account.
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Abstract
Purpose
High noise levels in the Intensive Care Unit (ICU) are a well-known problem. Little is known
about the effect of noise on sleep quality in ICU patients. The study aim is to determine the
effect of noise on subjective sleep quality.
Methods
Multicenter observational study in six Dutch ICUs. Noise recording equipment was installed
in 2-4 rooms per ICU. Adult patients were eligible for the study 48 hours after ICU admission
and were followed up to maximum 5 nights. Exclusion criteria were presence of delirium
and/or inability to be assessed for sleep quality. Sleep was evaluated using the Richards
Campbell Sleep Questionnaire (range 0-100 mm). Noise recordings were used for analysis
of various auditory parameters, including the number and duration of restorative periods.
Hierarchical mixed model regression analysis was used to determine associations between
noise and sleep.
Results
71 patients (68% male), mean age 63.9 (±11.7) years and mean APACHE II score 21.1 (±7.1)
were included. Average sleep quality score was 56±24 mm. The mean of the 24-hour
average sound pressure levels (L Aeq, 24h) was 54.0 dBA (± 2.4). Mixed-effects regression
analyses showed that background noise (β = -0.51, p <0.05) had a negative impact on sleep
quality, whereas number of restorative periods (β = 0.53, p <0.01) and female sex (β = 1.25,
p <0.01) had a small but significant correlation with sleep.
Conclusions
Noise levels are negatively associated and restorative periods and female gender are
positively associated with subjective sleep quality in ICU patients.
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Introduction
Recently, hospital noise and its potential negative influence on patient outcome has gained
widespread attention among caregivers [1, 2]. Due to the large number of monitoring and
life-supporting equipment, as well as daily staff interventions around the bed, the Intensive
Care Unit (ICU) is specifically prone to excessive noise. Noise is generally expressed as
sound pressure in decibels (dB), whereby often a correction is made for the frequency
of the sound (called “A-weighting”) to account for the relative loudness of the sound as
perceived by the human ear. Noise levels in ICUs have been found to be beyond acceptable
levels with average daytime sound pressure levels of around 60 A-weighted decibels (dBA)
and peak levels >90 dBA, the equivalent of standing next to a highway [3, 4]. Even more
relevant, nighttime sound pressure levels are only slightly lower with averages of around
50 dBA. These sound pressure levels clearly exceed those recommended by the World
Health Organization of 35 dBA during the night for hospitals [5]. In the ICU, different factors
contribute to high sound pressure levels, including a large number of alarm-generating
monitoring equipment, use of mechanical ventilators and around-the-clock activities by staff
members [4, 6, 7]. Excessive noise may cause multiple auditory and non-auditory effects,
of which sleep disturbances are thought to be the most deleterious [8]. Sleep disturbances
occur frequently in the ICU, characterized by an increase of stage 2 sleep and a decrease
in stage 3 and REM sleep [9, 10]. Up to now, only few studies have studied the potential
relationship between excessive noise and disturbed sleep in a real ICU setting. Studies
using polysomnography in ICU patients demonstrated that between 11 and 24% of arousals
are caused by environmental noise [11, 12]. Although polysomnography is considered
the gold standard for evaluating sleep, it is labor intensive and a burden for ICU patients.
Moreover, it is notoriously difficult to interpret and may not adequately reflect subjective
sleep [13, 14]. Furthermore, studies have been using a small number of patients, performed
in single centers and thereby limiting the generalization of the findings. Also, acoustical
parameters that have been analyzed were conventional measures of sound level, indicative
of physical changes in the sound field. To further quantify effects of noise on humans,
advanced parameters, such as loudness and restorative periods, defined as periods of
relative quietness, may be more useful. We therefore set up a prospective, multicenter
observational study aimed to determine the association between various acoustical
parameters and subjective perceived sleep quality in ICU patients.
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Methods
Study design
This was a prospective observational multicenter study in ICUs of five teaching hospitals
and one university medical center in the Netherlands (clinicaltrials.gov. no. NCT01826799).
These hospitals were Jeroen Bosch Ziekenhuis,‘s Hertogenbosch (JBZ), Radboud University
Medical Center, Nijmegen (RadboudUMC), Gelre Ziekenhuizen, Apeldoorn (Gelre), Isala
Klinieken, Zwolle (Isala), Onze Lieve Vrouwe Gasthuis, Amsterdam (OLVG) and Ziekenhuis
Gelderse Vallei, Ede (ZGV). In every participating ICU sound recording equipment was
installed in 2 to 4 patient rooms. Characteristics of the participating ICUs and rooms were
collected, such as year of construction, layout, number of beds, level, population (e.g.
surgical or cardiothoracic) and number of patients per room.
Patients
ICU patients aged ≥18 years, admitted to one of the equipped rooms, were eligible after 48
hours of admission to the ICU. Patients were not included if they were unable to understand
Dutch or were unable to be assessed for sleep quality, defined as either a Richmond
Agitation and Sedation Scale (RASS) score of -2 or less or presence of delirium. Before
study recruitment and enrolment, each patient and/or relative was given full explanation of
the study. Since this was an observational design and no actual sound recording was made
inside the rooms that could be retraceable to individual patients, the need for informed
consent was waived by the regional medical ethical committee (registration number MJ504,
METOPP, Tilburg, The Netherlands). Patient characteristics and demographics including
relevant previous medical history, admission diagnosis, severity of illness score (expressed
in APACHE-II score) and length of stay in the ICU were collected. Patient’s data were entered
into a web based electronic case record form by the research nurses of the participating
hospitals and were only accessible by the investigators.
Sound measurements
A measurement CE-marked microphone (M23, Earthworks Inc., Milford NH, USA) connected
to a laptop or PC, was placed in 2 to at most 4 patient rooms, above the patients’ head
(2.1~2.4 meters from the floor. When a patient was admitted to a room equipped with a
sound measurement device, the patient and his/her next of kin were informed, and only if
the patient became eligible, the sound data were used for analysis. The data were coded
and stored on a hard disk and were de-identified to prevent identification of persons by
members of the project group.
Based on previous research, the primary measures of interest for comparing the different
acoustic conditions between the 6 hospitals were the A-weighted time-averaged sound
pressure level (L Aeq) and the 10th percentile (L90) sound pressure level (A-weighted on fastresponse mode), which is an estimate of background noise [4]. Furthermore, the occurrence
rate of loudness peaks per hour, and the number and the average duration of restorative
periods were collected. A restorative period was defined as a continuous time interval of at
least 5 minutes during which the sound pressure level (SPL) did not exceed the predefined
threshold of 17.7 dBA above the L90 [4]. The number of restorative periods per hour and their
average duration were calculated. Longer restorative periods provide more opportunity
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for undisturbed sleep. The detection of loudness peaks was based on the psychophysiological model by Chalupper and Fastl to ensure that the impact of peak sounds was
assessed based on the auditory perception and expressed in units of sone [15]. The rate
was calculated either including all peaks or only peaks that had a minimum level of 10 sone,
which is equivalent to a noise peak of at least 73 dB at 1 kHz. We calculated values for each
parameter for three time periods: the whole day, day time (7am – 11pm), and night (11pm –
7am). Secondary measures of interest are presented and discussed in the supplementary
material. Noise data were analyzed using Matlab version R2017a (The Mathworks Inc.,
Natick, MA, USA).
Sleep assessment
Patients’ sleep was evaluated using the validated Richards Campbell sleep questionnaire
(RCSQ) [16]. This 5-item questionnaire is used to evaluate different aspects of sleep such
as perceived sleep depth, sleep latency, number of awakenings, efficiency and time awake.
Each item is rated on a Visual Analog Scale (0-100 mm), whereby higher scores indicate
better sleep. Usually, one item, regarding whether the noise level is disturbing for sleep is
also part of the questionnaire [17, 18] and therefore this item was added to the questionnaire.
The RCSQ has proven to be a valid, non-invasive tool for sleep perception in the ICU [16].
A Dutch translation of the RCSQ was created and validated according to the principles
of good translation. Sleep evaluation was started after patients were eligible, and was
continued for a maximum period of 5 nights. The RCSQ was filled in by the patient at around
7AM. If the patient was not able to fill in the RCSQ, no score was recorded.
Statistical Analysis
Data were compared by using the Student’s t test and proportions were compared with
the Chi-square test. To determine associations between variable noise parameters and
sleep quality, exploratory hierarchical mixed-model regression analyses were performed
specifying random intercepts for rooms in hospitals and for patients and selecting the
best fitting model using an automated model selection procedure based on the Akaike
Information Criterion (AIC) [19, 20]. We based the calculation of p-values on Satterthwaite
estimated degrees of freedom and carried out the analyses on the data from the nighttime
recordings between 11pm and 7am. The goodness-of-fit of the model was calculated
based on the method described by Nakagawa and Schielzeth [21]. All statistical analyses
were performed using SPSS version 20 (SPSS, IBM) and R (version 3.4.1, R Foundation for
statistical computing, Vienna, Austria).

Results
Between April 2013 and August 2015 a total of 71 patients fulfilled the criteria and were
included in this study. Data of 7 patients were removed from the final analysis due to missing
audio data. Baseline characteristics of the remaining 64 patients can be found in Table 1.
On average, patients were 63.9 ±11.7 years old and 48 (68%) patients were male. Most
participating ICUs had single-bed rooms and daily visiting routine occurred on similar times
(see Table 2).
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Characteristic

Patient cohort (n=64)

Patient characteristics
- Male sex no. (%)

44 (68)

- Age (mean, SD)

63.9 (11.7)

- APACHE II score (mean, SD)

21.1 (7.1)

- SOFA score (mean, SD)

6.1 (3.7)

- ICU admission duration before inclusion (median, IQR)

4 [3-10]

Admission category
- Respiratory

15 (23.4)

- Cardiology

2 (3.1)

- Medical

19 (29.7)

- Neurology

1 (1.6)

- Surgery

27 (42.2)

Mechanical ventilation (no., %)

20 (31.2)

Mechanical ventilation duration (median, IQR)

12 [9-23]

RCSQ (mean mm, SD)
Overall

56 (24)

1. Sleep depth

54 (25)

2. Falling asleep

60 (30)

3. Awakening

58 (26)

4. Return to sleep

53 (30)

5. Sleep quality

57 (29)

Patient survival to hospital discharge (no., %)

58 (90.6)

Table 1: Patient characteristics and sleep evaluation

Sleep quality of the patients
No sleep evaluation was registered for 5 patients; finally, 151 nights of sleep were evaluated
(mean 2.4 nights/patient). Average total sleep quality was 56 ±24 mm and was not
significantly different between the participating hospitals (table 1). Based on the additional
question of the RCSQ, noise was considered quite disturbing with an average VAS-score
of 34 mm, whereby a lower score indicates more disturbance. In 64 of 151 (42 %) of nights,
patients provided an answer to which noise they found was the most disturbing factor during
their sleep. Patients found that monitor/equipment alarms were the most disturbing to sleep
(28/64) followed by other (n=21), staff speech (n=9), and other staff activities (n= 6).
Noise levels in participating ICUs
The mean of L Aeq, 24h (24-hour average sound pressure level) was 53.9 ±2.4 dBA, with no
significant differences between day and night (see table 3 and figure 1). The L90 was 38.5
±4.0 dBA on average. Restorative periods occurred on average 1.2 times per hour during the
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Hospital

Site 1

Site 2

Site 3

Site 4

Site 5

Site 6

No. of
patients(%)

16 (25.0)

5 (7.8)

13 (20.3)

9 (14.1)

14 (21.9)

7 (10.9)

Year of ICU
construction

2008

2013

2011

2003

2011

2000

Type of ICU

Medical
Surgical

Medical
Surgical
Cardiothoracic

Medical
Surgical

Medical
Surgical
Cardiothoracic

Medical
Surgical
Neurosurgical
Cardiothoracic

Medical
Surgical

Number of
beds

14

36

14

24

40

12

Number of
beds per room

1

1

1

1-2-4

1

1

Nursing
handovers

7.00-15.0023:00

7.30-15.3023.15

07.30-15.3023.00

7.30-15.0023.15

7.00-15.0023.00

7.30-15.0022.45

Medical
handovers

Not in patient
rooms

8.30-17.0023.30

08.00-16.3023.00

8.45-15.0023.15

10:00-16:0023:00

Not in patient
rooms

Table 2: Hospital characteristics

Figure 1: Box-and-whisker plots of the 24-hour average sound pressure levels (LAeq,24h) for three recording
periods: All (24 hours, midnight to midnight); Day (from 7am to 11pm); Night (from 11pm to 7am).
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day, increased to 2.4 during the night (p < 0.0001), whereby also the average duration of the
restorative period significantly increased from 11.4 minutes during the day to 14.1 minutes
during the night (p < 0.001, see table 3). Loudness peaks with a minimum magnitude of 10
sone occurred 23.1 times per hour during the day, significantly decreasing to 6.0 times per
hour during the night (p < 0.0001).

