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Abstract 

Measurements ofthe physicaiiCU environment between June 2009 and May 2010 indicate: 

• that the maximum average weighted sound level recommended is exceeded by up 
to 45% and maximum peak weighted sound levels are exceeded by up to 111% tor 
80-90% of the time, and the average sound level is exceeded 100% of the time. 

• that the illuminance level reaches Summer peaks that are 3 times as high as the 
minimum required value on emergency work planes, and 1.5 times in Winter, 

• that the luminanee contrast exceeds the maximum ratio of 1:10 about 90% of the 
day and 10% of the Night. 

• that average radiant & ambient temperatures exceed the maximum recommended 
24°C 80% of Summer and 20% of Winter daytime, that peak temperatures exceed 
the maximum recommended temperature by up to 50%, during Summer and Winter 
days, and that the GOrlevel never exceeds maximum values, 

• that air velocity peaks exceeds the maximum recommended value by up to 200% in 
Winter and 250% in Summer, and the Summer average exceeds it 40-60% of time, 

• that minimum relative humidity levels are hardly ever reached in Winter, as they can 
reach 66% lower than the minimum recommended 30% relative humidity. 

Simuiatiens of an improved ICU lighting design indicate that similar light performance can 
be achieved on work pa nes while reducing the amount of light falling on the patients' face. 

Nomenclature 

An overview of the meaning of the symbols and words used in this report: 

• BIS1
: BISpeetral Index (measure forthesleep pattern) 

• CHIC: Chirurgie Intensive Care 
• OF: Daylight Factor 
• ICU: Intensive Care Unit 
• ICB: Intensive and Respiratory Care (Intensive Care Beademing) 
• TH IC: Thorax Intensive Care 
• UMCG: Universitair Medisch Centrum Groningen 

Deelaratien 

I hereby deelare that I do not know of any other research which has been done like this, i.e. 
measuring the effect of multiple aspects of the environment on patients' sleep patterns. To 
my knowledge everything in this document is based on true measurements of our research 
or of other research, and the latter has been referred to in the list of literature. 
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Functional Arrangements 

This project is confidential. Maartje van Roosmalen is in charge of this project. She arranges 
meetings, informs the hospita!, Arup, TU/e and other collaborators about things related to 
the project, and keeps everybody updated. She does all background research and other 
research related to this project. She designs the mock-up, gets it built, collects all data and 
analyzes all data. Within the TU/e Prof. Paul Rutten, Prof. Bas Molenaar, and Prof. Jan 
Westra are supervisors of this project. Within Arup Salome Galjaard is direct supervisor of 
this project and ir. Jaap Wiedenheft is overall supervisor of this project. 

Drs. Olga Peters Polman is contact person in the hospita! and she provides Maartje van 
Roosmalen with patient related measurement data that the hospita! collects, such as BIS 
data, data on heartbeat, blood pressure, etc. and patient personal intermation that is needed 
tor the analysis. Maartje keeps track of what is happening and she does intermediate 
analyses of data to calculate how many patients are needed to provide sufficient data tor 
statistica! analyses and to check if everything is measured properly. Since nobody is 
available 24 hours a day 7 days a week, but there is always 1 doctor available (out of a 
group of 8 doctors per ICU), the entire doctors group will be instructed by Drs. Olga Peters 
Polman about how to couple and decouple the mock-up and how to start and stop 
measurements and when to shift the mock-up to the next ICU. 

Reflection 

As hospitals tunetion 24 hours and medical staff are busy, it took our collaborators in the 
hospita! a bout a year longer than expected to get the measurements of the patients' sleep 
pattem prepared, which significantly delayed the entire measurement process. Therefore, 
sleep pattem data was available only tor a tew incomplete 24-hour cycles. This made it 
impossible to link the environment to the sleep pattern. Also, waiting tor sleep pattem data 
tor a year made it impossible to measure the environment of the other two ICUs. However, it 
gave me the time to do elaborate literature research on hospita! design, to provide me with 
sufficient background knowtedge a bout hospita! design in general and about the effect of the 
ICU design on the patients' sleep pattem in specific, which will be of great use tor others 
and tor myself in designing qualitatively better hospitals. Besides, the collaboration with 
Arup, the hospita! and TU/e strengthened my management skills. 

31 May 2010 
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SUMMARY 
Phase 1 - Literature Research 

Pharmacological assistance alone cannot achieve the desired quantity and quality of sleep 
in ICUs, not to mention its detrimental side effects. ICU environments can enhance the 
healing process if relatively simple stress-reducing sleep improving elements are 
incorporated into their physical design. Environmental interventions have been developed to 
reduce noise and disruptive staff patient interactions at night, to improve lighting and offer 
privacy, to provide positive distractions such as contact with nature and to assimilate color, 
or to maintain the daily light-clark cycle. They've shown favorable results. Focus, ho'NE!ver, 
has been on the acoustic environment, ignoring the rest of the physical environment. 

Phase 2 - Measurements & Analysis 

11 months continuous measurements of the physical ICU environment indicate the 
tollowing. Maximum average day and night sound levels of respectively 35dB and 30dB are 
always exceeded. Maximum peak sound levels of 45dB are exceeded 90% of the time 
during the day and 80% of the time during the night. 

llluminance levels in patients' eyes are about twice as high in Summer as compared to 
Winter. Night time illuminance levels are near Olux, though night time peaks exceed average 
daily levels. The maximum luminanee contrast of 1:1 0 is exceeded about 90% of the 
daytime and 10% of the nighttime. The visual environment has the largast variation over a 
24-hour period among all environmental variables. Theretore, the ICU visual environment is 
likely to be an important cause tor patients' sleep disruption. 

As the temperature increases, the relativa humidity decreases. The ambient and radiant 
temperature follow a similar pattarn over the day, averaging around 24°C with peaks up to 
35°C in the Summer afternoon. The relativa humidity is on average 50% in Summer and 
20% in Winter, and decreasas in Winter up to as low as 10%. As 40% of the time in Winter 
the relativa humidity decreasas to below 20% and is always below 30%, Winter values do 
not comply with the recommendations, and air should be humidified in the Winter. The air 
velocity is on average around 0.1m/s in Winter and 0.2m/s in Summer over the entire day, 
with peaks reaching in the afternoon up to 0.6m/s in Winter and up to 0.9m/s in the 
Summer. The air velocity exceeds the maximum comfort level of 0.2m/s only 15% of the 
time in the Winter, and 60% of time in Summer. The GOrlevel in the Winter is about 50ppm 
higher than in the Summer, and on average varies around 425ppm. Peaks reach up to 
650ppm, thus never exceeding the maximum allo'NE!d 1000ppm. 

Phase 3- Design 

Healing ICU designs are usually bigger than Sm by 6m and provide direct views outside tor 
patients, visitors and staff through window and bed orientation, while not significantly 
reducing the volume-to-wall-ratio. To reduce staff disruption while allowing ftexible visiting 
hours tor increased social support, visitors should approach ICUs trom the building 
perimeter. This perimeter zone functions as buffer zone bet'NE!en the fluctuating weather 
outside and the constant ICU environment. This way the distance bet'NE!en nurse stations, 
whether centralized or decentralized, and related facilities at the building core is reduced. 
The horsashoe layout provides short walking distance, proper visibility of patients by staff, 
and direct views outside tor patients, visitors and staff. Separation of staff and visitors allows 
tor space to move the bed that is positioned in the middle of a rectangular space with the 
bed length in the direction of the room width. A toldable couch and a desk are on the 
perimeter side, and medical facilities hidden if not used in the cupboard at the head side of 
the bed. Partially glazed walls between nurse stations, patient rooms and visitor's perimeter 
allow cross vision and daylight transmission . Light shelves at the South deepen daylight 
penetratien while reducing solar transmission near the façade, thus reducing glare. General 
artificial lighting with translucent covers reduce glare. Caretul positioning of task lighting with 
cut-off angles, that focus light, prevents direct light in patients' eyes. Emergency lighting, 
usually positioned horizontally, should be rotated 45° in the beam above the patient's head. 
This prevents direct light in the patient's face and blockage of light by doctors on each side 
of the bed, while focusing alllight directly on the patient's body. 

31111ay2010 
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1 Introduetion 

This document contains the research done by Maartje van Roosmalen - Master student of 
the department Physics of the Built Environment and of the department Architecture at 
Eindhoven University of Technology and intern at Arup Amsterdam- in collaboration with the 
University Medical Centre Groningen (UMCG), on effects of the environment on patients' 
sleep disruption in Intensive Care Units. 

The research plan is defined in 1.afstudeerplan_30102009.doc. Phase 1 of this research, 
which was completed as part of Master Project 3 and can be used as reference material tor 
this research, included literature research on the effect of the environment on patients' health 
and comfort and literature research on ICU guidelines. This document is phase 2 of the 
research, and describes the analytic analysis, the measurement set-up and the 
measurement results of this research. Phase 3 of this research describes the implementation 
of the knowtedge derived trom phase 1 and phase 2 into designs of healing ICUs. 

This phase of the research describes the physical condition of the ICU in the UMCG 
quantitatively and to provide qualitative information about this and two other ICUs. The report 
structure fellows the research strategy: 

1. What, \Nho, Where, \Nhen & How measured? 

2. Analytic Analysis of ICU Environment 

3. Design Mock-up & Measurement of Environments & Sleep Pattems 

4. Results & Analysis of data 

5. Conclusion 

6. Future Work 

1.1 What? 

• This phase of the research is foreseen to describe the physical condition of the JCU in the 
UMCG quantitatively and to provide qualitative information about this and two other ICUs, 
and to check compliance with guidelines tor hospita! ICU design. All the environmental 
variables2 that could inttuenee the patient sleep pattem are measured. The next stage is to 
analyse the relationship between the environment and patients' sleep patterns. 

• A custom made mock-up is placed around the selected bed in the ICU, focussing on the 
near environment. The equipment used for the research cannot in any way inttuenee the 
equipment used at the ICU. Since the beds can be moved any time, the mock-up should be 
easy to remove. This is achieved by fixing all measurement tools - that need to move up 
and down with the bed - to one unit clipped at the head side of the bed. 

• Data is collected continuously and automatically logged. Additional one-time 
measurements, like the pilot-study, are done shortly befare the start ofthe measurement. 

1.2 Why? 

The importance of this research is described in the project proposal3. The data collected in 
this research is used to answer the following questions about the physical environment, and 
as input for future research about the relation between the environment and sleep patterns: 

• How can the ICU environment qualltatively & quantitatively be descri bed? 
o \Nhat is the average, mean, and peak illuminance level in the patients' eyes 

during the day and the night? 
o How aften do certain illuminance levels occur in the patients' eyes during the 

day and the night? 
o \Nhat is the rhythm of illuminance changes? 

E.g. how aften does how much change in illuminance level occur 
during the day and the night? 

2 Which variables are measured how and when is described in the last section ofthis chapter. 
3 I. afstudeerplan _30 I 02009 .doe 
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o Idem for the other variables like noise level, luminanee level, etc. 
o Comparison 

Does each of the three ICU environments satisfy the requirements 
given in the guidelines? 
What are the ditterences between the environments of the three 
ICUs? 
How do the results relate to results of other literature? 

• What new insights does this research give? 
• How can the patients' sleep patterns qualitatively & quantitat ively be descri bed? 

o Quantitatively: Vllhat is the total sleep time vs. total awake time? 
o Qualitatively: Rhythmicity: how can the patients' sleep patterns be 

visualized? 
o Qualitatively: What sleep stages can be identified? 
o Qualitatively: What is the arousal and wakeness index during the day and 

the night? 
• Vl/hat is the environmental influence on the patients' sleep patterns? 

o Is there a significant correlation between a/more environmental variables and 
the occurrence of arousals and awakenings of the patient or the total sleep 
time of the patient? 

1.3 Who? 

• We measure the sleep pattern of the patients in the messurement bed. The bed may be 
occupied by several different patients during the research, who are very likely to have 
different illnesses or other personal variables as described in the report, which influence 
the bio-rhythm of the patient in different ways. This information will not be taken into 
account directly. That means that we do not sort patients on personal variables. Since the 
focus of our research is the influence of the environment on the patient, we assume that if 
we measure for a high number of patients, the ditterences in personal variables of patients 
and therefore their possibly different reaction to the environment is not of significant 
influence on our results. 

• Each patient we measure the sleep pattern for, we measure tor as many 24-h cycles as 
possible. The physical parameters of the internal elimate in general vary over the day, but 
also per season. Not only the value at that moment is for that reason important for this 
research but mainly the variation of the different parameters during the day and night. 
Doing so we can on the one hand say something about the mean values of parameters 
over time. On the other hand it is important to re late the change of the different parameters 
over time to e.g. the natural circadian rhythm of human beings. The ditterenee in 
illuminance between the day- and night situation tor example can influence this. 

• Using power analysis we can calculate what the total number of patients and/or 24-hour 
cycles should be, if we know the standard deviation. Once we start the measurements we 
do not know the standard deviation of the population, but throughout the measurements we 
will get to know the standard deviation, and therefore throughout the measurements we 
can decide how many patients and/or 24-hour cycles we need, and thereby we can decide 
to measure for a longer time or quit early. However, as we didn't manage to measure the 
minimum number of sleep cycles for the first IC U, we decided to keep the analysis of the 
other two ICUs to pilot-study only, and keep the messurement of these ICUs for further 
research. 

• Min. number of 24-hour cycles required per ICU is initially assumed to be 10, since we see 
in [Dij'08]4 [Zim '08] and (Uir'04], which are of the latest review theses, that 10 patients is 
the minimum number of patients used in these articles to be accepted as a good Evidence 
Based Design. Assuming 1/3 of the time5 there won't be anybody in the bed, tor 3 ICUs 
minimally 30 24-hour cycles are required, so we initially estimate about a month of 
measurements per ICU. Unfortunately while we measured the ICU environment tor 11 
months the UMCG did not manage to measure the sleep pattern of more than 3 patients. 

4 See summary in appendix 
s Basedon assumptions approved by the UMCG before the start ofthis research. Assumptions were basedon the time 
spent by other research to measure at least I 0 patients in a hospital. 
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Th is resulted in only a few, incomplete 24-hour cycles of sleep pattems, thus insufficient for 
this research to analyse the effect of the environment on the sleep pattern. In future 
research we wiJl include measuring the sleep pattem for healthy students who spend some 
nights at the ICU, to compare the sleep pattems with those of sick people, and see if the 
ICU has the same effect on healthy people as it has on sick people. The problem with 
getting sleep pattern data was not so much the Jack of patients in our measurement bed. 
The problem had to do with the delay of 5 months by the UMCG in preparation of the tools 
to measure the sleep pattern, the Jack of time of the responsible person in the UMCG to do 
sleep pattern measurements, the fact that many ICU patients cannot have a sensor on 
their forehead due to damage of their forehead, and the fact that many ICU patients don't 
want to contribute to this research as the UMCG doesn't provide them anything in reward. 
In future research we wiJl try to solve this problem. 

• Since the results wiJl be related to the experience of the patient, measurement points are 
chosen as close as possible to the patient. However, the researchers have to take into 
account that they cannot bother the patient or interfere with the work of the staff, meaning 
that no measurement tooi, besides the BIS measurement which wiJl be done by the UMCG 
itself, can be positioned on the patient or employee or such that it bothers the patient or 
employee, and all measurement tools should be fixed such that they can be removed all at 
one go whenever the hospita! bed needs to be taken somewhere else. The tools can't 
come along with the bed since we only got permission for measuring at the ICU and since 
the patient might change the bed, which makes it difficult to get the tools back to the I CU. 

• The hospita! looks into the necessity of getting permission of patients and family to execute 
the research. 'Patiants and/or thair families gave written consent priortotheir participation, 
though the patiants did not know what the research was about to kaap tham bahave 
regu/arly. ' [Gaz'01] 

• Staff is informed by the UMCG about the research and instructed to behave as normaL 
They are told by Olga Peters that we are measuring the environment of the ICU, which 
means we do not measure the staff's qualities, and that therefore they should behave as 
normaL The staff is not informed about the purpose of the research, since this might 
influence the results. 

1.4 Where? 

• The research is done at the 'Universitair Medisch Centrum Groningen' (UMCG) in the 
NetherJan ds. 

• Measurements are done first in the ICB, and in future research in two other ICUs (one after 
another). There are 4 ICUs at the UMCG. Part of the building has had a large renovation 
recently, while some other ICUs wiJl be renovated soon. The intention is to analyze the 
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internal elimate of 3 ICUs. The choice of the ICUs depends on the expected ditterences in 
indoor elimate and ditterences in architectural design. The ICUs chosen are the ICB 
(Intensive and Respiratory Care), the CHIC (Chirurgie Intensive Care), and the THIC 
(Thorax Intensive Care) of the UMCG. These ICUs are dealing with patients who all need 
different medical help, but with roughly the same requirements tor environmental design, 
namely a healthy and comfortable environmental design. The 3 ICUs chosen are very 
different in layout, room height, view outside and interior design, and possibly also in their 
physical environment, since their time of being built6 and their purposes differ. 

• The comparison of the results of the environments of 3 different ICUs is done to get an 
average of ICUs in general, and to see how different the environments of ICUs are as 
compared to this average, and therefore to see how much influence the visual and spatial 
design have, besides the influence of the physical environment, on the sleep pattern. 

• At each of these ICUs the environment of the area around the one most representative -
meaning the view trom the bed is the most representative, since it shows all three aspects 
visible trom any bed at the ICU, there is direct view at staff centre, entrance door of ICU, 
and medicine counter, and average noise level (equally far trom noisiest as trom most quiet 
place) - bed is measured. Doctors aim to increase the occupation of this bed for this 
research resulting in frequent change in patient in our measurement bed, to be able to get 
measurements of many different patients, to eliminate the influence of personal variables 
on the messurement results. Besides, the number of people passing by this bed has 
influence on the choice, and this is for the messurement bed roughly the average of the 
number of people passing by other beds in the IC U. The most representative bed is chosen 
by the UMCG. AIIICUs at the UMCG use only one type of acute care bed . 

1.5 When? 

• This study was performed between February 2009 and May 2010. The measurements took 
place between June 2009 and May 2010. A nonstop measure-period tor the periodic 
measurement is preferably minimally 24 hour. This way, variations during the day can be 
analyzed. Besides, measuring nocturnal sleep alone is insufficient, as literature like 
[Gaz'01] indicates. Total sleep time in ICUs is redistributed over a 24-h period, therefore, 
continuous environmental measurements is done tor x periods of 24-h in this research, to 
adequately characterize sleep-wake patterns. 

• To be able to recognize an average day-pattern, to be able to measure enough patients, 
and to eliminate or average out personal factors and weather circumstances influencing the 
measurement results, we measure the parameters during at least one month at each ICU. 

• In most buildings the internal elimate will vary per season which makes it important to 
measure in a period which is representative of the average of the year. However, as the 
ICU should always comply with indoor elimate requirements, it is more interesting to 
compare extremes, as far as weather conditions in Holland can be extreme. As our 
measurements span over one entire year, trom May 2009 to May 2010, any ditterences in 
influences of the external elimate per season are noticed. 