Site 1

Site 2

Site 3

Site 4

Site 5

Site 6

Average

L Aeq [dBA]

L90 [dBA]

LoudPeaks10S

NumRestPeriod

ADR [min]

24 hour

52.5 (1.6)

35.8 (3.2)

12.1 (4.0)

44.1 (11.1)

10.8 (2.7)

Day

53.8 (1.5)

36,9 (3.4)

16.9 (5.3)

23.6 (8.2)

9.2 (2.0)

night

46.3 (3.9)

35.9 (4.2)

2.5 (3.3)

20.5 (5.9)

12.6 (5.5)

24 hour

51.2 (2.9)

37.2 (0.6)

10.7 (5.0)

37.9 (15.1)

23.9 (22.4)

Day

52.2 (2.9)

37.2 (0.5)

14.5 (6.8)

21.9 (9.5)

23.7 (18.6)

Night

47.1 (5.8)

37.8 (1.9)

4.1 (4.3)

15.9 (8.6)

11.6 (5.5)

24 hour

55.7 (2.3)

41.6 (3.0)

22.1 (8.7)

41.3 (8.9)

15.8 (6.2)

Day

56.7 (2.3)

42.6 (2.6)

29.2 (11.5)

22.0 (8.5)

14.2 (8.4)

Night

51.7 (3.2)

42.0 (3.6)

8.4 (7.0)

19.5 (4.8)

17.6 (7.9)

24 hour

53.8 (2.1)

42.5 (2.7)

18.2 (8.1)

38.8 (10.8)

9.6 (1.9)

Day

54.6 (2.3)

42.6 (2.8)

22.9 (9.9)

20.1 (7.8)

8.7 (2.6)

Night

51.5 (2.2)

43.6 (1.9)

8.8 (6.2)

18.4 (5.4)

10.6 (2.1)

24 hour

54.5 (1.5)

36.1 (2.4)

19.5 (7.2)

30.2 (12.3)

12.7 (8.4)

Day

55.5 (1.6)

37.2 (2.4)

24.8 (8.6)

12.6 (8.5)

11.3 (13.1)

Night

49.8 (2.7)

36.2 (4.0)

7.2 (6.6)

17.9 (7.7)

15.1 (10.5)

24 hour

55.7 (1.6)

40.3 (2.7)

23.7 (8.3)

37.5 (13.8)

12.7 (4.0)

Day

56.9 (1.6)

41.3 (3.0)

31.7 (11.6)

17.6 (10.2)

10.1 (4.5)

Night

50.7 (1.5)

40.0 (2.7)

7.2 (4.1)

19.6 (6.2)

13.8 (5.5)

24 hour

54.0 (2.4)

38.1 (4.0)

17.5 (8.0)

38.3 (12.5)

12.9 (7.7)

Day

55.1 (2.3)

39.1 (3.9)

23.1 (10.1)

19.4 (9.5)

11.4 (9.4)

Night

49.2 (4.0)

38.4 (4.7)

6.0 (6.1)

19.1 (6.4)

14.1 (7.7)

Table 3. Averages (SD in parentheses) for five selected noise level parameters for each hospital separately for
three recording periods: 24 hours, Day time (7am - 11pm), and Night (11pm - 7am). NumRestPeriod= number of
restorative periods; LoudPeak10S: hourly rate of loudness peaks of at least 10 sone; ADR=average duration of
restorative periods
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Association between noise and sleep
Female patients rated their sleep quality on average 1.2 point higher than men (p < 0.01; see
figure 2 and supplemental file 1). The number of restorative periods per hour during the night
also significantly positively contributed to sleep quality: with every additional restorative
period (per hour), sleep quality significantly increased by 0.53 points (p < 0.01). Higher levels
of the background noise (L90) significantly decreased sleep quality ratings by 0.51 points
(p < 0.05) (figure 2). We found a conditional R2glmm(c) of 0.2; regression model diagnostics did
not highlight violations of model assumptions. A more elaborate description of the analyses
and model diagnostics is provided in the supplementary file.

Figure 2: Standardized regression coefficients for the best fitting model for the sleep quality evaluated by the
patients. Error bars indicate 95-% confidence intervals. Standardized coefficients are expressed in units of
standard deviations to enable easy assessment which of the regression predictors imparts the largest changes
on the regression outcome variable.
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Discussion
In this prospective multicenter, observational study, we showed that background noise
was negatively associated with sleep, while gender (female) and the number of restorative
periods were positively correlated with sleep quality. Patients’ perceived sleep quality
was poor and did not differ between participating hospitals. Overall, noise levels were
consistently above the values (<35 dB L Aeq day and night; <40 dB L AFmax night) recommended
by the WHO [5]. This is the first study to evaluate a link between subjective sleep quality and
objective noise parameters in ICUs.
In ICU patients, sleep disturbances are very common [13]. As a risk factor for sleep
disturbances [13], noise in ICUs is ubiquitous and is mainly caused by staff activity,
machines and alarms [4].
Research on the relationship between noise and sleep arousals in ICU patients, thereby
using polysomnography, shows that noise peaks > 80 dBA are associated with arousal from
sleep and that noise is responsible for 11 to 24% of the total number of arousals [11, 12, 22].
More subjectively, patients themselves consider noise in the ICU to be disturbing to sleep [23].
We found that a higher L90 led to a moderate decrease in sleep quality, where L90 is
indicative of the average background noise level generated by, for example, air conditioning
or computer ventilators [24]. The average nighttime value of L90 was 38.4 dBA, indicating
that levels of background noise even exceed the threshold for average sound pressure
levels, stated by the WHO. Because the participating hospitals were different in design
and layout, considerable differences were found in L90 between hospitals. Given that within
hospital L90 was not different between day and night, the observed differences cannot
be attributed to differences in procedures and staff movement but must be due to the
building characteristics. This finding underlines the importance of taking building properties
into account when designing a new ICU. Average day and nighttime noise levels were
comparable with others studies, whereby differences between day and night were only
marginal [3, 4].
This is the first study showing a positive association between restorative periods and better
sleep. Restorative periods occurred on average only 2.4 times per hour during the night, and
the average duration of a restorative period was 14.1 minutes, which is indicative of the high
number of peak noises. Since restorative periods are most frequently ended by high-level
noisy events by staff activity or speech [4], interventions aimed at reducing staff-generated
noise appears to be a reasonable and achievable goal to improve sleep quality of critically ill
patients.
Female patients expressed that they had better sleep compared to the male patients.
Gender differences in subjective sleep quality in ICU patients have not been reported
previously in the literature, however, studies in the general population generally indicate
worse subjective sleep quality in women, compared to men [25]. Interestingly, in a large
study on the effects of traffic noise on objective sleep and subjective sleep quality in healthy
people, larger effects of noise on objective sleep parameters in men compared to women
were found, whereas no clear differences were found in subjective sleep quality [26]. Since
ICU patients often experience helplessness and are more dependent on their assigned
nurse, this may induce gender differences in subjective sleep quality whereby societal or
peer pressure from the (mostly) female nurses may lead to higher ratings of sleep quality

148 | Chapter 9

than actually experienced. Future research on gender differences in sleep quality should
further elucidate this finding.
In addition to pure physical properties of sound, we also analyzed the impact of noise peaks
on human perception (also called loudness) by using a validated model [15]. Loudness peaks
with a magnitude of at least 10 sone occurred significantly less during the night than during
the day. It is noteworthy that the nighttime hourly rate of these peaks differed substantially
between the participating hospitals, varying from 2.5 to 8.8. Without a source specific
analysis, it is difficult to pinpoint the source of these loud peaks and what causes this
difference between participating hospitals.
Some limitations need to be addressed. First, we used the RCSQ as a measure of sleep
quality instead of polysomnography. Although RCSQ is validated for the use with ICU
patients, subjective evaluation of sleep quality is subject to different forms of bias, including
recollection and response bias, which may specifically be true for ICU patients who are
recovering from critical illness. However, the results of the sleep evaluations are in line with
previous studies and the repetitive design of up to five measurements helps in reducing
the impact of outliers. Moreover, the RCSQ is easily applicable and interpretable and
is therefore easier to use in daily practice in contrast to polysomnography. Second, we
included ICU patients who were awake and able to communicate, thus selecting only a
subgroup of less severely ill patients, which makes it difficult to generalize the findings of
this study for the whole ICU population. Although the sleep evaluation in sedated and/or
delirious patients remains difficult, interventions aimed at improving the sleep quality by
addressing noise may have beneficial effects also on this other patient group. Third, we
did not take into account long-term outcomes of the patients. Therefore, negative effects
on sleep may not necessarily lead to worse outcomes. However, other studies have clearly
demonstrated an association between sleep deprivation and the development of delirium
in ICU patients, which has a multitude of negative long term consequences [27]. Moreover,
even brief periods of sleep deprivation in the general population can have long term negative
consequences in immune and cognitive function, as well as hypertension and obesity [28].
In conclusion, we found associations between various noise parameters and subjective
sleep quality in this multicenter study, confirming the negative consequences of noise on the
sleep quality in ICU patients. Sleep quality in general was poor and did not differ between
participating ICUs. Noise levels were high and periods of relative quietness occurred only
rarely. Increasing the number of nighttime restorative periods appears to be a reasonable
goal for improving patients’ sleep.
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Noise in the intensive care unit and its influence on sleep quality
Supplementary material
1 Acoustic parameters
In the main paper we focused on five acoustic parameters as having primary interest:
average sound–pressure level (L Aeq), background–noise level (L90), the rate of loud peaks per
hour with a magnitude of at least 10 sone (LoudPeaks10S), and the number and duration
of the restorative periods (NumRestPeriod and AvgDurRestPeriod). In addition to these
parameters, we calculated an additional series of parameters that we discuss and present
here. Collectively, these parameters enabled a more complete assessment of the acoustic
environment of the participating ICUs. Note that for the visualizations below, we used the
untransformed data and removed one outlier value
for the average duration of restorative period. Figures 1 – 5 provide an overview of the
distribution of data (using box and whisker plots) from all calculated parameters. Figure 1
(left-hand panel) illustrates that hospitals were fairly similar1 in terms of average sound–
pressure level (L Aeq) and shows that, on average, sound–pressure level (SPL) dropped about
6 dBA from 55 dBA during the day to 49 dBA during the night which may be a relevant
reduction given the fact that an approximately 10 dB decrease equates to an approximately
halving of loudness. Those averages are, however, higher than the WHO recommendations
for average nighttime sound–pressure levels in hospitals (35 dBA) [1]; In fact, even the
average 24-hour background–noise level of 38.1 dBA (L90; see Table 3 in the main article) is
higher than the recommended threshold of 35 dBA. The right–hand panel shows that, when
comparing time periods within hospitals, the distributions hardly changed, implying that L90
truly reflects background–noise levels due to, for instance, building characteristics like type
of air conditioning.

Figure 1: Box and whiskers plot for average and background (A-weighted, fast) sound–pressure level (L Aeq and L90,
respectively) for each hospitals and three recording periods. Recording period All: 0:00 - 23:59; Day: 7:00-22:59;
Night: 23:00 - 7:00 with 7:00 being the moment when an RCSQ was completed.
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Figure 2: Box and whiskers plot for average and background (A-weighted, fast) sound–pressure level (L Aeq and L90,
respectively) for each hospitals and three recording periods. See Figure 1 for details on the recording periods.