• The messurement tools and logging equipment are checked regularly by Maartje van 
Roosmalen. She goes to the UMCG to check this after the first, second, and fourth week of 
measurement. lf no problems occur, Olga Peters will take over this regular check. She is 
instructed as far as needed about how to use the equipment, meaning how to switch it on 
and off and what the equipment should indicate. This is also described in a short document 
called 'handleiding_meetopstelling_date.doc' that is provided to the hospita!. As the entire 
measurement process is automated and Maartje can see and adapt the progress online, 
Olga's actions are limited to fixing internet connections. After the first ICU is measured, the 
data is analyzed by Maartje van Roosmalen. Olga Peters Polman transfers the mock-up to 
the other ICUs. After the measurements are done Maartje van Roosmalen picks up the 

6 The time ofbeing built influences the ICU design since only lately the concept of 'healing environment' and the 
concept ofthe visual and spatial environment influencing the healing process has been accepted and applied in ICU 
design. 
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mock-up from the UMCG to bring it back to Eindhoven University of Technology. 
lntermediate analyses and the final data analysis are performed by Maartje. 

1.6 How? 

• Observation: Nat all aspects of the ICU environment are taken into account in a 
measurement of the physical environment, where we only measure and nat record 
anything. By observing the environment and writing down what happens, e.g. whether 
nurses pass by closely or check the patient regularly, tor a certain period at certain times of 
the day and night, certain aspects like the influence of the medical staff, the patient and the 
visitor on the ICU elimate can be analyzed from these observations related to the data of 
the measurements. However, since we are interested in objective measurements of the 
environment and the sleep pattem only, we are nat interested in the influence of medica I 
staff or visitors directly, but indirectly in what changes of the environment they cause, e.g. 
increase of noise level. Theretore, we do not do any observations besides the analytic 
description of the visual and spatial environment, which includes environmental aspects 
like wall color, room dimensions, etc. 

• Measurement: The tollowing section describes which variables are measured using which 
tools during the actual measurements and during the pilot-study. Whenever a 
measurement starts, all the equipment is started. All data measured is logged with the 
(starting) time of the measurement to prevent complications with data synchronisation. The 
first data used tor analysis is the measurement time tor which all measurement tools have 
results. lf data from any measurement tooi is missing throughout the measurement, the 
data trom ether equipment during this time will not be taken into account tor the analysis. 
The software used tor data synchronization and analysis are Excel, Microsoft Access and 
Visual Basic. The tollowing table contains the measurement parameters, tools, intervals 
and locations. 

Table: Overview of maasurement parameters, tools, Intervals and locatlons 
1. Variables - Lighting 
• LUMINANCE (brightness [cd/m2

]): light stream per surface area which the surface 
sends (reflects) in the direction of the eye. 

• Why - The luminanee levels of a surface is v.tlat mostly influences the 
lighting experience of a persen. The colour of the surface highly influences 
the luminanee level, as does the contrast between different surfaces. 

• What- The contrast in luminanee of different surfaces the persen looks at 
should be adapted to the preterred bio-rhythm of a persen. High contrast 
can be used to attract attention -nat to bother the patient- when a persen is 
awake (day time), however too high contrast might hurt the eyes. A black 
surface next to a white surface or next toa lamp creates a streng contrast in 
luminance, which can be painful tor the eye. Low contrast should be used at 
night. The luminanee levels should be lower at night as compared to the 
day time. 

• Where - Luminanee levels should be measured close to the eye. lt is 
important to knowat which surfaces the patient is looking. 

• How - Luminanee meters are available on the market, but they will have to 
be adapted to the preterred measuring conditlans in the ICU. A normal 
luminanee meter is too big to put on a hospita! bed, and it only measures in 
one direction. We modified an illuminance measurement cell (Hagner cell) 
with a cone to indicate the surface area which is taken into account. We 
positioned multiple of these modified Hagner cells on half a sphere to get 
the luminanee of all areas the patient might be looking at. We calculated the 
length of the cone such that each -tor the patient visible- surface is taken 
into account without any overlap or gap (see plan and sectien indicating 
angle per cone, in the report sectien about the measurement set-up). The 
average luminanee of that surface is taken. We can fix the luminanee 
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measurement tooi on the top part of the bed, since whenever the patient 
positions his bed in a sitting position, the top part of the bed with the 
measurement tools fixed on it is placed under the same angle, so we 
roughly know horizontally at which height the patient is looking, without 
bothering the patient with our measurement tools. The measurement tooi 
which is fixed on the top part of the bed should be easily removable if the 
bed suddenly needs to betaken away. 

• Pilot-study - The points with highest luminanee will be measured 
(according to the Outch norm 'daglicht protocol') during the day with no 
lights on, to check whether they satisfy the requirements, and to be able to 
provide improvement recommendations in future. 

• Tools: 
• Luminanee half-sphere (light) meter made of modified Hagner sensors 
• Light box & Laptop with Program Multilight version 1.0 (license trom TU/e) 

• Interval: 
• Every second 7 

• Constraints/ Location: 
• Measurement tooi fixed to the head side of the bed should move up and down with 

the head side of the bed. 

• ILLUMINANCE (verlichtingssterkte E [lux]) 
• Why - The illuminance is a way of describing the lighting levels in a certain 

plane. A certain amount of lux is required for the hospita! employees to be 
able to do their work, while the patients might preter a lower light intensity to 
be able to sleep. 

• What - High lighting levels are not preterred at night time and vice versa. On 
the other hand, good lighting levels are very important tor staff to do their 
work well 24 hours a day. 

• Where - llluminance levels should be measured close to the eye. The light 
that is coming trom 5 different directions (except trom below) and thus which 
is falling on different planes should be logged. 

• How - 5 light cells could be placed on a small cube, directed to all 4 sides 
and the top. This cube should be placed close to the eyes of the patient - so 
positioned next to the luminanee tooi - measuring in this way the illuminance 
falling in the patients' eyes trom 5 directions. We also developed a special 
illuminance measurement tooi with a frame around it in the shape of the face 
area around the eyes, to be able to measure exactly the amount of lux that 
falls in the patients' eyes, which is less than without the frame, since our 
nose blocks light partly and the position of our eyes somewhat deeper back 
in the head reduces the amount of light falling in the eye. 

• Pilot-study- See description further down 'illuminance per armature'. 

• Tools: 
• Selfmade cubic meter and eye-shaped illuminance meter (near patient) 
• Light box & Laptop Program Multilight version 1.0 (license from TU/e) 

• Interval: 
• Every second, because the natural light outside, the on/off of lights and the 

up/down of bed changes the illuminance inside. 

• Constraints/ Location: 

• Custom made measurement tools fixed to the head side of the bed should move 
up and down with the head. 

• COLOR TEMPERAfURE [K] and Light Spectrum (Wavelengths) per artificial light 

7 Because the naturallight outs i de, the on/off of lights and the up/down of bed changes the luminanee inside 
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source, Color Finishes [RGB-value) & Reflection Coefficients [-) of surfaces 

• Why - Literature says that warm white light makes people feel sleepy, whereas cold 

white light makes people awake [thesis_K_Dijkstra.pdf]. Dr. Joan Roberts indicated in 

many papers the influence of the light spectrum on the sleep pattern of patients. Besides, 
according to Frank H. Mahnke, purple, blue, and green colors (light colors or surface 

colors) make people relax, whereas red, orange and yellow colors activate people. 

Besides, guidelines provide rules for color finishes and reflection coefficients of walls, 
ceiling and floor which have to be satisfied. In this research this intermation will betaken 

into account qualitatively, however, in future phases of this research this information will 

definitely be used. 

• What -We measure the color temperature of the lights patients are looking at and the 

color fin is hes and reflection coefficients of the surfaces patients are looking at. 

• Where - The color temperature is measured near the light source, the color finishes and 
reflection coefficients are measured at 1m distance from the surface. 

• How - Pilot-study - We point a color temperature measurement tooi at the lights 

(chromameter), and a reflection and color finishes measurement tooi at the surfaces. 
Color RGB value can also be estimated by cernparing it with a color card. 

• Tools: 
• Chromameter, a co lor fin is hes meter, and a photospectrum meter 

• Interval: 
• Once (for each light and surface) in future research phases 

• Constraints/ Location: 

• Use excel conversion sheet of Jan Diepens for RGB values conversion. 

• ILLUMINANCE (per armature) & background illuminance [lux) 

• Why - Since we put a light on/off datalogger on all light sourees at the ICU, we know 
which light is causing a change in the measured illuminance near the patient's eyes. 

Further, we measure the illuminance per armature one time seen from the eyes of the 
patient while there is no daylight, to find the illuminance of each armature separately on 
the patient's eyes. Besides, by cernparing the illuminance measured one time directly 

under the armature with the illuminance the producer provides in the lamp details, we 
know the decrease of illuminance of a lamp due to oldness/dirtiness. We might use all of 

this in a further future phase of this research. 

• What - The illuminance per armature at that time (which includes oldness factors, etc.) 
directly below an armature and from a position close to the patient's eyes, and the 
background illuminance. 

• Where - Near the light souree perpendicular on the light source, and from a position 

close to the eye's of the patient. 

• How - Pilot-study -We keep a Hagner cell near the window and on the work plane of 

the Doctor, to check the illuminance requirements according to the 'daglicht protocol' . 
Further, we measure the illuminance on the work plane with the lights on, to check for the 
requirements according to 'NEN 1891 binnenverlichting' . Further we measure with the 

cubic shaped and the eye-shaped tools for each light souree switched on individually from 
the point of view of the patient. To find the background illuminance during the night, the 
illuminance can be measured with the cubic shaped and eye-shaped tools when the lights 

near the measurement bed are off. To find the background illuminance during the day, 
the illuminance can be measured with the same tools when the lights near the 

measurement bed are off, and when the curtains or Jouvers are closed, so no daylight can 

come in near the measurement bed. 

• Tools: 
• lndividual illuminance measurement tooi 

• Cubic shaped and eye-shaped illuminance measurement tools 
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• Interval: 
• Once during pilot-study 

• Constraints/ Location: 

• No daylight 

• ARTIFICIAL LIGHTING ON/OFF [-] 

• Why- To later relate a patient's sleep pattern, e.g. a sudden wake up, to the switching on 

or off of a light source. 