Figure 2 completes the data regarding the distribution of sound–pressure levels showing
box-and-whiskers plots for the tenth and 50th decile (L10 and L50, respectively). Adding the
right-hand panel of Figure 1 to the right of these two panels illustrates how the distributions
of sound–pressure levels changed from having a wider shape and, within hospitals,
considerable differences between day and night for L10, to very narrow distributions for L90
with no discernible differences between SPL comparing day and night. This highlights that
background noise L90 is, as expected, fairly stable during the day (within a hospital) but that
“foreground” sound (L10) varies in SPL to a greater extent and also that it, again expected,
reduces during the night. The distributions of L50, representing the middle/median values,
nicely capture the midpoint between L10 and L90.
The next interesting comparison is regarding peak noises. Figure 3 shows in the left-hand
panel the number of loud peaks with a magnitude of at least 10 sone whereas the righthand panel shows the number of loud peaks irrespective of magnitude. Obviously, the
total number of loud peaks per hour is higher when including all peaks (right-hand panel)
but more interesting is that during the night, compared to the total number of sound
peaks, the number of peaks exceeding 10 sone decreased to a larger extent. Given that
the sound-pressure level (L90) did not change from day to night, and that the loudness of
the alarms (presumably) also does not change, the larger reduction in number of 10 sone
peaks during the night is most likely due to a reduction of staff and/or visitors activity in the
ICU. The remaining parameters that we did not discuss yet, are the number and duration
of the restorative periods (see Figure 4). The relationship between these two parameters is
complicated in that compared to fewer and shorter restorative periods, more and longer is
better for recovery, but more restorative periods also implies that (logically) their average
duration needs to be shorter. It might be surprising that the distribution of number of
restorative periods during day and night seems similar. However, considering that the day
period comprises a 16-hour period and night only 8 hours, it is clear that during the night,
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more restorative periods occur and, at least visually (see Footnote 1), they seem to have a
slightly longer duration. Combining the previous observation regarding peak sounds with
the present one, we therefore suggest, in the main paper, that interventions to reduce staffgenerated noise seems to be a reasonable and achievable goal to try and improve sleep
quality of patients in ICUs.

Figure 3: Box and whiskers plot for the rate of loud peaks (per hour) with a 10 Sone magnitude (left-hand panel)
and all peaks (independent of magnitude; right-hand panel). See Figure 1 for details on the recording periods.

Figure 4: Box and whiskers plots for the number of (per hour; left panel) and average duration of the restorative
periods (in minutes; right-hand panel) for the three recording periods (see Figure 1). Note that the range of number
of restorative periods is different between the three time periods due to having different durations. For average
duration of restorative periods, we zoomed in on data between 0 and 50; this removed two data points at around
55 and 70 minutes.
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We also assessed the maximum sound–pressure level of peak sounds per minute (indexed
using the L AFmax,1min parameter; see Figure 5), which is also related to short-time high-level
sound events (peak sounds) but now based on a physics model whereas the peak sounds
in Figure 3 are based on a psychophysiological model [2]. We noted that the average level of
L AFmax,1min is lower during the night than during the day, but that it exceeds the recommended
noise level of 40 dBA that is proposed by the WHO (Table 4.1) [1] . It is these peak sounds
that typically end a restorative period. Note again that Figure 3 shows a perception–based
perspective on peak sounds whereas Figure 5 takes an acoustic (physics) view using
sound–pressure levels. It is clear that the sound–pressure level of some of those peak
sounds cannot be reduced because they are caused by alarms that the staff needs to hear.
The observational nature of the study precludes concluding that only alarms causes these
excessive SPL’s or that also staff activity increases SPL’s in the ICU and, if so, whether
specific activities cause them.

Figure 5: Box and whiskers plots for the average sound–pressure level of peak sounds (L AFmax)
for the recording periods that are explained in the caption of Figure 1.

2 Hierarchical / mixed-models regression
Hierarchical (mixed) modeling is a regression technique that exploits intra-class clustering
of data to generate more precise estimates of the fixed-effects parameters of a regression
and, additionally, uses this information to calculate the variance around the fixed-effects
parameters that each cluster introduces in the data [3]. The present data set contained two
sources of variation: patients that are randomly included in the study and hospital rooms
that have unique properties that may affect sleep quality ratings of the patients in ways that
should be prevented from affecting the analysis. We therefore specified a random effects
structure that contained a random intercept for rooms within hospitals and a random
intercept for patients. Note that preliminary analyses highlighted that a random intercept for
hospitals was not necessary for an adequate model fit. We transformed the data to grandmean centered and scaled scores for all acoustic variables because some of those were on
different magnitudes of scales. Moreover, scaling also reduces effects of multicollinearity.
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We used R (version 3.4.1; R Foundation for Statistical Computing, Vienna, Austria and
lme4 (version 1.1-14) for the hierarchical mixed-models regressions. Model selection was
supported by the glmulti package (version 1.0.7) and least-squares means were calculated
using the effects package (version 3.1-2). For the calculation of R2glmm based on Nakagawa
and Schielzeth [4], we used the piecewiseSEM package (version 1.2.1). Existence of
influential data was assessed using the influence.ME package (version 0.9-9; [5]).
Figure 6 shows, as an example, the relationship between sleep quality, determined using
the RCSQ, and one of the selected acoustic parameters: A-weighted noise level (L Aeq). The
scatter plot shows considerable variability in RCSQ scores: that is, patients indicated bad
sleep quality for low average SPLs as well as for high average SPLs.

Figure 6: An example scatter plot of L Aeq against sleep quality for the sleep quality measurements obtained for the
individual rooms (with hospitals in separate panels) to highlight the variability in sleep quality scores measured
using the RCSQ. Colors and shape indicate individual rooms with simple regression lines for each room in the
same color; the blue regression line is the overall regression for the respective hospital. The scatter plot is based
on untransformed data.

2.1 Model selection procedure
The current exploratory modeling approach is different from a confirmatory study where
theory dictates which parameters are important because in the present study we explored
which parameters were relevant rather than confirming that specific parameters affected
sleep quality. We therefore worked from the assumption that the best fitting statistical
model would have the most explanatory power to indicate, in the present data set, which
acoustic parameters most strongly affected sleep quality. This approach typically requires
that a subset of relevant parameters is selected from a larger set of candidate parameters.
In regression analyses this selection is often performed based on stepwise backward
regression by fitting a full model and then, one by one, eliminating non-significant
predictors.
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This method, however, is known to be fraught with problems [6]. The most relevant problems
are that the stepwise regression inflates R2 values and yields confidence intervals that are
falsely narrow and affect p-values negatively, and that the procedure does not necessarily
find the best fitting model [6, 7]. We therefore chose to use a model-selection procedure
based on information criteria that is based on minimizing the (the sample size corrected)
Aikake information criterion to find the model with the least amount of parameters having the
best explanatory value indicated by the lowest AICc [8, 9]. The resulting model is presented
in the main body of the article and below we elaborate on model fit and diagnostics.
Model term

Estimate

SE

t statistic

95% CI

Intercept

5.209

0.257

20.294

[4.7-5.7]

sexF

1.247

0.384

3.246

[0.5-2]

L90

-0.505

0.197

-2.559

[-0.9- -0.1]

NumRest Period

0.533

0.180

2.964

[0.2-0.9]

Random Intercept
Rooms

0.399

Residual Error

2.158

Table 1: Model summary of the best-fitting model (based on minimizing the AICc) for the patients’ RCSQ scores
including the random effects.

2.2 Model fit and diagnostics

Figure 7: A series of model-diagnostic plots on the model residuals illustrate (top left to bottom right) a random
distribution of the residual error terms, the model fit, no discernible relation between fitted values and residual,
and normally distributed residuals evidenced by a Q-Q plot and a histogram.
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In normal, simple or multiple, regression, model fit is assessed using (adjusted) R2 which is
a value that can be interpreted as the percentage of explained variance. For mixed-effects
regression such an assessment of model fit is more difficult because it can be implemented
in a number of ways and is known to have theoretical problems [4]. Based on a series of
requirements for an ideal R2 score, Nakagawa and Schielzeth therefore proposed two
R2 values applicable to (generalized) linear mixed models: the marginal R2 that reflects
explained variance based only on the fixed effects of a mixed-effects regression, and the
conditional R2 that incorporates the entire model in its score [4].
For the model that we selected as best model, these scores were R2glmm(m) = 0.1 and R2glmm(c)
= 0.2. These scores indicated that the model did not explain a lot of the variance in the data.
The relatively low R2glmm(c) reflects that variance remained in the data that was not explained
by fixed or random effects. This implies that other factors may have affected patients’ sleep
scores that we have not yet considered; we further evaluated model fit using the commonplace residual plots (see Figure 7). The visual analysis did not highlight problems with the
assumptions of the regression model.
2.3 Influential data
Finally, we verified whether specific data points, for instance, data from a specific patient
or a specific room, had excessive influence on the regression estimation by having data
points that were too close or too far away from the estimated regression equation. For
mixed-effects models, determining influence and leverage is, again, more complicated than
for normal (simple or multiple) regression because when calculating values like dfbetas
or Cook’s distances we needed to consider that data points were part of a group of data
points that belong a room or a patient [10]. Nieuwenhuis and colleagues developed an R
package that enables calculating these influence and leverage scores using a leave-oneout approach on pre-specified levels of analysis [5]. For the (hierarchical) level of patients,
we found that data of one participant was often flagged as having passed the cutoff value
for the various scores (e.g., see Figure 8 for a visualization of Cook’s distance). When we
removed the data from that participant and refitted the model, we observed that all slopes
in the model reduced in size (to 1.08, -0.43, and 0.38 for females, L90, and number of restful
periods, respectively) but did not change in significance. We therefore decided to keep
these participants included the data. For the level of rooms, we found similar changes in the
slopes that, again, did not affect significance.
2.4 Combined effect of acoustic predictors
For improved understanding of the combined effect on sleep quality of the acoustic
predictors L90 and number of restorative periods, we created a marginal effects plot that
displays how (predicted) sleep quality would change as a result of changes in value of the
acoustic predictors (while averaging over the other predictors).
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Figure 8: Cook’s distance calculated for individual patients for all variables in the selected regression equation.
Data points highlighted in red triangles indicate data points with excessive influence on the fit of the model using
the conventional criterion of 4 divided by the sample size.

Figure 9 shows the predicted sleep quality for various ranges of background sound (L90 on
the x-axis) and numbers of restorative periods (in separate lines). This figure shows that
under the best circumstances (i.e., many restorative periods and low background-noise
levels), sleep quality was estimated at approximately 73 mm and the worst sleep quality is
predicted for a low rate of restorative periods and high background noise.
2.5 Individual RCSQ items
The above analyses as well as those in the main text were performed on the overall score of
the RCSQ based on the average of the items’ scores. However, the items of the RCSQ were
designed in such a way that they correlate well with specific sleep stages and/or aspects
of sleep. That is, items 1 - 5 gather scores on the following aspects of sleep, respectively:
sleep depth, falling asleep, number of awakenings, percent of time awake, and quality of
sleep. It could be that the scores regarding each of these aspects were affected by different
parameters. We therefore ran an automated-selection procedure on each of the individual
items’ data to determine which of the available parameters were selected as part of the
best model for an item. Most model-selection procedures resulted in a best model that
incorporated the same set of parameters as the main model presented above. We therefore
only verbally discuss the exceptions and conclude that in the present data the overall RCSQ
score correlated well with the scores for its items. Newly introduced parameters were all
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Figure 9: Overview of the combined effect on sleep quality of the acoustic predictors in the regression model.
Note that the data are visualized in back transformed values. The values for number of restorative periods are
arbitrarily chosen values that represent the entire spectrum of values observed in the data.

based on patients’ data, for instance, whether or not a patient was on ventilator support
(relevant for number of awakenings and quality of sleep), duration of stay in hospital before
ICU admittance (relevant for sleep depth and number of awakenings), and duration of
the stay in the ICU (for percentage of time awake). Being on invasive ventilator resulted in
significantly fewer awakenings during the night whereas quality of sleep was significantly
negatively affected by being on a non-invasive ventilator. We therefore concluded that
the overall RCSQ was well supported by the scores on the individual items. That is, the
statistical model for the total score mostly comprised the same parameters as the models
for the individual items rather than that the items’ models contained many other parameters.

160 | Chapter 9

References
1.