• Wh at - Registration for on/off changes for artificial lighting through change in resistance of 

LDRs positioneel on each neighbouring armature. 

• Where - A eertsin device, connected with the datalogger, is located at all light switches of 

theiCU 

• How - The device sends a signal to the datalogger whenever a light is switched on or off. 

The number of products depends on the number of armatures and the number of inputs of a 

logger. The maximum number is taken as 15 LDRs. 

• Pilot-study - During the pilot-study we check how high the resistance of the LDR is per 

light souree being on. Like this we can analyse later whether a light souree was on or off. 

• Tools: 
• LDRs stuck on each armsture 

• Interval: 
• Every 30 seconds 

• Constraints/ Location 
• All neighbouring light sourees around the messurement bed at the ICU need to be logged 

• DAVLIGHT ILLUMINANCE [lux), DAVLIGHT FACTOR [·] 

• Why - To know the influence of daylight as compared to artificial light (ratio). By subtrading 

this one time iliuminsnee messure of the lights that are on, and by subtrading the 
background iliuminsnee in the patient's eye, from the measured iliuminsnee in the patient's 

eyes during the normal measurements, we find the influence of daylight on the iliuminsnee 

in the patient's eyes. We relate this to the sleep pattem of the patient to see which light 
source(s) (artificial or daylight) has influence on the patient's sleep pattern. 

• What- The amount of daylight in the room. 

• Where - Messurement needs to be done at the same time outside (vrije veld) and inside 
(near window) . 

• How - Pilot-study - Using a ratio number that indicates the ratio between the amount of 
light measured directly next to the window and the amount of light measured at the point 

near the head of the patient, we can calculate the influence of daylight on the total amount 

of light near the patient. Th is ratio number is calculated using a messurement which is done 

when all the artificial light sourees are switched off. We have permission from the UMCG to 
play with the light switchesfora while during our pilot-study if there is no patient in the bed. 

To calculate the Daylight Factor, which is required to check whether the ICU fulfils the 

requirements, we messure the iliuminsnee of a Hagner messurement tooi positioneel right 

behind the window and around the sametime outside in the 'vrije veld' , bothunder a cloudy 

(overcast) sky. 

• How - The cubic-shaped iliuminsnee sensor has one sensor which is oriented at the 

window, and this sensor therefore measures the daylight component every second. This 

sensor does not register the background illuminance, but it might register the artificial light 
illuminance. So if we subtract the artificial light iliuminsnee of this sensor (which we know, 

since we know which light is on when and we also know from the nul-meting how much 

iliuminsnee each light souree produces in that sensor) from the totally measured iliuminsnee 

every second, than we know the daylight component in the patient's eyes every second. 

• Tools: 
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• Iliuminsnee sensor and cubic and eye shsped illuminance messurement tools 

• Interval: 

• Once for pilot-study 

• Constraints/ Location 

• Messurement needs to be done at the same time outside (vrije veld) snd inside 

(nesr window) 

• Var iables - ACOUSTICS 

• SOUND LEVEL (L) [dB(A )] 

• Why- The sound level, frequency and repelitien could influence patients' sleep patterns. 

• What- By measuring !he average sound energy of a certain interval continuously, the data 

says sernething about the sound levels of the day and night. By looking at for example the 

L 1 and L90 levels within an interval, background noise and short loud noises can be 

identified. The frequency can also be identified trom this data. We will nol be recording 

sounds, si nee this would require parmission from patients and/or family. 

• Where - The equipment (one tooi) can be placed relatively close to !he ear of !he persen. 

Detailed positioning of !he equipment for these measurements is less important compared 

to the lighting data. 

• How - Pilot-study - Since we are nol recording the sounds, it is difficult to define 

afterwards what made the sound. To gel an indication of what sounds possibly happen at 
the ICU, and to make an estimate to objectively define the cause of a sound, we measure 

the sound level and the frequency (octave band) of each sound, meaning the sound and 
rhythm of all medical equipment separately, the sound of voices, etc. individually during a 

pilot-study. 

• How - By measuring the sound level in !he actual ICU per eetave band, we can try to 

analyze which sound level is caused by what. 

• Tools: 

• B&K 2250 lnvestigator 

• Interval: 
• For a while every secend during the pilot-study 

• Every second, since short sounds can influence !he patient 

• Constraints/ Location 

• Localed at head side of the bed, should move with !he patienfs head 

• Variables- THERMAL CLIMATE 

• AMBIENT AIR TEMPERATURE fC] 

• Why - The ambient temperature is a governing factor defining the elimate around the 
patient. A temperature that is out of the tempersture range which is preterred for most 

patients, is likely to affect !he state of wellbeing, and hence recovery. 

• What - The temperature should be measured at !he level of the patient. Since it is highly 

unlikely that the tempersture will vary over the length of the patient (who is mainly lying 

down), and most of the body of the patient is covered with a blanket, we only take into 

account the ambient tempersture near !he head of the patient. 

• Wh ere- A messurement should be taken near !he head of !he patient. 

• How- Any suitable device with accuracy to at least 1 decimal place, and which can record 

data !hal is logged in a separate logger and later fed to a computer can be used. The device 

in question should a lso be able to messure relative humidity so as to avoid an accumulation 

of equipment around the patient. 

• Tools: 

• Thermometer integrated in RH meter 

• Interval: 
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• Every 30 seconds, the temp. & RH are not expected to change much 

• Constraints/ Location 

• Located next to the bed 

• RADIANT TEMPERATURE (°C) 

• Why - Radiant temperature is a factor that, although it has secondary effects in ambient 

temperature, is also essential in defining the thermal elimate experienced by the patient and 
which therefore affects comfort levels. Patients with a halogen lamp directed at their face 

may feel discomfort for example, even if the ambient temperature around them is otherwise 

reasonable. 

• What - Radiant heat is the electromagnetic radialion emitted from an object due to the 

object's temperature. The heat from a halogen bulb is an example of radiant heat. 

• Where - The maasurement should be taken as close as possible directly above the head of 

the patient, as this is the area of skin that is most likely exposed to radiant heat. The rest of 

the patient is mainly shielded from radiant heat by the blanket of the hospita! bed. lt is also 
important that the messurement is taken above the patienfs head, as radiant heat is 

dependent on the angle to the source. For example, the radiant heat experienced from a 

halogen lamp is greatest when directly under the lamp, and reduces as one moves to either 

side. 

• How -Thermometer located near the head of the patient. 

• Tools: 

• Thermometer 

• Interval: 

• Every 30 seconds 

• Constraints/ Location 
• Located at head side of bed 

• RELATIVE HUMIDITY [%] 

• Why - Humidity acts in combination with tempersture as a principle factor for comfort. In 
artificially heated interlor spaces, humidity will often drop below comfortable levels, causing 
discomfort and a feeling of dehydration. 

• Wh at- Relative humidity is defined as the ratio of the partial pressure of the water vapeur 
in a vapeur/air mixture8 against the vapeur pressure9 of water at a prescribed temperature. 

• Where - Relative humidity is likely to be constant in the area surrounding the patient, 

unless a humidifier is located at a certain point close to the bed. The instrument can 
therefore be located anywhere in the immediate vicinity of the patient. 

• How -A number of measuring devices are available on the market The measuring device 
should be able to log data that can later be downloaded onto a computer. 1t is also 

recommended that the device measures both ambient tempersture and relative humidity so 

as to minimise the equipment around the patient. Models starting with "HX" measure only 

the Relative Humidity; models starting with "HT" also include a tempersture modifier or 

sensor for which the output is changeable. 

• Tools: 
• Relative Humidity meter with thermo-meter integrated 

• Interval: 

• Every 30 seconds 

• Constraints/ Location 

• Location near patient's head 

• Air velocity [m/s] 

8 The pressure the water vapour would exert if it alone occupied the space taken up by the vapour/air mixture. 
9 The pressure at a given temperature at which water is in equilibrium between its gaseous and liquid forms. 
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• Why - Air velocity is also an important factor in the thermal elimate and comfort levels. 
Warmer conditions can be made comfortsbie if a breeze is supplied via a fan, for example. 

On the other hand, unexpected draughts can be unpleasant, especially if conditions are 

considered to be cold. 

• What-The rate of displacement of a certain amount of air in a given direction is measured. 

• Where - The measurements should be carried out close to the head of the patient. This is 

because the rest of the patient is likely to be covered by a blanket, and therefore will not 

experience the air flow to any great extent at other parts of the body. 

• How - There are a number of devices available on the market. lt is important that the 

device is capable of measuring air flow from any direction, as there is no standard or 

constant air flow perquisite. 

• Tools: 

• Air velocity meter, which can messure air flow from any direction 

• Interval: 
• Every 30 seconds 

• Constraints/ Location 

• Located at the head side of the bed 

• Variables -INDOOR AIR QUALITY 

• AIR QUALITY [-] 

• Why- Air quality plays an important role in health. Weneed a certain standard of air quality 

in order to survive. But air of a lesser quality, while being enough to survive, is nevertheless 

detrimental to a persen's wen being. 

• What - The quality of air can be affected by numerous things; partiele pollutants, 

contaminants such as Volatile Organic Compounds (VOCs), oxygen and C02-levels, etc. lt 

is standard practise to ensure a eertsin rate of air exchange in a building, where fresh air is 
brought in from outside, in order to ensure that the air quality remains within reasanabie 

limits. lf the air exchange rate is too low, a build up of contaminants from indoor sourees 

and COrlevels from the respiration of the accupants leads to a lowering of the air quality. lt 
is difficult, however, to messure air contaminants such as VOC's. Therefore, it is more 

appropriate to messure levels of C02, which is not only a factor for air quality in itself, but is 

also an indicator of the likely levels of other contaminants. lf for example the C02 levels are 
high, then it can be deduced that the air exchange rate is low, and therefore there is a build 

up in the levels of other contaminants. 