Berglund, B., T. Lindvall, and D. Schwela & World Health Organization Occupational and
Environmental Health Team 1999, Guidelines for community noise. 1999: Geneva.
2. Chalupper, J. and M. Fastl, Dynamic Loudness Model (DLM) for Normal and HearingImpaired Listeners. Acta Acustica United with Acustica, 2002. 88: p. 378-386.
3. Gelman, A. and J. Hill, Data analysis using regression and multilevel/hierarchical
models. 2007, Cambridge: Cambridge University Press.
4. Nakagawa, S. and H. Schielzeth, A general and simple method for obtaining R2 from
generalized linear mixed-effects models. Methods in Ecology and Evolution, 2013.
4(2): p. 133-142.
5. Nieuwenhuis, R., M. te Grotenhuis, and B.J. Pelzer, influence.ME: tools for detecting
influential Data in Mixed Effects Models. The R Journal, 2012. 4(2): p. 38-47.
6. Harrell, F.E., Jr., Regression modeling strategies with applications to linear models,
logistic and ordinal regression and survival analysis. 2 ed. Springer Series in Statistics.
2015: Springer International Publishing.
7. Calcagno, V. and C. de Mazancourt, Glmulti: An r package for easy automated model
selection with (generalized) linear models. Journal of Statistical Software, 2010. 34(12).
8. Wagenmakers, E.J. and S. Farrell, AIC model selection using Akaike weights. Psychon
Bull Rev, 2004. 11(1): p. 192-6.
9. Greven, S. and T. Kneib, On the behaviour of marginal and conditional {AIC} in linear
mixed models. Biometrika, 2010. 97: p. 773-779.
10. Belsley, D.A., E. Kuh, and R.E. Welsch, Regression diagnostics: Identifying influential
data and sources of collinearity. Wiley Series in Probability and Statistics. 2004,
Hoboken, NJ: John Wiley and Sons.

Noise in the Intensive Care Unit and its influence on sleep quality: A nationwide survey in Dutch Intensive Care Units | 161

162 | Chapter 9

Chapter 10
General discussion, conclusions
and future directives
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In this thesis we have investigated several aspects of the ICU environment, as well as ICUacquired delirium. This chapter summarizes these findings in light of other literature and
provides suggestions for future research in this field.
The intensive care unit as a specialized ward in the hospital where the sickest patients are
admitted was founded as such in the 1950’s when extensive Polio epidemics necessitated
prolonged mechanical ventilation in specialized wards [1]. Since the target population for ICU
admission has always been those patients with unstable vital functions, the primary focus
of intensive care treatment is pointed at patient survival. Consequently, the ICU environment
is entirely suited to facilitate optimal treatment from the caregiver perspective. From the
patient perspective however, the ICU is an unpleasant environment. Critically ill patients are
surrounded by a large number of light and noise generating equipment. In addition, natural
daylight might not be available and as intensive care treatment is provided around the clock,
day-night rhythm is threatened, often for prolonged periods of time. Up to now, abnormal
exposure to light, as well as to noise appeared to be unavoidable.

Part 1 Light exposure and ICU
Effects of abnormal light and noise exposure
Direct sunlight is of indispensable importance for life on earth and humans in particular.
The biological effects of visible light are mediated through specific photoreceptors in the
retina which project on to the suprachiasmatic nucleus, which is the location of the principal
mammalian pacemaker [2]. While this pacemaker generates endogenous oscillations,
known as circadian rhythms, external light exposure provides alignment with the terrestrial
day. The suprachiasmatic nucleus regulates effects on the body through the rhythmical
release of the neurohormone melatonin. The most evident example of a circadian rhythm
is the sleep-wake cycle, but also body temperature, appetite and gene expression show
circadian rhythms [2]. In the ICU, daytime lighting levels are often too low and lighting
levels during the night often way too high compared to physiological circumstances [3].
As a consequence, reduced or absent entrainment of the circadian rhythm occurs and
disturbances of circadian rhythm as well as sleep disturbances may ensue [4, 5].
Disturbances of circadian rhythm are nearly ubiquitous in critically ill patients [6-8]. Being
one of the major risk factors, the disturbed circadian rhythm contributes to abnormal sleep
in the ICU patient. Compared to normal individuals, ICU patients experience a significant
increase in the number of arousals, an increase in sleep fragmentation and decreased
percentages of REM sleep [5]. Sleep disturbances, as well as disturbances of circadian
rhythm, may be associated with the development of ICU-acquired delirium [9]. This cognitive
disorder, occurring in approximately 30% of ICU patients, is characterized by attention
deficits, accompanied by changes in cognition or perceptual disturbances fluctuating over
time. Apart from the underlying disorder, multiple risk factors may increase the chance
of developing delirium. These risk factors are generally subdivided into predisposing
(vulnerability) and precipating risk factors (insults) [10]. Predisposing factors include for
example advanced age, a history of cognitive disorders and substance abuse [11]. Sleep
disturbances, disturbances of circadian rhythmicity, as well as the ICU environment itself are
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examples of precipitating factors, associated with development of ICU-acquired delirium. Of
therapeutic interest, these factors are modifiable.
Apart from light, also abnormal noise exposure is present in the ICU. The ICU serves to deal
with unstable, critically ill patients, necessitating noise generated by critical care staff, as
well as use of devices. These devices, e.g. ventilators, pumps, monitors, generate noise,
either by themselves or by alarms, or both. Therefore, noise levels in ICU’s are unsurprisingly
and consistently high and beyond the limit of 35 dBA, set by the World Health Organization
for nighttime noise levels in hospitals [12]. Average daytime sound pressure levels average
60 dBA with peak levels exceeding 90dBA, the equivalent of standing next to a highway
[13]. Even more relevant is the fact that nighttime sound pressure levels are only slightly less
with averages of around 50 dBA [13]. Negative consequences of prolonged exposition to
excessive noise include, among others, sleep disturbances. [14].
To summarize, excessive light and noise exposure, especially during nighttime appear to
negatively affect sleep and increase the risk of delirium. However, major challenges remain
in defining adequate sleep in critically ill patients [5]. Also, though sleep disturbances and
delirium often co-occur, their precise relationship is still unknown [9]. Based on classical
sleep patterns, polysomnography, which is considered to be the gold standard, show
undefinable sleep patterns in sedated, but also in unsedated critically ill patients [15, 16].
New EEG scoring systems for sleep in ICU patients are being developed, but their clinical
usefulness has not been adequately validated yet [17, 18]. Also, the role of EEG in detecting
delirium is currently being evaluated [19]. Further understanding of the neurophysiology of
delirium may unravel this complex interplay between sleep and delirium. These topics should
be the subject of further research in this field.
Light exposure before the Intensive Care unit admission
In addition to direct effect of light exposition on circadian rhythm and sleep, exposition
to daylight prior to ICU admission may be of relevance. This hypothesis is based on the
observation that seasonal differences exist in immune function in mammals, with an
improved immune function during wintertime [20]. A study in critically ill patients found an
association between shorter pre-ICU admission daylight exposure and reduced mortality
[21]. In addition to immune function, shortening of daily light exposure during fall/wintertime
is associated with seasonal affective disorder syndrome, a syndrome characterized by
depressive symptoms, which most frequently occurs during fall/wintertime [22]. Recently,
it was shown that also among healthy subjects, seasonality in cognitive functioning indeed
exists, with a more dysfunctional pattern during winter [23]. Less sunlight exposure was
found to be associated with cognitive impairment in a large cohort of healthy volunteers [24].
Since delirium is a disorder of cognitive functioning, we hypothesized that delirium incidence
in critically ill patients varies throughout the seasons, analogous with the abovementioned
studies. In chapter 3, a study evaluating the association between pre-ICU admission
daylight exposure and incidence of delirium in 3198 critically ill patients from three hospitals
is described. We did not find seasonal differences in delirium incidence or an association
between pre-admission daylight exposure and the incidence of delirium. Additionally, the
previously reported [21] association between pre-ICU admission daylight exposure and
mortality was not confirmed. While the methodology was quite similar in both studies,
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pre-admission daylight exposure was only half to one-third in our study compared to the
other study. Since the exact effect by which sunlight may influence mortality is not known,
a possible explanation would be that there is a certain threshold of sunlight exposure below
which no benefit is observed. Additionally, since the other study had a total number of 11439
patients with a higher mortality rate (10.7% vs. 7.4%), our study may have been underpowered
to detect a small difference in mortality. Finally, differences in case-mix per season as well
as severity of disease may have differed between both studies and, though correction for
confounding has been applied, residual confounding may still have played a role.
In conclusion, much is still unclear about effects of light exposure before admission
on outcomes of critically ill patients, due to the multitude of factors that play a role in
outcome of ICU patients as well as difficulties in determining individual daylight exposure.
To provide more insight into the exact effects of lighting exposure before critical illness
starts, future research should focus on experimental studies using laboratory animals,
exposed under different lighting conditions before introducing e.g. severe sepsis, by means
of a cecal ligation and puncture (CLP) model [25]. Human studies could include elective
surgical patients, in whom light exposure is measured in the period before their actual
planned surgery, not affected by seasonal influences. In these patients, relevant outcome
measurements, including delirium, could be recorded during their ICU and hospital stay and
associated with pre-hospital light exposure.
Possible solutions for disturbed light exposure during ICU admission
In recent years, studies have demonstrated beneficial effects of the nighttime use of
eye-masks and, to a larger extent, earplugs on sleep and delirium in ICU patients [26].
However, most patients in these studies were not intubated. In chapter 2, we evaluated the
feasibility of eye-masks in a small group of mechanically ventilated ICU patients. We found
that the majority of patients refused to wear a mask or put the mask off, due to feelings of
restlessness, discomfort or anxiety. It is quite imaginable that the absence of sound and/or
light masking to intubated patients may lead to feelings of sensorial deprivation, especially
when used together. Therefore, eye-masks may improve sleep in selected ICU patients, but
clearly they should be used with caution as they may also lead to feelings of discomfort and
anxiety in mechanically ventilated ICU patients.
As lighting levels during daytime in ICUs are generally low, improving light by means of
(artificial) lighting may restore circadian rhythmicity and reduce the incidence of its negative
sequelae, including delirium. In non-ICU patients, bright light therapy was able to reduce
restless behavior in geriatric patients, suffering from delirium [27]. In the ICU, effects of
bright light therapy on several outcomes, including delirium incidence, were investigated in
two small studies in patients after oesophagectomy [28, 29].In these randomized studies,
including respectively 11 and 26 patients, patients in the intervention group received 2 hours
of bright light therapy up to 5000 lux, during 5 days after surgery. In both studies, delirium
incidence was lower in the intervention group, albeit non-significantly. However these studies
included a small number of less severely ill, non-intubated surgical patients and results may
therefore not apply to the whole ICU population. Additionally, no correction for confounding
was reported.
The ICU of the Jeroen Bosch Hospital is equipped with a special lighting system (Dynamic
Light Application, DLA), which is able to deliver a high intensity, bluish light during daytime
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as compared to normal lighting. Up to recently, studies evaluating effects of lighting therapy
on the circadian system were lacking a clear description of how this therapy may influence
the biological clock. Therefore, based on previous literature, we developed a set of circadian
metrics. These metrics include characteristics of impact of light therapy during the whole
day and even over several days, namely magnitude, contrast, clustering and variability. We
tested these metrics in the Dynamic Light study mentioned below and found differences in
the circadian metrics between the testing condition (DLA) and the standard lighting setting,
especially during wintertime (chapter 4). To evaluate whether the lighting therapy was also
able to influence the circadian rhythm in ICU patients, we assessed circadian rhythmicity in
a subgroup of 20 patients by means of analysis of urinary excretion of 6-sulfatoxymelatonin
(6-smt) and cortisol in three hour periods, measured over 24 hours. While the presence
of a circadian rhythm of 6-smt and cortisol excretion could be established in the majority
of patients (65% and 70% respectively), no differences were found between the DLAtreated and control group. In addition, only 25% of patients showed a normal 6-smt rhythm
and 10% a normal cortisol circadian rhythm. These results confirm previous reports,
demonstrating severely disturbed melatonin and cortisol excretion in critically ill patients [7,
8, 30], but also show a lack of effect of the lighting therapy on circadian rhythmicity, which is
in contrast with previous studies, performed in less severely ill patients.
We set up a randomized controlled trial, described in chapter 5, comparing DLA lighting
settings to normal lighting settings, whereby delirium incidence and duration were chosen
as a relevant outcome. Between 2011 and 2013 a total of 734 patients, admitted to the ICU
of the Jeroen Bosch Hospital, were randomized to receive either DLA or control lighting
settings (361 in the DLA group and 373 in the control group). No differences were found
in the primary outcome of delirium incidence or duration of delirium. Also, no differences
in any secondary outcomes, including ICU and hospital mortality, were found. Some
important factors that distinguish critically ill patients from other patient groups may play
an important role in the observed lack of effect. Since effects of lighting therapy occur
through the eyes, eye closure, as is often the case during the acute illness of the ICU patient,
may have prevented biological effects of the high intensity light to occur. In addition, ICU
patients often receive sedatives, which are known to disturb circadian rhythm themselves
[31]. Nevertheless, in a sensitivity analysis in subgroups of patients who stayed longer than
3 days in the ICU and those who did not receive sedatives, no effects were demonstrated
either.
Also, the amount and type of lighting therapy may not have been sufficient to trigger the
circadian rhythm. Highest light intensities in the intervention group reached 700 lux, which
should be able to trigger the circadian system, but are still lower than light intensities usually
used in other conditions, such as seasonal affective disorder or depression [32]. Higher
light intensities, possibly in brief episodes instead of continuous lighting, may therefore be
more effective, however, no studies in critical care patients are currently underway. Future
research should focus on other types and intensities of lighting therapy, as well as effects on
lighting therapy in the chronic phase of illness, whereby restoration of circadian rhythmicity
and prevention of cognitive dysfunction/delirium should be main targets.
Apart from effects of lighting therapy on patients, the use of light may also exert effects
on care providers working under these light circumstances. Previous studies have

General discussion, conclusions and future directives | 167

demonstrated improved alertness and objective performance in simulated working
environments with higher light intensities [33] and in otherwise dim light conditions [34, 35].
Up to now, few studies have evaluated effects of lighting therapy in nursing care. The focus
in these studies lies in general on additional nighttime lighting, since decreased alertness
and sleepiness most often occur during the night. Some studies suggest a beneficial effect
of brief bright light exposure [36] or find improved alertness in nurses exposed to bright
light during their night shift compared to dim light conditions [37]. During the conduct
of the DLA study, we evaluated effects of working daytime shifts in DLA compared to
working under control lighting settings in a group of 10 ICU nurses in a cross-over design.
We collected information of self-reported cognitive performance, as well as wellbeing,
sleep quality and mental health, measured by validated questionnaires. We did not find
any difference in cognitive performance nor wellbeing between working in DLA or control
lighting settings. This may be due to the fact that light exposure is only one of many factors
that influence cognitive performance and wellbeing. Other factors, such as personal stress,
physical complaints and sleep quality all are major contributors to subjective wellbeing and
occur frequently in nursing [38]. Also, DLA is only present during day-time and inside the
patient room and, since nurses also work outside their assigned patient room, this may
have resulted in an insufficient cumulative exposure to the experimental lighting condition.
Investigating effects of bright light in otherwise dim light situations in nursing care may
be promising, but practical realization is obviously difficult because of opposing lighting
needs between patients and staff during nighttime. Future research should focus on longer
duration of light exposure and possibly higher light intensities in the whole working area,
especially during dim light conditions, as well as effects of lighting therapy on number of
(near) errors in daily ICU nursing.
Biomarkers in delirium
The neuro-inflammatory hypothesis of delirium states that in delirium brain inflammation
plays a major role [39]. Higher levels of several biomarkers, such as interleukin (IL)-6 and
s-100β, are found in delirious patients, compared to non-delirious patients [40-42]. However,
findings remain inconsistent and important differences in patient groups, timing of sampling,
methodology and statistical analysis makes comparison between studies difficult. To gain
more insight in the time-course of several biomarkers before and after the occurrence of
ICU-acquired delirium, we performed a sub-study of the DLA study (chapter 7). In this
study, we analyzed serial blood samples, drawn on day 1, 2 4 and 6 after ICU admission
of 50 participants of the DLA study, each of them with a high risk of developing delirium. If
delirium occurred, samples drawn just before and after the onset of delirium were analyzed.
Levels of several inflammatory and brain-specific proteins were determined. We found no
differences in the time course before or after the onset of delirium in any of these markers.
Levels of adiponectin over time remained significantly higher in delirium patients compared
to non-delirium patients. Adiponectin is a protein excreted exclusively by adipocytes. Due to
its effects on down-regulation of the immune response and low adiponectin levels in septic
patients some advocate therapeutic use of adiponectin in critically ill patients [43]. Recent
studies have demonstrated higher adiponectin levels in patients with traumatic brain injury
[44] and animal studies have demonstrated higher adiponectin expression in brains of rats
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exposed to traumatic brain injury or ischemia [45, 46]. Much is still unclear on the role of
adiponectin in healthy and damaged brain [47] and further studies investigating this topic
have to be awaited.
Cross-sectional analysis on laboratory values, just prior to the clinical occurrence of delirium
showed that serum levels of tau protein and the ratio Tau/Aβ1-42 were significantly higher in
patients with the hypoactive form of delirium compared to non-delirium patients. Also, levels
of neopterin and IL-10 were significantly higher in hypoactive delirium compared to mixed
type delirium. These findings may suggest different pathways in the development of these
subtypes of delirium and a possible association between the hypoactive form of delirium
and the development of cognitive disorders. Further studies are warranted to explore this
relationship.
In conclusion, the role of biomarkers in the diagnosis, as well as the understanding of ICU
acquired delirium is still limited. Much is still unknown about the exact pathophysiological
substrate of delirium. The use of techniques that lie closer to the fundamental biology,
such as proteomics and transcriptomics may provide more insight in a common delirium
pathway. In addition, connection of the large amount of clinical and demographical data (‘big
data’) may result in better understanding of risk factors for delirium, as well as a tailor-made
approach to deal with it.

Part 2 Noise in the ICU
Defining the problem of noise in the ICU
As described previously, noise levels in ICU’s are high and beyond limits set by the WHO
[13, 48]. Determining where noise is coming from is imperative to consider improvement
of the environment. Some studies have evaluated sources of noise, mostly by means of
a human observer inside the patient room. One of these studies determined that 34% of
noises were avoidable [49]. However, most studies did not link the noise sources to actual
sound pressure levels and, more problematically, the presence of a human observer inside
a patient room may alter the behavior of the staff (and even patients) inside that room, a
phenomenon known as the Hawthorne effect [50].
We therefore set up a study (chapter 8) whereby an audio recording was taken with duration
of 67 hours, using a calibrated microphone placed 1.5 meter above the patients head.
This recording was used to extract acoustic parameters. Apart from the ‘normal’ acoustic
parameters we also defined “restorative periods” as episodes of at least 5 minutes, whereby
the sound pressure level did not exceed a certain threshold. In addition, a 24 hour part of
the recording was used for manual annotation of noise sources. Sound pressure levels were
found to be in concordance with previous studies, with average daytime sound pressure
levels between 50 and 60 dBA, with nighttime levels approximately 5 dBA lower. During the
night, only 55% of the time the sound pressure level could be described as restorative. Source
specific analysis revealed that staff activity and speech were responsible for more than 50%
of the total acoustic energy and for more than 90% of the interruption of quiet periods. We
concluded that most noise sources in the ICU were related to human factors and therefore
changing staff behavior and/or work routine might improve the ICU acoustic environment [48].
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Studies evaluating effects of noise on sleep quality in critically ill patients demonstrated
that between 11 and 20% of arousals are caused by environmental noise [51, 52]. However,
other studies have found a larger impact of noise on sleep [53-56] and therefore the precise
role of noise on sleep disturbances in ICU patients is still unknown [57]. Differences in study
set up, noise parameters measured as well as measurement of sleep may at least partially
explain this unclearness. To further elucidate this relationship we performed a multicenter
study in the ICUs of six Dutch hospitals, described in chapter 9. In two rooms of each
ICU, noise recording equipment was installed and patients admitted to those rooms were
included in the study, if they were able to be assessed for sleep. Sleep evaluation was
performed using the validated Richards-Campbell Sleep Questionnaire for a maximum of
5 nights. Different noise parameters were extracted from the audio data and associations
between noise and sleep quality were made using an automated hierarchical mixed model
regression analysis. We found that the average level of background noise was significantly
associated with worse sleep. Number of restorative periods, defined as periods without
peak noises, was associated with better sleep quality. Noise levels were above threshold
levels, as recommended by the WHO. We found no clear differences between hospitals,
indicating that excessive noise is ubiquitous among ICUs due to similarities in building
structure, workflow and use of machines. Apart from behavioral and alarm modification,
future attention should be paid to the design and structure of ICUs. In addition, more
understanding of the impact of noise on humans is necessary and multidisciplinary
collaboration, including for example clinicians and acoustical engineers, as was the case
in abovementioned studies, is necessary. Finally, noise reduction may theoretically lead
to improve ICU outcome through a mechanism of improvement of sleep--improvement
of circadian rhythm--reduction in delirium. This pathway should be further elucidated in
the future.

Conclusion
This thesis has focused on the role of environmental light and noise in ICU patients. The
main outcome measure with respect to the lighting studies was delirium. ICU-acquired
delirium is a multifactorial syndrome with multiple known risk factors [58], including
disturbed sleep. Targeting only one risk factor, light, may therefore have been insufficient
to influence the risk and duration of delirium. Some studies have shown beneficial effects
of multicomponent strategies aimed at reducing the risk of development of ICU-acquired
delirium. Therefore, incorporating lighting therapy as well as (nighttime) noise reduction
in a multimodal approach to improve patient sleep, wellbeing and cognitive function is an
interesting goal to improve outcomes in patients recovering from critical illness.
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The Intensive Care unit, as a ward where the most severely ill patients are treated, was
established in the fifties. In this period, a large polio epidemic necessitated the need for
mechanical ventilation for severely affected patients and these patients were treated in
specially designed wards. Over time, possibilities of life support expanded and bedside
medical equipment grew. In addition, intensive care and monitoring by specialized nurses
led to round-the-clock activity in the ward and at the bedside. Since the primary goal of
the ICU treatment is survival, negative effects of the ICU environment on the patient in
terms of noise, visual disturbance and sleep quality was till recently considered secondary.
Nowadays, the detrimental effects of the ICU environment have gained attention. For
example, noise disturbances by alarms, ventilator and staff activity, especially during
night-time, appear to cause significant patient burden. In addition, excessive night-time
lighting, limited visiting hours and reduced daytime lighting also have negative effects
on patient wellbeing. Negative effects include disruption of the normal day-night rhythm
leading to sleep disturbances. In addition, a substantial amount of ICU patients become
delirious. Delirium is a cognitive disorder, marked by a fluctuating level of consciousness,
disorientation, hallucinations and delusions. Among other risk factors, sleep disturbances
and disturbances of the circadian rhythm are associated with the development of delirium.
A delirium is nor benign or self-limiting and patients who suffer from delirium have a larger
chance of dying in the ICU but also a larger chance of permanent cognitive disorders
or being discharged to a nursing home. Since the ICU environment contributes to these
negative sequelae, a critical evaluation is warranted, as has been presented in this thesis.
The focus has been on effects of light and noise on the ICU patient, but also on staff.