• Wh ere - Given this it is highly unlikely that the air quality will vary to a significant level in the 
environment directly surrounding the patient, the measuring equipment can be placed 

anywhere in the vicinity of the bed. lt should be noted however, that care needs to betaken 

to ensure that there is no contaminant souree near to the equipment. 

• How - C02 can be measured by any standard datalogger. 

• Tools: 

• C02-Ievel meter 

• Interval: 

• Every 30 seconds 

• Constralntsl Location 

• Located next to the bed 

The following table indicates what all measurement tools are needed. 

Table: Overview of required maasurement tools 
Lighting llluminance Hagner sensors: 

-cubic shape iliuminsnee maasurement tooi 
-half sphere with co nes luminanee maasurement tooi 
-eye frame iliuminsnee maasurement tooi 
-light box 
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-one iliuminsnee messurement tooi to messure once near the window and 
below each light souree 

Acoustics 

Tempersture + RH 

B&K 2250 (microphone + converter + recorder) + extra flashcard to record 
more data and an extra cable between the microphone and the recorder 
-RH messurement tooi with integrated ambient tempersture meter 
-Radiant tempersture messurement tooi 
Air velocity messurement tooi 
C02 messurement tooi 

Air velocity 
Air quality 
Logger 
PC 

Datalogger for logging all variables except for sound, lighting and BIS 
Laptop 

2 Analytic Approach 
The analytic approach can be divided in two parts, i.e. the observations and the pilot-test. 

2.1 Observations 

Several important environmental parameters related to the physical and architectural design 
are analyzed by visiting the 3 different ICUs a few times. Based on this information a first 
impression of the internal elimate and atmosphere can be given. Aspects with a less direct 
relation with the internal elimate can also be mapped in this way, like the number of people at 
the ICU during the day, the cleaning schedule and work schedules. Theseaspectscan later 
be used to analyze the cause of a certain change in internal elimate such as noises 
occurring. However, for this design stage we are not interested in causes of changes, but in 
how much the variabie changes and whether this level influences the sleep pattern. In future, 
the parameters that describe the room can also tunetion as input for computer analyses with 
which the internal conditions for different moments in the year can be simulated and with 
which the effects of changes can be estimated. 

2.1.1 Spatia l Environment 

Every ICU consists of a space where the patients lay intheir bed, a medicine counter and the 
nurse station for nurses and doctors to keep an eye on the patients. Usually there are also 
two types of isolation rooms in every IC U; one for patients who need to be protected against 
the environment and one for patients we need to proteet the environment trom. 

Room properties 

The following plans show the room properties of the ICUs where measurements were done. 
While the THIC and ICB are open (multi-bed), the CHIC has partitions between beds, which 
makes it sarnething between a multi-bed and single-bed room. The following parameters are 
analyzed; 

Aspect Spatlal Comfort THIC: Oldest ICB: Mlddie CHIC: Newest 

• Shape of the Room • Rectangle • L-shape C-shape 

• Orientation/location of • In center ofthe • Narth-west • West 
the Room hospita! • Average noise • Average noise 

• Quiet environment level, not busy level, not noisy 
of atrium road square 

• Interlor Design • Lots of cables • Few cables • Cables hidden 
hanging, old stuff hanging, in vacuum 

average stuff cleaner tubes, 
new stuff 

• Functional Relation to • Nurse station visual conneetion via glass windows 
other spaces 

• Floor area [m~[ • Small • Medium • Medium 
• Distance trom façade • Little • Medium • Medium 

to opposite wall [m] 
• Room height [m] • 2800mm • 2700mm • 2800mm 
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ICB 
The 24-bed ICB at the first floor (see previous map of UMCG) is a relatively old ICU with 2 
facades, the largest towards the north and the smaller towards the west. We use bed number 
4 at this ICU, as indicated at the following plan, because this bed is occupied most often, the 
patient faces two entrances and the nurse station, and the location is according to the 
hospita! representative for the environmental design and happenings of all the other beds. 
There are no partitions other than translucent curtains between the beds. On the head side of 
the patient is a window, so the patient cannot look outside while medica! staff and visitors 
can. 
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Figure: Plan of ICB with measurement bed indicated 



Maasurement of Environmental lnftuences on Patients' Sleep Patterns in ICUs 

CHIC 
The CHIC at the third floor has only one façade facing the west and was chosen since this is 
the newest ICU, with a colorful intemal design, larger windows, new equipment and a lighting 
design which seems to be more adapted to patient preferences as compared to the older 
ICUs. At the CHIC we use bed 9 as indicated at the following plan. 

t 
Figure: Plan of CHIC with maasurement bed indicated 
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TH IC 

The last ICU we chose is the THIC, because it does not have any conneetion directly to the 
outside, and there are only windows on one side with a view at a large atrium with glass roof. 
This ICU is expected to get less solar radiation in summer and less daylight because of 
smaller window openingsas compared to the ICB and CHIC. The equipment at the TH IC and 
ICB is similar, however, the THIC is older and the ceiling is lower. At the TH IC we use bed 5, 
as indicated in the following plans. 

l 
Figure: Plan of TH IC with maasurement bed indicated 
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Flgure: Plan of TH IC wlth maasurement bed indlcated 
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2.1.2 Vlsua l Envi ronment 

The visual environment and atmosphere can be qualitatively described as follows. 

Aspect V isual Comfort I THIC: Oldest I ICB: Middle CHIC : Newest 

light 

1. Daylight: 1. Daylight 1. Daylight 1. Dayllght 

2 . Location Windows 2. Dayl ight behind 2. Daylight behind 2. Daylight behind 

3 . Orientation patient patient patient 

4.Size 3. North (atrium) 3. Mainly north, little 3. West (facing 

5. Distance between 
4.Small west (facing wall) large busy 

windows 
5. Large distance 4 . Medium square) 

between windows 5. Liltie distance in 4. Large 
6. Day/ Sunlight Sun- 6. Vertical rotatabla between 5. Liltie distance in 

shading/ Obstructions/ louvres 6. Vertical rotatabla between 
Balcony leuvers & external 6. Curtains 

orange flexible sun-
shading 

1. Artificial Light Type 1. Artificial Light 1. Artific ial Light 1. Artificial Light 

& Location Type & Locatlon: Ty pe & Location: Type & 

2 . Lights above the bed 2. 1 tube task light 2. 3 task tubes above Locatlon: 

facing down abovebed bed 2. 2 dimrnabie task 
3.No 3. 1 ambient tube light tube lights on 

3 . Light above bed head 4.No facing up above bed side above bed 
4. Light above window 5. Large contrast of head 3. 1 task light facing 
5. Light above medicine task lighting with 4. 1 ambient tube light patient body 

counter environment in diffuser frame 4. 1 ambient tube 
6. Light above sink 6. Tube light above window light in diffuser 
7.Ambient lights 7.No 5. Task & ambient frame above 

lighting above window 
medicine counter 5. Task and ambien 

6. Tube light lighting above 
7.4 dimrnabie ambient medicine counter 

lights 6. Warm while light 
7. 2dimmable 

ambient circular 
lights 

1. Artificial Light: 1. Artificial Light: 1. Artificial Light: 1. Artific ial Light : 

2. Taskl Ambient 2.0nlyTask 2.Both 2. Mostry Ambient 

3.Dimmable 3.No 3.Yes 3. Yes 

4. Color temperature 4.0nlyCold 4 . Both, merely cold 4 . Both, merely 

5. Glare proteetion 
5.Hardly 5. Liltle, by armature warm 
6. Tube light, metal cover 5. Yes: by direction 

6.Armature Type grid armature 6. Tube light, of light and 
7. Operation light visible 7.Yes translucent cover armature cover 

for patient 7.Yes 6. Different types, 
translucent cover 

7. No 
View/ Aesthetics 

• Colors • Few (white/greyish) • Few but brighter • Patients facing a 
-> depressing colors; yellowish/ red + orange wall -> 

grey ->cheering/ activity, anger, 
depressing excitement 

• Materials • Artificial & cold • Artificial & cold • Natura! & warm: 
Wood look-alike 

• Direct V iew Outside • No, behind patient • No, behind patient • No, behind patient 
• Yes tor staff • Yes tor staff • Yes for staff 

• View at • Staff center • Staff center • Red wall 
• Entrance door • Entrance door • Medicine counter 
• Sink • Medicine counter 
• Medicine counter 

• Position I Visibility of • Everywhere • Both sides • Both sides 

Apparatus • Hanging threads • Threads more • Threads covered 
arranged 

• Art . No • No • Yes: Cloud 
picture on ceiling, 
wood_Qrint 

• Greenery • No (nol inside and • No (nol inside and • No (nol inside 
outside) outside) and outside) 
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Figure: Existing artlflciallightlng In TH IC 
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Figure: Existlng artificiallighting at CHIC 
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2.1.3 Acoustic Environment 

I spent a few days in the hospita! to note all the possible causes of sound and a qualitative 
estimate oftheir influence. The following sound sourees were found: 

• People talking 

• Medical Equipment 

• Alarms/Beeper 

Aspect Acoustic Comfort THIC: Oldest ICB: Middle CHIC: Newest 

• Sound level of Medical • lrritating • lrritating • lrritating 
Equipment [dB(A)] background rouse, background background 

reasonably loud. rouse, rouse, 
• Can hear the reasonably reasonably loud. 

equipment from 6 I oud. • Can hear the 
beds further away • Can hear the equipment trom 

equipment from 6 beds further 
6 beds further away 
away 

• Sound level of Alarms/ • Very loud • Very loud • Very loud 
Beepers [dB(A)] 

• Sound level of talking • Very distracting as • Very distracting • Very distracting 
of staff & visitors human ear starts as human ear as human ear 
[dB(A)] lislening to talks, starts lislening starts lislening 

hard to filter out, to talks, hard to to talks, hard to 
• Very ioud (much filter out, filter out, 

louder than • Very loud • Very loud 
expected) (much louder (much louder 

than expected) than expected) 
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2.1.4 Thermal Environment and Indoor Air Quality 

Besides measurements, a short analysis of the elimate installations and factors of influence 
in a room is made. 