Part 1: Light in the ICU
Effects of light on ICU patients
Patients, admitted to the ICU often stay for prolonged times in rooms with limited daytime
light exposure and excessive nighttime lighting. Exposure to light has many effects on
humans, but one of the main ones is the effect of retinal light exposure on the day-night
rhythm. This rhythm, also called circadian rhythm, is a natural endogenous rhythm occurring
in a variety of body processes, lasting for about one day. A well-known example of a
circadian rhythm is the sleep-wake cycle, but also appetite, body temperature, hormonal
secretion and even the human immune system have circadian rhythmicity. Secretion of the
neurohormone melatonin from the pineal gland is responsible for most of these effects. For
example, increased levels of melatonin in the evening lead to feelings of sleepiness and
light exposure in the morning leads to suppression of melatonin secretion and awaking
from sleep. Of interest is the fact that also over prolonged periods of time, effects of light
exposure exists. For example, shortening of daily light exposure during fall/wintertime
is associated with seasonal affective disorder syndrome, a syndrome characterized by
depressive symptoms, which most frequently occurs during fall/wintertime. In addition,
seasonality in cognitive functioning exists, with a more dysfunctional pattern during winter.
This could supposedly lead to a larger chance of developing delirium. In chapter 2 a study
evaluating this relationship is presented. Of 3148 ICU patients from three hospitals, data
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of daylight duration and light exposure (insolation) were collected from nearby weather
stations. In addition, data on delirium incidence and mortality were collected. We did
not find a relationship between the amount of daylight exposure 28 days prior to ICU
admission and the development of delirium or mortality. In addition we also did not find
seasonal differences in delirium incidence. These results suggest that delirium has such
a multifactorial pathogenesis, that light exposure prior to ICU admission has no relevant
influence on its incidence.
In ICU patients, circadian rhythms are unequivocally disturbed. As mentioned above, these
disturbances appear to be associated with unnatural light exposure during the ICU stay. In
chapter 3 we evaluated whether the use of eye masks, similar to those used for example in
airplanes, during the night improved sleep quality in mechanically ventilated ICU patients.
We discovered that most of the patients refused to wear a mask during nighttime due
to fear and restlessness. Patients, who wore the mask during nighttime slept better. We
concluded that the use of eye masks in mechanically ventilated patients confers the risk of
further disorientation due to sensorial deprivation and therefore should be used prudently in
critically ill patients.
Dynamic Light Application in the Jeroen Bosch Hospital
Patient rooms in the ICU of the Jeroen Bosch Hospital are equipped with a special lighting
system. This lighting system, named Dynamic Lighting Application, is able to provide an
automated variying lighting intensity and colour during the day. Lighting levels are in general
higher than in normal lighting settings and in this way a more physiological lighting exposure,
mimicking natural daylight exposure, is realised. To adequately investigate long term effects
of lighting therapy on circadian rhythmicity, it is of importance to define which aspects of
lighting are of relevance. Chapter 4 describes an investigation of several aspects, also
called metrics, of artificial lighting and their presumed influence on circadian rhythmicity. The
metrics we propose are the magnitude, contrast, clustering and variability of lighting therapy.
We tested these metrics on lighting settings, as used in the study described below, and
found clear differences between normal lighting settings and Dynamic Lighting setting in
terms of contrast, variability and clustering. These data suggest that these metrics may help
in developing a lighting system, aimed at improvement of circadian rhythm alignment.
We investigated the effects of Dynamic Light application on delirium incidence and duration,
as described in chapter 5. When patients, admitted to the ICU, were expected to stay at
least 24 hours, they were randomized between DLA lighting settings and normal lighting
settings in a 1:1 fashion. Lighting settings in their patient room were then adapted to their
assigned setting and remained in that setting during the whole ICU admission. We evaluated
how many of the patients in each group developed delirium and how long the delirium lasted
for. We included 734 patients and found no significant differences in delirium incidence
(38% in DLA group vs. 33% in control group) or a difference in duration of delirium. We also
did not demonstrate differences in circadian rhythms between the groups, measured by
means of urinary excretion of the melatonin metabolite 6-sulfatoxynmelatonin. We conclude
that circadian rhythmicity in the acute phase of critical illness is so severely disturbed, that
attempts at aligning or resetting the circadian rhythm by means of lighting therapy fail. This
may at least partially be explained by the fact that in the acute phase of illness, eyes of
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the patients are often closed, which may prevent effects of lighting therapy to take place.
Additionally, as described previously, delirium is a multifactorial syndrome and addressing
one risk factor may be insufficient to influence its incidence or duration. Future research
should focus on effects of lighting therapy in patients who are recovering from acute illness,
as well as the role of lighting therapy as a part of a multimodal approach to reduce the
incidence of delirium.
Apart from effects of lighting on patients, we also examined effects of DLA on nursing staff,
working in the ICU. ICU nurses often work in shifts and are under high working pressure.
Therefore, fatigue and decreased alertness are often present and negatively affect quality
of care. This is even more relevant, since they take care of the most vulnerable, critically
ill patients. Bright bluish light has shown beneficial effects on alertness. In chapter 6,
results of a small study on effects of DLA on nurses, in terms of alertness and wellbeing,
are described. 10 ICU nurses participated and worked alternatively 3-4 days in rooms in
DLA settings and 3-4 days in rooms with standard lighting settings. Before and after each
period, we tested alertness using validated tests (Test of divided attention, TODA and Test of
selective sustained attention, TOSSA). Furthermore, self-reported quality of life, fatigue and
depressive symptoms were assessed using validated questionnaires. We found no effect of
working in DLA on alertness, fatigue or depressive symptoms; quality of life remained stable
in the DLA period and improved during the control period. These results suggest that DLA
does not affect alertness or wellbeing. Potential causes include the brief exposure period
and the fact that nurses also work outside the DLA room, thereby exposed to normal lighting
settings. Future research should focus on effects of lighting therapy over a prolonged period
of time, whereby the whole working area is exposed to the intervention. In addition, other
outcome variables can be assessed, such as number of errors.
Biomarkers in delirium
As stated before, delirium is a multifactorial syndrome. Inflammation, as is often encountered
in ICU patients, is thought to play a role in delirium development, through a mechanism of
inflammatory brain damage. Measuring inflammatory markers and markers of brain damage
in blood may therefore indicate a delirium risk or predict severity of delirium. Indeed,
associations between various inflammatory markers, as well as markers of brain damage,
and delirium have been demonstrated. However, results are not consistent, possibly due
to the fact that often only one sample is taken on various time points during admission. To
further elucidate this relationship, we performed a substudy of the DLA study (chapter 5).
In patients with a high risk of developing delirium and with a minimum ICU stay of at least 6
days, we took blood samples on day 1, 2, 4 and 6 and analysed it for several inflammatory
markers and markers of brain damage. This study is described in chapter 7. In addition to
measurements over time, we also evaluated levels of these markers just prior to delirium
development and compared them to patients who did not develop a delirium. We found
higher levels over time of adiponectin in patients with delirium compared to patients without
delirium. Adiponectin is exclusively secreted by adipocytes and has anti-inflammatory
properties. Its role in brain damage is still unclear, though other studies in patients with
brain damage, such as traumatic brain injury or stroke, have demonstrated higher levels of
adiponectin in these patients as well. We did not find differences in levels of these markers
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just before delirium onset. However, when discriminating between subtypes of delirium we
found higher levels of MCP-1, amyloid β1-42 and the ratio tau/ amyloid β1-42. Amyloid and tau
are traditionally markers of degenerative brain disease and these results therefore suggest
that differences exist between different subtypes of delirium with respect to pathogenesis.
This study is too small however to clearly establish such a relationship.

Part 2: Noise in the ICU
The second part of this thesis deals with noise in the ICU and its effects on sleep quality in
critically ill patient. We performed a three-day sound recording in an ICU room of the Jeroen
Bosch Hospital (chapter 8). We analysed this recording for acoustical parameters, such
as sound pressure levels and silent period. In addition, 6 researchers listened to a 24-hour
fragment of this recording and wrote down what they heard. These noise events, 27421
in total, were categorised into six main source categories. By connecting the acoustical
parameters to this source analysis we were able to assess the relative contribution of each
noise source to the total acoustical energy. We found that the average sound pressure
level on the ICU lies between 55 and 60 decibels, also during the night. This sound level,
comparable with a continuous conversation, is much higher than the threshold of 35 dB
during the night, as recommended by the World Health Organization. Also peak sounds
up to 90 dB, equivalent to a bulldozer passing by at 15 meters, occur frequently. Source
analysis showed that staff activity accounts for most of the noise (on average 9 times per
minute), followed by staff speech and alarms (both on average 4 times per minute). In total
58% of all acoustical energy was caused by staff activity and speech. We concluded that
noise levels in the ICU are way above recommended levels and that most of the noise
may be at least partially influencable. This provides an opportunity to critically revise our
workflow and consider adaptation where possible.
Negative effects of high noise levels on sleep quality appear evident, but research on
this topic in ICU patients has not provided a clear result as to whether noise significantly
interferes with normal sleep. We therefore set up a multicenter study to further investigate
the relationship between noise and sleep quality in ICU patients, described in chapter 9. In
6 ICU’s in the Netherlands, noise recording equipment was installed in two to four patient
rooms. Patients, admitted to those rooms were eligible if they were not delirious and able
to be assessed for sleep quality. Sleep quality was determined by the Richards-Campbell
Sleep Questionnaire, validated for use in the ICU. We found that the amount of background
noise negatively contributed to sleep, whereas number of silent periods and female sex led
to better sleep. Sound pressure levels were again too high in all participating centres and
also the background noise was > 35 dB. Sleep quality was moderate and comparable with
previous studies. Since silent periods in the night are often ended by noise peaks, reducing
these noise peaks in the night appears to be a good target to improve patients sleep.
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De intensive care als gespecialiseerde afdeling waar de allerziekste patiënten worden
behandeld bestaat sinds ca. 60 jaar. In de jaren 50 waren er grote polio-epidemieën wat
leidde tot noodzaak voor kunstmatige beademing voor vele patiënten. Over de jaren heen
zijn de afdelingen steeds meer gespecialiseerd geworden en zijn er meer mogelijkheden
om patiënten te monitoren en orgaanfuncties te ondersteunen. Hierbij ligt de focus van
de behandeling in het algemeen op het bestrijden van de onderliggende ziekte en het
stabiliseren van de vitale parameters. De hele inrichting van de IC is dan ook ingericht
op dit doel. In de laatste 10 jaar is er meer oog gekomen voor negatieve effecten van
deze IC omgeving op de IC patiënt. Te denken valt aan geluidsoverlast door alarmen, de
beademingsmachine en activiteiten van personeel, in het bijzonder ’s nachts, maar ook
aan te veel licht in de nacht; het gebrek aan uitzicht, beperkte bezoektijden etc. Dit leidt
tot slechte slaap en verstoringen in het natuurlijke dag-nachtritme. Daarnaast ontwikkelen
IC patiënten in tot wel 80% van de gevallen een delirium. Een delirium is een fluctuerende
cognitieve stoornis, die zich kenmerkt door een wisselend bewustzijn, desoriëntatie en soms
wanen en hallucinaties. Hoewel de oorzaak van een delirium vaak multifactorieel bepaald
is, hebben verstoorde slaap en het verstoorde dag-nachtritme hierop invloed. Een delirium
is niet onschuldig en patiënten die een delirium ontwikkelen hebben een grotere kans op
overlijden, permanente cognitieve stoornissen en een grotere kans om na ontslag uit het
ziekenhuis in een verpleeghuis opgenomen te worden. Aangezien de IC omgeving voor een
deel bijdraagt aan deze negatieve consequenties, is een kritische beschouwing van de IC
omgeving gerechtvaardigd. In dit proefschrift is daarom gekeken naar effecten van licht en
geluid op de IC patiënt, maar ook op het personeel.