Aspect Thermal Comfort THIC: Oldest ICB: Mlddie CHIC: Newest 
& Indoor Air Quality 

• Heatlng/ cooling: • Radiator • Radiator 
• Type • Small • Size of 3 
• Measurements • Below façade windows 
• Location window • Below façade 

window 
• Air lnlet and Exhaust: • 0.5x0.5m • 0.5x0.5m • 0.5x0.5m 
• Measurements • Both sides of bed • Both sides of • Both sides of 
• Location head,above bed feet side, bed feet side, 

walking area above medicine near medicine 
counter counter 

Figure: Heating by radiator at ICB 

Figure: Ventilation devicesof respect ively THIC, ICB, and CHIC 
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2.2 Pilot-test 

Betore we can measure the (improvements of the) environment, we first need to know what 
to compare the values with to be a bie to say whether there is a peak or not, and to be able to 
recognize what caused this peak. These values that are there 90% of the time are called the 
val u es of the pilot-test'0• While designing an improved ICU in this research si mulation is used 
to analyze the effect of changes in the lighting design or environmental characteristics. To be 
sure that the results of the simulation are the same as the real situation, the results have to 
be validated. The daylight factor, which is derived trom measurements, will therefore be 
compared to the daylight factor which is calculated by the software. The daylight factor can 
be determined by determining the ratio between the horizontal illuminance in the room and 
the illuminance outside. At several points in the room the illuminance therefore needs to be 
measured at the same time inside and outside. To be able to also say something about the 
lighting at the other locations in the room and at other moments of the year (with other 
daylight), a simulation of the different light parameters with lighting software (e.g. Radiance 
or DIALux) can bemadein future research. 

2.2.1 Visual Environment 

How- Analysis Method 

The daylight and artificiallight quality of the ICU are evaluated on the tollowing aspects: 

• Daylight Quality: The daylight protocol is used tor the analysis of the daylight situation. The 
daylight quality of a room is evaluated on the following aspects: 

o Solar radiation transmission 

o Daylight transmission: this indicates the minimum amount of daylight in the 
room and is given by the 'Daylight Factor'; 

o Glare 

Daylight Factor[·] (min. daylight) tor a CIE overcast sky 
• This is the ratio between the daylight illuminance - direct and 

indirect - in a given point in a room comin~ trom a CIE overcast 
sky and the daylight illuminance outside 1 with the same sky 
model. 

• llluminance E; The light stream per unit of surface Which is 
received by a surface in [lux]. 

• External reflections, window transmission and internal reflections 
are taken into account, the sun is nol taken into account. 

Sky factor (average day/ight); This is the ratio between the 
illuminance direct/y coming from day/ight from a uniform sky in a 
point at the horizontal surface and the illuminance of a clear uniform 
sky. Meaning; windows without g/ass, no reflections, geometrica/, no 
sun. 

o Luminanee ratios; Luminanee L [cd/m2
]; 

o The - in a certain direction - radiated light stream per (on the direction 
projected) surface Asch and per solid angle given in [cd/m2

] . 

o Luminanee measurement of surtace: 
1. Surface within measurement angle 
2. Distance between measurement tooi and surface > 1m 
3. Solid angle should remain the same 
4. Average luminanee over large surface 

• Equal out over multiple points 
• Measure luminanee tooi with larger opening angle 2 

degrees 
5. Position of measurement tooi and orientation is written down 

o Luminanee measurement of eye field: 

10 also called 'nul-meting' in Dutch 
" Also called 'vrije veld' in Dutch 

1. Measure at eye height, 1.8m tor standing, 1.2m for sitting 
2. Glare: UGR- average luminanee of eye field as compared to 

luminanee of light souree 
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o Maximum luminanee armature/ bright surfaces; trom 
critica! positions 

o View outside: 

-----

Obstructions 

For each of the measurement points 12 tor the daylight 
measurements, the obstruction-component is determined as fellows, 
where A is the height of the obstruction as seen trom each 
measurement point. Using the vertical distance between each A 1, 
A2, etc. and eye-height (taken as 1200mm), and using the horizontal 
distance between the measurement point and the window, the 
obstruction angle can be determined. 

I ZOO. -
• Artificial Light (Dutch Norms NEN EN 12464 and NEN 1891): 

o llluminance [lux] 

llluminance of each light13 

Too high or too low illuminance in certain points in the room: The 
light stream per unit of surface which is received by a surface in 
(lux]. 

o Glare 

o Reflections on computer screen 

Reflection; 
• Diffuse reflection : Pdilfuse = x*UE 
• Reference reflection surface: Pdiffuse =(Lopp/l...er) Pret 

o Uniformity of lighting; Light intensity E: 

The light stream per unit of surface which is received by a surface in 
[lux]. 

What- Model 

The following aspects which might have influence on the measurements/ calculations - in 
relation to the validity of results - are taken into account and are discussed below: 

• Input 

• Measurement tools 

• Measurement grid similar to calculation grid 

• Environmental factors 

Input 

Day/ight 

12 The measurement points for daylight and for artificial light are indicated in section 0. 
13 Camparing this with the original value given by the producer of the light we see the degradation of the light. 
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The measurements for daylight are done according to the daylight protocol in the points 
indicated in the following plan of the furnished IC U. This plan indicates the view direction of 
the doctor while he is working on the computer and at the same time checking the face and 
skin color of the patient. 

Flgure: Maasurement grid daylight 
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ICB 
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Figure: Sect/on: /CU façade as seen from inside the /CU, indicating window size & position 

The following figures show the ICB lighting model in DIALux. Patient areas are enclosed with 
curtains. I defined one of theseareasas a 'room', in which I did the lighting measurements. 
The small area at the right bottorn of the following figures is the nurse station. The white 
circles and reetangles are the artificial light sources, which are off for the daylight simulation. 

flgure: DIALux dayllght model: different perspectlves lndlcating places with less and more light 
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Artificial light 

The net voltage used is 230V AC. The lamps are switched on min. 30 minutes before the 
measurements are done, because it takes a while for the light stream to become stable. The 
measurements for artificiallighting are done without any daylight in the points indicated in the 
following plan of the furnished ICU. This plan indicates the view direction of the doctor while 
he's werking on the computer and concurrently checking the patient's face and skin color. 

Maasurement Grid 

The distance between measurement grid points, at 0.85m height, is calculated according to 
[ tigure C 1 NEN 1891]. The measurement points 14 are indicated in the following plan [table 1, 
NEN1891] . 

• 
• • • • • 

• • • • • 

Flgure: Maasurement grid artlflciallight 

Tabla: Used lighting and armatures at the ICB 

14 Height of light souree = 2.80-0.75=2.05m. 2.05m*I/3=0.68m<3m, so the number ofmeasurement points is 
4.2m/0.68m=6.18 so rounded up gives 7 measurement points at 4.2/7=0.6m distance in between. The flrst 
measurement point has a maximum Y,•0.6m distance from the wall. 
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Code 

?-
IM 
rr;-

2S 
S8 
5E 

Flbrtcate 
Trilux 
er-co 
Philips 
Phlllp-s 
PhiHps 
Pfîlllpi 
PhiUps 
Phillps 

Type 
3763ps~evg 
83260+83761+937 
TMX 200U 132 loF 
FBH 170 226 H=F 
TBS 311Jt1132 HF P3 
FBS 1'451181-F 
NBS 1«10120S 
TBS 311Jt1132 HF M2 

LlmP Power 
3 x T _058 'J:OSI/A 

xGL100W . 10Wi 
1x TLD 36W 36VA 
2xTLD26W- -62VA 
1xTLD36W 36VA 
1x PLC18W 1 20VA 
1x GL 1~ 10CJY'J 
r ~ Tma&W :J&VA 

Nr.LOR 
1,7, 10 
.~.T,r,-t;r 

3,5 
1r 
13,14 
12 ~---o 

f6 

--- -
The following plan and the above table indicate which artificial light sourees are applied in the 
design of this IC U, and lights with similar characteristics are used as input for the DIALux 30 
design. The characteristics of those similar lights are given in the following table. 

2 . el 

@ 14-..Sf:t ,.._.." 

t·-,,..§~.~ 

Figure: Plan of ICB with lighting location and type indicated 

Table: Characteristics of (similar lighting and armatures used at the ICB 
Code Lamp Type Height Color Rendering Glare UGR-value [-] Code 

[m] Index (CRI) [Raf 
x a Fluorescent lamp 2.ao >90 17.5 x a 
X9 Compact fluorescent 2.ao >90 17.0 X9 

lamp 
51 Fluorescent lamp 2.40 50-70, while 19.9 51 

master TLD is 
>90 

91 FBH 2.ao >90 25 91 
5G TBS 2.ao >90 no UGR table displayed 5G 
2S 4-pin compact 2.ao a2 17.3 2S 

fluorescent lamp 
sa Compact fluorescent 2.ao >90 1a.9 sa 

lamp 
5E Fluorescent lamp 2.ao 50-70, while no UGR table displayed 5E 

master TLD is 
>90 

In the following layout we see the location of the lights and the measurement bed indicated, 
where light no. 2, 3, 4, 5 and 7 are ambient lighting, where light 6 (+ambient lighting) is 
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reading light, where light 1 (+ambient lighting) is used forshort term investigation, and where 
light 8 (+ambient lighting and investigation lighting) is used for long term investigation or 
emergencies. 

0 
000 
0 0 

Figure: Luminanes layout 

Maasurement Tools 

' 2 , 
' 5 
6 
1 
8 

ERCO IIUMOe ~ DowNigl'lt bQT18 100W 
Pllilpl flllpl2 F8S120 bPI...(:Af>18WJ840 CON L 
Pllilplf"'* Fil ..... te52961l!A50-100W.fR M 
Pllilpl ~ lBS315 1111\.S.JSW/840 lf' A 
Pllille.__. FIIHII20 2:1A..~ CON 
Plllpt 1UX20e bli.S-"W$0 11' 
Pllllle110204 1all.5-lWI11411tf' 
TRI.Uit 37SPSN/51 

Figure: Luminanes parts list 

The following maasurement tools are used for the daylight and artificiallight analysis. 

Luxmeter 

Chromameter 
• Delermine color temperature of 

artificiallighting [K) 

Measurements 

• Calibrated 
• Correction eye-sensitivity 
• eosine-correction 

Luminanee-meter 
• Small area; measure analge max. 

2 degrees 
• Average luminanee area->size 

angle 
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Results - Daylight-card 

Sun-shading Type: Verticallouvers (int.), automatic movable overhang (ex!.). 

Room Measurements lxbxh: (25,0m without, 4.2 with curtains) x (8,0m 'Nithout, 4.2 with curtains) x 2,8m 

Daylight Distribution 
The daylight distri bution at the workspace and at the wall tor the different situations are given 
below, where the value of the y-axis is the light intensity in the room divided by the reference 
verticallight intensity. 

0.5 o.s 
_ lle•tn:1111tni :CtaHr rtwl,. uw •• 11•• 

-
- Uteuenrnt:Opi MalmiiW ...... 

-
-tl<ll~ II'DitollllO_II_t 

_j- Opl mo!ll d.ttr •hllllre 

lo cD liJ stoJhl 

0 .15 0 .15 

o .• o .• 

:l:o~ 

.! 0.3 
41 
!o.;s 

i 0 .2 

• 
~ O.IS 

0 .1 

0.115 

D 

lleasueratnl ; lo dlli IJ 1 t'lllh!J --

\. 
.\.. 

'\ 
............. -

O.:JS 
:!: 

.i 0 .3 

~ o.::s .. 
• 0' i ·-
., 0 . 15 

0 . 1 
..... 

"-... --0.05 

D 
0 2 0 D.S 1.$ z 2.5 3 3.5 

ar. .. tt win••• Dnl [1 ...... , ..... ., .. ) 

'Daytlght Factor'"' on workspace 'Daylight Factor' on wal/ 

Sky Component 16 

• Point 1 (distance from 'Nindow 1 m, height 1.20m): 14.4%17 

• Point 2 (distance from 'Nindow 3m, height 1.20m): 5.35% 
• Point 3 (distance from 'Nindow 5m, height 1.20m): 2.66% 
• Point 4 (distance trom 'Nindow 7m, height 1.20m): 1.47% 
• Point 5 (distance from 'Nindow 9m, height 1.20m): 0.83% 

lllumlnance [cdtmi Ratios 

Sun light: 
• Optimal sun-shading 
• No sun-shading 
Overcast sky: 
• The way it was 
• Optimal clarity shading 
• No clarity shading 

118 : 3618 : 18o20 
1 : 70 : 26o21 

1 : 1.40 :2.722 

1 : 1 : 3.723 

1 : 2.70 : 4.842
• 

Sun-shadlng the way lt was Optimal sun- & clarlty shading No sun-shading 

,. 'Daylight Factor' is the ratio between the light intensity in the room and the light intensity on the façade. 
10 Belemmeringscomponent van obstructies voor het raam 
17 1 take the ((angle top window - 1.20m) - (angle point A- 1.20m))/360 .. 100%, so obstnJction angle/360°.100%) 
1° Computer screen 
18 Window with sun-shading 
20 Window sill, llluminance > 4000cd/m2 

21 llluminance > 4000cd/m2 

22 Movable table below pc 
23 Line on window sill below clarity shading 
24 Line on window sill below darity shading 
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Building: UMCG"' Transmission glass: 0.72 (estimate for double 
glass) 

Floer, room nr.: Intensive Care Sun-shading: Movable overhang 
(external) 

Address : Hanzeplein 1 Clarity shading: Vertical lauvers (internal) 
City: Groningen Daylight system: -
Country: The Netherlands Color & reflection factor Cream, reflection factor 

walls : 0.50 
Orientation: north Reflection walls: Diffuse 
lnternal length (m): 25.0 Color & reflection factor Yellow/brown , reflection 

floor: factor 0.20 
lnternal width (m) : 8.0 Reflection floor: Reflecting 
lnternal height (m): 2.8 Color & reflection factor White/grey, reflection factor 

ceiling : 0.72 
Glass surface (m'): 1.1685 Reflection ceiling: Diffuse 
Window height (m): 0.95 Occupancy: 75% 
Height wall"o (m): 0.8 Function of room: Intensive care 
Glass type: Double glass Tasks in the room: Operatien 
Glass color: Clear 
Overcast sky date: 04-06-2009 Clear sky date: 22-06-2009 

View Outside/Giare 

The view outside in all points is evaluated as bad, since there is a huge obstruction. The 
chance of glare occurring on the computer screen is small, as a consequence of the 
obstructions outside, the clarity shading which is almast always used, and the nat toa large 
glass surface. However, glare caused by ditterences in luminanee are likely to happen, since 
the user focuses the window. 

20 Universitair Medisch Centrum Groningen 
28 Opaque wall below window 
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Results - Artificial light quality 

Artificial Light Requlrements 

The results of the measurements of the artificial lighting are presenled below. They need to 
satisfy the tollowing requirements set by the Dutch NEN norms [NEN 1891]: 

• Max.luminanee ratio 1:3:10 

o Between the visual task (e.g. paper) and the immediate environment (e.g. the 
work pane), the luminanee-ratio cannot be higher than 3. 

o Between the visual task and the periphery (other surfaces in the room), the 
luminanee-ratio cannot be higher than 10. 

• Min. lux levels: 

o 100 lux generallighting, measured at floor height 
o 300 lux task light tor reading, measured at 0.85m height 
o 300 lux tor general short term research by doctors, measured at 0.85m height 
o 1000 lux tor long specialized research and treatment, measured at 0.85m height 
o 5 lux tor observation at night, measured at floor height 

• Glare; UGR<19 

• Unitormity average u~.3 at floor height, u~.7 in reading/detail work area 

• Color-appearance Index (tor research and treatment): Ra>90 

lllumlnance [lux] (Measurements according toNEN 1891) 
The measured illuminances [lux] in each measurement point with only general/ambient 
lightlng on are as follows. 

Table: illuminance per maasurement Jl..Oint for generallighting at 0.85m height 
2.4 515 337 247 121 138 160 -'---.U.., 
1.8 557 378 241 138 136 150 
1.2 557 388 241 138 136 150 • 
0.6 515 377 227 139 138 143 • M 0.6 1.2 1.8 2.4 3.0 3.6 

• 
Table: illuminance per maasurement 
point for generallightin ~ at floor height • 

2.4 317 269 159 156 165 198 • 1.8 340 232 61 56 94 156 
1.2 343 208 18 25 77 148 • • 
0.6 340 25 146 199 174 175 
M 0.6 1.2 1.8 2.4 3.0 3.6 

The average illuminance in the room is Eav.= 261 .11ux at 0.85m height, and 170.01ux at floor 
height. The minimum illuminance in the room with generallighting is Emin=1211ux at 0.85m 
height and 181ux at floor height, which does not satisfy the requirement. However, this low 
value is below the bed and tables. Theretore, we do not take into account the values which 
are below objects blocking the light (purple area). Then we see that the lowest value is 
1461ux. This satisfies the requirement of a minimum illuminance of 1001ux measured at floor 
height. The unitormity index at 0.85m height is uO=Emin/Eav.= 121/261 .1 =0.46 and 
146/170.0=0.85 at floor height (if we do nottake into account the values measured below the 
bed), which satisfies the requirement of u02:0.3 at floor height. lf we take away the bed and 
redo the measurements in an empty ICU room, the design satisfies the requirement as well, 
as can be seen in the simulation in DIALux in the next section. 

The measured illuminances [lux] in each measurement point at 0.85m height tor reading light 
and tor investigation light tor short term investigations are very similar to the ones simulated 
and indicated in the next section. Theretore, they will not be shown again in this section. 

The measured illuminances [lux] in each measurement point at 0.85m height with both 
generallighting and emergency lighting on are as follows. 
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Table: illuminance per maasurement point or J eneral & emergency lighting 
2.4 743 1100 1130 880 800 800 
1.8 872 1400 1560 1440 1400 930 
1.2 878 1400 1560 1440 1400 930 
0.6 780 1100 1130 880 800 800 

M 0.6 1.2 1.8 2.4 3.0 3.6 

The average illuminance in the room is Eav.= 1089.71ux at 0.85m height. The minimum 
illuminance in the room with general and emergency lighting is Emin=7431ux at 0.85m height, 
which does not satisfy the requirement. However, this low value is not in the emergency 
area. Theretore, we do not take into account the values which are outside the emergency 
area (the area above the bed). Then we see that the lowest value is 14001ux, which does 
satisfy the requirement of a minimum illuminance of 10001ux measured at 0.85m height. 

The unitormity index in the room at 0.85m height, if we take only the area which is meant tor 
short and long term research, which is the area above the patient's bed and at least 0.6m 
trom the wall and curtains, is uO=Emin/Eav.= 1400/1450=0.97, which satisfies the 
requirement of uo~. 7 at 0.85m height. 

Calculations in Dialux 

The results trom the measurements are compared with the results trom DIALux, to see if the 
model is similar to the reaiiCU. 

GENERALLIGHTING 

The calculated illuminances [lux] in each calculation point at floor level, with only general 
lighting on, are as tollows. 

Table· illuminance per maasurement point for onlv aeneral liahtina at 0.85m, with u0=0.50 
2.4 536 351 260 139 139 178 
1.8 591 397 260 151 139 161 
1.2 594 407 262 157 140 154 

• ! • I 
! 