Deel 1: licht op de IC
Effecten van licht op IC patiënten
IC patiënten liggen soms weken op een kamer met beperkte blootstelling aan natuurlijk
licht overdag en vaak teveel licht ’s nachts. Blootstelling aan licht heeft vele effecten op
de mens, maar een van de belangrijkste is het effect van licht op het dag-nachtritme. Het
dag-nachtritme, ook wel circadiaan ritme geheten, is een natuurlijk ritme wat voorkomt bij
allerlei processen in het lichaam en wat ongeveer een dag duurt. Het belangrijkste voorbeeld
van een dergelijk ritme is het slaap waak ritme, maar ook eetlust, lichaamstemperatuur,
afscheiding van hormonen en het afweersysteem kennen zulke ritmes. Het neurohormoon
melatonine is verantwoordelijk voor veel van de circadiane effecten; zo leidt stijging van
het melatonine in de avond tot slaperigheid en zorgt blootstelling aan licht in de morgen
tot onderdrukking van melatonineafgifte. Interessant is het feit dat ook over langere tijd er
invloeden zijn van daglicht. Bij mensen lijkt de lengte van een dag ook samen te hangen met
cognitief functioneren, wat minder goed is in de herfst en winter. Cognitieve dysfunctie zou
mogelijk een grotere kans op het ontwikkelen van een delier kunnen geven. In hoofdstuk 2
beschrijven we een onderzoek wat we gedaan hebben onder 3148 IC patiënten uit
3 ziekenhuizen. We vroegen gegevens over lichtexpositie en zonsterkte op bij weerstations
uit de buurt van die ziekenhuizen en verzamelden gegevens over delierincidentie en sterfte
van de deelnemende patiënten. We vonden geen relatie tussen blootstelling aan licht
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gedurende de 28 dagen voor IC opname en het voorkomen van delier, of sterfte. We vonden
ook geen seizoensgebonden verschillen in delierincidentie. We concludeerden dat delier
zodanig multifactorieel bepaald is dat blootstelling aan zonlicht voor de opname geen
relevante invloed hierop heeft.
Bij IC patiënten zijn de circadiane ritmes vrijwel zonder uitzondering ernstig verstoord. Dit
lijkt onder andere samen te hangen met de onnatuurlijke blootstelling aan licht tijdens het
IC verblijf. In hoofdstuk 3 hebben we bekeken of het dragen van oogmaskers, zoals die
bijvoorbeeld ook in vliegtuigen gebruikt worden, gedurende de nacht bijdraagt aan een
goede slaap van beademde IC-patiënten. We kwamen er echter achter dat het grootste
deel van de patiënten weigerden om het masker op te zetten vanwege angst en onrust. De
patiënten die het masker opzetten, sliepen wel beter. We concludeerden dat het gebruik
van oogmaskers bij beademde IC patiënten in sommige gevallen kan bijdragen aan verdere
desoriëntatie, ook wel sensorische deprivatie geheten en ze dus niet bij alle patiënten
gebruikt kunnen worden.
Dynamic Light Application in het JBZ
Op de patiënten kamers van de Intensive Care van het Jeroen Bosch Ziekenhuis is een
speciaal lichtsysteem geïnstalleerd. Deze lichtinstallatie, Dynamic Light Application geheten,
geeft een automatische een wisselende lichtintensiteit en lichtkleur over de dag, als ware
het een natuurlijke lichtblootstelling. Om onderzoek te doen naar effecten van langdurige
lichtblootstelling op het circadiane ritme, is het belangrijk te definiëren welke eigenschappen
van licht hiervoor belangrijk zijn. In hoofdstuk 4 beschrijven we een onderzoek waarin we
verschillende eigenschappen van licht beschrijven in het kader van effect op circadiane
ritmes en stellen we de belangrijkste parameters voor die moeten worden beschreven;
Dit zijn de verlichtingssterkte (‘magnitude’) tijdens een heldere periode (de dag) en tijdens
de donkere periode (de nacht), het verschil in lichtsterkte tussen deze twee periodes
(contrast), het gegeven of de periodes van licht en van duisternis aaneengesloten zijn
(clustering) en het verschil in lichtsterktes over meerdere dagen (variabiliteit). In het kader
van de studie, hieronder beschreven, hebben we deze parameters gebruikt om verschillen
in effect op circadiaan ritme aan te tonen tussen DLA licht en ‘gewoon’ licht. We vonden
duidelijke verschillen in contrast, variabiliteit en clustering tussen DLA en gewoon licht, en
concludeerden dat deze parameters meer informatie geven over de circadiane effecten van
licht.
Zoals eerder beschreven komt delirium op de IC voor bij ca. 40% van alle patiënten. Delirium
hangt onder meer samen met verstoringen van het dag-nachtritme. We deden daarom
een onderzoek hiernaar op de IC van het JBZ dat beschreven staat in hoofdstuk 5. Bij
opname werden patiënten van wie verwacht werd dat ze langer dan 24 uur opgenomen
moesten worden, ingedeeld in een groep met blootstelling aan gewoon licht (de controle
groep) of een groep die blootgesteld werd aan DLA (de DLA groep). Tijdens de hele opname
kregen de patiënten dan zoveel als mogelijk “hun” lichtschema. We keken of en wanneer
deze patiënten een delier ontwikkelden en hoe lang dat delier duurde. Uiteindelijk deden
734 patiënten mee aan het onderzoek. We vonden geen significant verschil in het aantal
patiënten dat een delier kreeg (38% in de DLA groep en 33% in de controle groep) en ook
geen verschil in de duur van het delier. Ook vonden we geen verschil in effecten op het
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circadiane ritme, die we gemeten hebben bij een kleine groep patiënten in deze studie door
middel van de urine uitscheiding van melatonine. We concludeerden dat in de acute fase
van de ziekte de bioritmen van IC patiënten zodanig verstoord zijn, dat lichttherapie niet in
staat is deze te herstellen, mede ook gegeven het feit dat de ogen van de patiënten vaak
gesloten zijn. Daarnaast is delirium zodanig multifactorieel verklaard, dat het aanpakken van
één risicofactor niet leidt tot een afname in de incidentie ervan. Toekomstig onderzoek moet
uitwijzen of lichttherapie misschien wel zinvol is bij de iets minder zieke, chronische patiënt
op de IC of afdeling en of lichttherapie in combinatie met andere interventies zinvol is in het
verkleinen van de kans op delirium.
Naast effecten op patiënten hebben we ons tijdens dit project ook afgevraagd of er
misschien effect op personeel te verwachten waren. Verpleegkundigen werken vaak in
wisselende diensten en onder hoge werkdruk. Vermoeidheid en verminderde alertheid
komen dan ook frequent voor en hebben een negatief effect op de kwaliteit van werken.
Dit is des te meer relevant omdat het hier kritische zieke patiënten betreft waarbij vaak
veel handelingen verricht worden. Feller, blauwachtig licht, zoals we in de DLA instelling
op de IC van het Jeroen Bosch Ziekenhuis hebben, heeft aangetoond de alertheid te
kunnen verhogen. In hoofdstuk 6 beschrijven we een onderzoek wat we gedaan hebben
naar de effecten van DLA op alertheid en welbevinden bij 10 IC verpleegkundigen. De
verpleegkundigen werkten om de beurt een periode op een DLA verlichte kamer en een
periode op een normaal verlichte kamer. Voor en na iedere periode werden testjes gedaan
om de aandacht te meten (de TODA en TOSSA test), en daarnaast werd aan de deelnemers
gevraagd om vragenlijsten in te vullen over kwaliteit van leven, vermoeidheid en depressieve
verschijnselen. We vonden geen verschil in effect op alertheid, vermoeidheid of depressieve
symptomen; subjectieve kwaliteit van leven nam toe tijdens de controle periode en bleef
hetzelfde in de DLA periode. Het lijkt erop dat blootstelling aan licht dus geen effect heeft
op alertheid, vermoeidheid of depressieve gevoelens. Dit kan komen doordat we een
relatief korte periode hebben gemeten en dat de verpleegkundige ook regelmatig buiten
de patiëntenkamer komt. Wellicht dat in de toekomst effecten van licht op personeel over
een langere periode gemeten kunnen worden, waarbij ook de hele werkomgeving hogere
lichtintensiteit krijgt. Daarnaast kan dan bijvoorbeeld ook naar een hardere uitkomstmaat
gekeken worden, zoals het aantal fouten dat gemaakt wordt.
Biomarkers bij delirium
Zoals gezegd is delirium een multifactoriële aandoening. IC patiënten hebben vaak veel
ontstekingsactiviteit in het bloed. Deze ontstekingsactiviteit kan schade veroorzaken
in de hersenen. Deze schade leidt vervolgens tot wat we aan de buitenkant als delier
waarnemen. Het meten van deze ontstekingsactiviteit in het bloed, of stofjes die een
uiting zijn van hersenschade, zou dan zinvol kunnen zijn in het voorspellen of iemand
een delier krijgt en eventueel hoe ernstig dat delier zou kunnen zijn. Inmiddels zijn er
verbanden gevonden tussen sommige ontstekingsmediatoren en hersenschade stofjes
en het ontstaan van delier. Deze studies laten wisselende resultaten zien, mede doordat
er vaak maar een keer gemeten werd en op wisselende tijdstippen tijdens de opname.
Omdat delirium zo’n wisselend beeld kent, hebben we tijdens de DLA studie (hoofdstuk
5) bij patiënten met een hoog risico op delirium bloed afgenomen op dag 1, 2,4 en 6 van
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opname, zowel bij patiënten in de DLA groep als in de controle groep. Dit bloed hebben
we geanalyseerd op verschillende ontstekingsmarkers en markers van hersenschade. De
resultaten staan beschreven in hoofdstuk 7. Naast dat we over de tijd hebben gemeten,
hebben we ook nog naar de waardes net voor het ontstaan van het delier gekeken en
vergeleken met de patiënten die geen delier kregen. Als belangrijkste uitkomst vonden
we, dat de concentraties in het bloed van deze stofjes voorafgaande maar ook nadat het
delier ontstond, niet verschilden in patiënten met of zonder een delier. Wel vonden we
hogere concentraties van het stofje adiponectine in het bloed bij patiënten met een delier
vergeleken met patiënten zonder een delier. Adiponectine is een stofje wat vrijkomt uit
vetcellen en effecten heeft op ontstekingsactiviteit. Het is nog onduidelijk wat precies de rol
is bij hersenschade, hoewel bij studies bij patiënten met andere vormen van hersenschade,
zoals traumatische hersenletsel of een herseninfarct, ook hogere concentraties van
adiponectine zijn gevonden.
Bij de analyse van de markers net voor het ontstaan van delier vonden we ook nog
verschillen in concentratie van de ontstekingsmarker MCP-1 en het herseneiwit amyloid β1-42,
evenals ook de ratio Tau/amyloid β1-42 bij patiënten met een hypoactief delier ten opzichte
van andere vormen van delier. Dit suggereert dat er verschillen bestaan tussen de diverse
vormen van delier t.a.v. oorzaak en mogelijk ook prognose, zoals ook eerder gesuggereerd
is. Deze studie is echter te klein om dit met stelligheid te kunnen aantonen.

Deel 2: geluid op de IC
Het tweede deel van dit proefschrift gaat over het geluid op de IC en de effecten daarvan
op slaap van de IC patiënten. In hoofdstuk 8 beschrijven we een onderzoek wat we gedaan
hebben op een IC kamer van het JBZ. In deze kamer hebben we gedurende 3 dagen een
geluidsopname gemaakt. Deze opname hebben we geanalyseerd op allerlei akoestische
parameters, zoals de geluidssterkte (in decibel). Daarnaast hebben 6 onderzoekers
een fragment van 24 uur van deze opname van seconde tot seconde bestudeerd en
opgeschreven wat ze hoorden. Deze geluidsevents, 27421 in totaal, werden gecategoriseerd
in 6 categorieën. Door de akoestische parameters te koppelen aan de bron van het geluid
konden we de relatieve bijdrage van elke bron aan de totale geluidssterkte bepalen. We
vonden allereerst dat het gemiddelde geluidsniveau op de IC tussen de 55 en 60 decibel lag,
ook in de nacht. Dit geluidsniveau, wat te vergelijken is met dat van een continu gesprek,
ligt veel hoger dan wat door de Wereldgezondheidsorganisatie WHO wordt aanbevolen in
ziekenhuizen (35 decibel). Ook de piekgeluiden, tot meer dan 90 decibel, het equivalent
van een passerende bulldozer op 15 meter, komen frequent voor. Bronanalyse toonde, dat
activiteiten van het personeel de meeste geluidspieken gaf, gemiddeld 9 keer per minuut,
gevolgd door spraak van het personeel en alarmen, beide gemiddeld 4 keer per minuut.
58% van de totale akoestische energie werd verklaard door activiteiten en spraak van het
personeel, meer dan alarmen en geluid van apparaten bij elkaar. Het geluidsniveau op een
IC ligt dus veel hoger dan wat wordt aanbevolen en wordt voor het grootste deel verklaard
door zaken waar we zelf invloed op hebben. Dit biedt ruimte voor kritische evaluatie van ons
handelen en zo mogelijk aanpassing.
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Nadelige effecten van hoge geluidsniveaus op slaapkwaliteit lijken evident, maar onderzoek
hiernaar tot nu toe heeft nog geen eenduidig antwoord opgeleverd. We hebben daarom
een multicenter studie opgezet naar de relatie tussen geluidsniveaus en slaapkwaliteit bij IC
patiënten, beschreven in hoofstuk 9. Op de IC’s van 6 Nederlandse ziekenhuizen werden
geluidsmetingen gedaan op telkens 2 IC kamers. Hierbij werden akoestische parameters,
zoals eerder beschreven geëxtraheerd. Daarnaast werd bij deelnemende patiënten op die
kamers de slaap geëvalueerd door middel van een gevalideerde vragenlijst, de RichardsCampbell Sleep Questionnaire (RCSQ). Dit gebeurde gedurende maximaal 5 nachten.
Uiteindelijk werden 64 patiënten geincludeerd en werden 151 nachten slaap geëvalueerd.
Het bleek dat het achtergrondniveau van het geluid en de ernst van de ziekte in negatief
opzicht bijdragen aan slaapkwaliteit van de IC patiënt, terwijl het aantal stille perioden in
de nacht bijdraagt aan een betere slaapkwaliteit. Vrouwelijke patienten sliepen significant
beter dan mannelijke patienten. Opnieuw bleek dat het geluidsniveau erg hoog lag op de
intensive cares met een gemiddelde van 54 decibel. Zelfs het achtergrondniveau van geluid
lag op 38.1 decibel, nog steeds erg hoog. Per uur waren er 17 significante geluidspieken. De
slaapkwaliteit was matig maar conform waardes uit eerdere studies met IC patiënten. We
concluderen dat geluidsniveaus op alle IC’s te hoog zijn en dat beïnvloeding van het geluid,
met name geluidspieken in de nacht bijdragen aan een betere subjectieve slaap
van patiënten.
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AIC			
Akaike Information Criterion
APACHE		
Acute Physiology and Chronic Health Evaluation
Aβ			Amyloid-β
CAM-ICU		
Confusion Assessment Method for the Intensive Care Unit
CES-D			
Center for Epidemiologic Studies Depression scale
CI			Confidence Interval
CLP			
Cecal Ligation and Puncture
COPD			
Chronic Obstructive Pulmonary Disease
CS			
Circadian Stimulus (chapter 4) or Concentration Strength (chapter 6)
CSF			
Cerebro Spinal Fluid
DALY			
Disability Adjusted Life Years
dB			decibel
dBA			A-weighted decibel
DLA			
Dynamic Light Application
DOS			
Delirium Observation Score
DS			Detection Strength
EDTA			Ethylenediaminetetraacetic
EEG			Electroencephalography
ELISA			
Enzyme Linked Immuno Sorbent Assay
FAS			
Fatigue Assessment Scale
ICU			
Intensive Care Unit
IL			Interleukin
IQR			Interquartile Range
sound pressure level exceeded 90% of time
L90			
L Aeq			
average sound pressure level
L AF			
A-weighted, fast sound pressure level
LC			
C-weighted sound pressure level
LOS			
Length Of Stay
LR2B			
Relative to background sound pressure level
Lx			Lux
MCP			
Monocyte Chemotractant Protein
METOPP		
Medisch-Ethische Toetsing patiënten en proefpersonen
OR			Odds Ratio
PLP			
Predicted Loudness Peak
PRE-DELIRIC		
PREdiction of DELIRium in ICu patients
RASS			
Richmond Agitation and Sedation Scale
RCSQ			
Richards Campbell Sleep Questionnaire
RCT			
Randomized Controlled Trial
REM			
Rapid Eye Movement
RIS			
Repetition Inhibition Strength
RM-ANOVA		
Repeated Measures Analysis Of Variance
SAS			
Statistical Analysis System
SCN			
Supra Chiasmatic Nucleus
SD			Standard Deviation
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SIRS			
SOFA			
SPL			
SPSS			
TNF			
TODA			
TOSSA			
VAS			
WHO			
WHOQoL-BREF		

Systemic Inflammatory Response Syndrome
Sequential Organ Failure Assesment
Sound Pressure Level
Statistical Package for the Social Sciences
Tumor Necrosis Factor
Test of Divided Attention
Test of Sustained Selective Attention
Visual Analogue Scale
World Health Organization
World Health Organization Quality of Life abbreviated version
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Dit proefschrift zou er nooit gekomen zijn zonder de hulp van velen. Ik ben hen allen
natuurlijk hartstikke dankbaar maar wil er een aantal specifiek benoemen
Dr. C.P.C de Jager, beste Peter, jij hoort natuurlijk als co-promotor, collega en vriend als
eerste in dit rijtje thuis. Zonder jou was dit proefschrift nooit ontstaan. Toen ik in Den Bosch
kon komen werken, mede dankzij jou, kwamen we al snel te spreken over de wetenschap
en het Dynamic Light project waar jij op dat moment al druk mee bezig was. Vrij snel was
duidelijk dat het Dynamic Light systeem zou worden geïnstalleerd in de nieuwbouw van
het JBZ en dat we het effect daarvan wetenschappelijk zouden moeten onderzoeken. De
rest is geschiedenis en staat beschreven in dit boekje. In de afgelopen jaren heb je me
tijdens de totstandkoming van dit proefschrift op wetenschappelijk maar bovenal ook op
psychisch vlak ontzettend gesteund, vooral als het even wat minder ging. Je gaf de ruimte
en waar nodig advies. Daarnaast hebben we ook ontzettend veel gelachen, in het bijzonder
op onze congresreizen. Ik heb enorme bewondering voor je enthousiasme, collegialiteit en
organisatietalent. Samen met onze collega’s maken we onze IC nog mooier!
Dr. M. van den Boogaard, Mark, mijn andere co-promotor. Jij hebt zoveel kennis en input
geleverd aan dit onderzoek en daarvoor ben ik je meer dan dankbaar. Vanaf het begin, toen
duidelijk werd dat dit een promotietraject werd, ben je nauw betrokken geweest, ondanks
dat je 50 kilometer verderop zat. Samen met Peter hebben we het hele traject vorm gegeven
inclusief alle deelstudies. Bescheiden als je bent, stond je altijd en onvoorwaardelijk klaar
en kon ik je op alle momenten benaderen als dat nodig was. Ik heb heel veel bewondering
voor de wijze waarop jij je carrière in de afgelopen jaren hebt vorm gegeven en zie ook
het plezier wat je in je vak als delieronderzoeker hebt. Ik hoop dat we in de toekomst op
dezelfde vruchtbare wijze blijven samenwerken en elkaar regelmatig blijven zien in of buiten
het ziekenhuis, bijvoorbeeld bij het restaurant van een niet nader te noemen kennis!
Prof. dr. P. Pickkers, beste Peter. Jouw aanstekelijke enthousiasme voor de wetenschap in
al zijn facetten is op de achtergrond de drijvende kracht achter dit proefschrift geweest. Jij
weet iedereen voor de wetenschap te fascineren en het aantal promovendi dat jij begeleid
hebt en momenteel ook begeleidt is daar wat mij betreft een duidelijk voorbeeld van. Met
name op de donkere dagen tijdens dit traject weet je de zon weer te laten schijnen. Onze
overleggen waren naast nuttig en motiverend ook altijd erg humoristisch mede dankzij
allerlei pikante en minder pikante anekdotes die je telkens weer moeiteloos uit je mouw weet
te schudden. Ik ben je erg dankbaar voor de begeleiding die je geboden hebt en hoop op
een vruchtbare samenwerking in de toekomst.
Prof. dr. J.G. van der Hoeven, beste Hans. Hoewel je je wat minder hebt bemoeid met de
inhoud van dit proefschrift, ben je van onmisbare waarde geweest voor de totstandkoming
ervan. Als voorbeeld voor velen, heb je ook mij gevormd als intensivist en ook als
wetenschapper. Tijdens onze kritische besprekingen van nieuwe wetenschappelijke artikelen
tijdens mijn opleidingstijd heb ik ook in dat opzicht heel veel van je geleerd. Bedankt voor de
mogelijkheid om dit onderzoek onder jouw supervisie te mogen uitvoeren op de plek waar je
jaren werkte!
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Ik wil de leden van de manuscriptcommissie, prof. dr. Marcel Olde Rikkert, dr. Monica Pop
en prof.dr. Arjen Slooter graag bedanken voor de tijd en moeite die ze hebben genomen om
mijn proefschrift te beoordelen en de vriendelijke woorden die ik mocht ontvangen bij het
aanbieden van het manuscript.
Dr. Laheij, beste Robert, jij was vanaf het begin bij het Dynamic Light project betrokken.
Ondanks dat je je altijd op de achtergrond hield en je soms moeilijk te bereiken was, zowel
letterlijk als figuurlijk, heb je met je eigenzinnige kijk op de wetenschap ons zelf de goede
kant op gewezen en daarmee indirect dit proefschrift vormgegeven. Hartstikke bedankt
daarvoor!
Mijn collega intensivisten van het JBZ: Wim, Astrid, Anne, Miriam en Florens: Ik kreeg van
jullie de tijd om dit onderzoek te doen en af te ronden. Daarnaast kreeg ik van jullie allen
directe of indirecte support, door inclusie van patiënten, bemoedigende woorden en de
bereidheid om af en toe in te vallen als ik naar een afspraak moest. Mijn naam staat onder
dit boekje maar het is dankzij jullie dat dit gelukt is. Ik ben hier ontzettend dankbaar voor en
prijs mezelf gelukkig te mogen werken met zulke collega’s op zo’n mooie IC.
De researchverpleegkundigen van onze IC: Jeroen, Jeannette, Tamara en Angela: Je kunt
nog zoveel onderzoeksideeën hebben maar je hebt ook mensen nodig die helpen bij de
praktische invulling en dat waren in mijn geval jullie: bedankt voor alle nuttig input maar
bovenal ook voor de hulp bij de logistiek die jullie geleverd hebben bij de opzet en het
uitvoeren van het onderzoek.
Mari en Peter: heel veel dank voor het meedenken over het onderzoek en de noodzakelijke
relativerende noot af en toe. Eigenzinnig als jullie zijn, zijn jullie onmisbaar geweest bij het
helpen verkrijgen van de data uit Metavision en Mediscore.
De IC verpleegkundigen van het JBZ en met name Jo, Arianne en Germaine: bedankt voor al
jullie hulp bij het mede mogelijk maken van onderzoek op onze IC en met name het doen van
de CAM-ICU’s, labafnames, vragenlijsten etc. Mede dankzij jullie werk ik elke dag weer met
veel plezier op onze IC!
I am very grateful to the researchers of Philips Research for their help with this project on
light and noise: Regarding the lighting part, I would like to thank Andre Barroso for his work
on the lighting metrics. Regarding the noise part: Armin Kohlrausch, Munhum Park, Sam
Jelfs and Paul Lemmens: From the beginning on you have been actively involved in the noise
research described in this thesis and you have helped me very much with the setup of the
multicenter noise study, collection and analysis of the data, even though through the years,
the focus of your employer may have shifted to other projects. Thank you very much and I
would gladly continue our collaboration in another project!
Jessica Workum ben ik dankbaar voor de hulp bij het verkrijgen en analyseren van de
lichtdata voor IC opname; Fijn dat je ook het mooiste vak ter wereld hebt gekozen! Marlies

Dankwoord | 193

Mertens en Enzio Boeijen: bedankt voor jullie hulp en actieve inzet bij het onderzoek naar
effecten van licht op verpleegkundigen.
Jan Willem: bedankt voor het prachtige ontwerp van dit proefschrift!
Mijn paranimfen Maurits en Martijn: jullie zijn al jaren mijn beste vrienden. Ondanks dat onze
drukke levens ervoor zorgen dat we elkaar niet zo vaak zien als we zouden willen, genieten
we altijd van onze tijd gezamenlijk, zowel een-op-een als met onze gezinnen. Ik ben blij dat
jullie naast mij staan op deze belangrijke dag.
Papa en mama: bedankt voor de kansen die jullie mij gegeven hebben om mezelf te
ontwikkelen en jullie onvoorwaardelijke steun gedurende mijn hele leven.
Lieve Evelyn, mijn grote liefde en maatje. Wat hebben we het toch goed samen! Dank voor
je steun tijdens deze promotie als ik weer ’s avonds aan het werk was. Eindelijk is het klaar
en kunnen we nog meer genieten, samen met onze prachtige kinderen, Chris en Emma. De
bekroning op onze liefde gaat gelukkig binnenkort volgen…
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