0.6 546 379 249 160 140 149 li I I I l ll 
M 0.6 1.2 1.8 2.4 3.0 3.6 

Table: illuminance per point for general I I ' ' I i 
lighting at f loor height, with u0=0.12 

2.4 327 285 169 160 175 205 
1.8 352 247 70 61 100 161 IJ ! ,.. a I • 
1.2 356 216 21 29 89 153 
0.6 351 34 157 202 189 186 

M 0.6 1.2 1.8 2.4 3.0 3.6 i • • 11 I ' ! 

The minimum illuminance in the room with general lighting is Emin= 211ux at floor height, 
which does not satisfy the requirement. However, this low value is below the bed and tables. 
Theretore, we do not take into account the values which are below objects blocking the light 
(purple area). Then we see that the lowest value is 1531ux, which satisfies the requirement of 
a minimum illuminance of 1001ux measured at floor height. The unitormity index in the room 
should be above 0.3 tor general lighting, so this design does not satisfy the requirements if 
we calculate the unitormity index at floor height, due to the blockage of light by objects like 
the bed. lf we look at the illuminance per point tor general lighting at floor height where the 
objects intheroom are removed, we get the following results with u0=0.72, which show that 
the generallighting design does satisfy the requirements. 

T bi ll a e: 1 ummance or ~ en era 1 r hf 191 mga t floor height, with u0=0.72, room objects are removed 
2.4 366 374 336 295 262 239 
1.8 391 399 356 312 297 263 
1.2 391 398 360 318 293 288 
0.6 370 378 350 320 303 312 

M 0.6 1.2 1.8 2.4 3.0 3.6 
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READING LIGHT 

The measured illuminances [lux] in each measurement point at 0.85m height with both 
generallighting and reading light on are as follows, with uO calculated as 0.53. 

Tab e: illuminance per measurement~omt · for both generallighting and reading lighting 
2.4 544 360 308 169 159 191 
1.8 603 411 324 192 164 177 
1.2 606 421 332 200 166 170 
0.6 556 391 299 194 162 165 
M 0.6 1.2 1.8 2.4 3.0 3.6 

The minimum illuminance intheroom with generallighting and reading light is Emin= 1591ux, 
which does not satisfy the requirement. However, this low value is not in the reading area. 
Therefore, we do not take into account the values which are outside the reading area (purple 
area). Then we see that the lewest value is 3081ux, which satisfies the requirement of a 
minimum illuminance of 3001ux measured at 0.85m height. The uniformity index in the room 
should be above 0. 7 in reading/detail work areas, so this design does not satisfy the 
requirements. However, if we only take into account the reading area (purple area) we get 
u0=308/363.9=0.85, this design does satisfy the uniformity requirements. 

INVESTIGATION LIGHT 

The measured illuminances [lux] in each measurement point at 0.85m height with both 
generallighting and investigation light on are as fellows, with uO calculated as 0.58. 

T able: illuminance ~er measurement~omt · for both generallighting and investigatlon lightlng 
2.4 555 577 589 458 406 341 
1.8 615 788 804 663 644 413 
1.2 618 806 815 689 651 418 
0.6 572 650 618 527 468 338 
M 0.6 1.2 1.8 2.4 3.0 3.6 

The minimum illuminance in the room with general lighting and investigation light is Emin= 
3381ux, which satisfies the requirement of a minimum illuminance of 3001ux measured at 
0.85m height. The uniformity index in the room should be above 0.7 in reading/detail work 
areas, so this design does not satisfy the requirements. However, if we only take into account 
the investigation area (purple area above the bed) with u0=644/732.5=0.88, this design does 
satisfy the uniformity requirements. 

EMERGENCY LIGHT 

The measured illuminances [lux] in each measurement point at 0.85m height with both 
generallighting and emergency light on are as follows, with uO calculated as 0.59. 

T bi 111 a e: t · t f both generallighting and emergency lighting ummance per maasuremen . potn or 
2.4 753 1061 1255 1158 968 697 
1.8 880 1419 1695 1606 1400 885 
1.2 886 1445 1703 1623 1409 901 
0.6 788 1171 1352 1311 1090 727 
M 0.6 1.2 1.8 2.4 3.0 3.6 

The minimum illuminance in the room with emergency lighting is Emin=6971ux, which does 
not satisfy the requirement. However, this low value is not in the emergency area. Therefore, 
we do not take into account the values which are outside the emergency area (purple area 
above the bed). Then we see that the lewest value is 14001ux, which satisfies the 
requirement of a minimum illuminance of 10001ux measured at 0.85m height. The uniformity 
index intheroom should be above 0.7 in reading/detail work areas, so this design does not 
satisfy the requirements. However, if we only take into account the emergency/investigation 
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area (purple area above the bed) with u0=0.91 , this design does satisfy the uniformity 
requirements. 

Gomparing these two tables with the measured values we see that the ditterenee between 
measurements and calculations is very little. This ditterenee might be due to the oldness 
factor which is taken into account in the measurements, but not in the calculations. 

Luminanee [cd/m2
] (Measurements according to NEN 1891) 

The measured luminances [cd/m2
) in each measurement point are as fellows. The luminanee 

contrast in the view direction of the doctor is 4,1gheotl~owas1= 40/10= 4 if we campare the work 
pane with the direct environment, and LhiQhes/~oweat= 1500/40= 37.5 if we campare the direct 
environment with the overall environment. Since the highest contrast in the view direction of 
the occupant is 10:40:1500 = 1:4:150, and the highest contrast can maximum be 1:3:10, this 
does not satisfy the requirements. 

There are no light sourees within the view direction of the doctor. However, the luminances of 
the light sourees in the ICU that are in the eye field of the patient are indicated in the 
following figure. From this tigure we clearly see that for the patient the luminanee contrast 
does not satisfy the requirements. 

Figura: Luminances indicated per light souree in the ICU. 

Glare & Color Rendering Index 

The glare of the light sourees and the color-appearance index can be determined from the 
product details in DIALux. For the in the ICU applied light sourees the in sectien 0 indicated 
glare factors and color rendering indices are found. These values, besides light number 51 
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positioned behind a cove and 91 is covered, therefore glare will net occur. The color 
rendering values do net satisfy a color rendering index {for research and treatment) Ra>90. 

2 .2.2 Ac oustlc Environment 

The sound level measurements done tor the pilot-test to measure the acoustic comfort are: 

• Background: Sound production in the room without alarm, without people talking, and 
without this patient's medical equipment on, this is the background sound level consisting 
of noise trom ether medical equipment at the ICU, trom ether departments, and trom 
outside [dB{A)) 

• Peak: Average weighted sound level of a doctor's alarm and of people talkingat 1m 
distance [dB{A)]. 

The following average weighted sound levels were found: 

Aspect Acoustic Comfort THIC: Oldest ICB: Mlddie CHIC: Newest 

o Sound level of Medical o 80 dB, somatimes o 80 dB, 80 dB, sometimes 
Equipmenf7

, alarms >90dB somatimes >90dB 
[dB(AJl >90dB 

o Sound level of talking~• o 40-60dB (normal o 40-60dB o 40-60dB 
of staff & visitors talking at 1 m {normal talking {normal talkingat 
[dB( A)] distance), 70-75dB at 1m 1m distance), 70-

is often measured distance), 70- 75dB is often 
75dB is often measured 
measured 

o Background sound o >20dB{A) o >20dB(A) o >20dB(A) 
level (no talking and 
no alarms within 
radius of 1m around 
the bed) [dB(A)J 

2.2.3 Thermal Environment 
The measurements done tor the pilot-test for the therm al environment are: 

• The radiant temperature near the patient's head (0 C] 

• The ambient air temperature near the patient's head [0 C] 

• The air velocity near the patient's head (m/s] 

• The relativa humidity near the patient's head [%) 

Aspect Thermal Environment THIC: Oldest ICB: Mlddie CHIC: Newest 

o Radiant Temperature (°C] 0 23.9 0 24.5 0 22.8 

o Ambient Air Temperature (0 C] 0 24.1 0 24.9 0 23.8 
o Air velocity [m/s] 0 0.25 0 0.22 0 0.21 
o Relative Humidity [%] 0 45 0 48 0 49 

2.2.4 Indoor Air Quality 

The measurements done for the pilot-test tor the indoor air quality are: 

• The C02-Ievel in the air near the patient's head [-) 

Aspect Indoor Air Quality THIC: Oldest ICB: Mlddie CHIC: Newest 
o C0 2-Ievel [ppm] 0 415 0 420 0 412 

2 .2.5 Spatlal Environment 

All information related t<? the spatial environment is derived by analytic approach. 

27 Equipment_sound_level.pdf 
28 http:llen. wikipedia.org/Wiki/Sound 
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3 Measurements 
This chapter starts with a description of the measurement tools for the measurement of the 
environment, foliowed by a description of the application of these tools in a mock-up and a 
description of the validity of the measurements, and ends with a description of the boundary 
conditions and limitations of these measurements. 

3.1 Tools 

3.1.1 Tools Design 
The following paragraphs give a more detailed description of each environmental parameter 
and relate this description to the design of a measurement tooi. lt also provides proposals for 
integration of each measurement tooi in a mock-up. 

VISUAL ENVIRONMENT 

The purpose of the light measurement is to determine how much and how the patient in the 
bed at the ICU experienees the light and how this experience varies with time. This variatien 
in lighting is caused by the variatien of the amount of daylight that enters the room and by 
switching artificial light sourees on and off. Besides that the amount of light can vary with 
obstructions, reflections and for example the opening or closing of privacy curtains around 
the bed of the patient. Except tor the weather all lighting variations are caused by user
behavior; for example the tact that the hospita! employees switch off the lights in the night, 
and they can therefore be changed to create an optimized ICU design. 

For further phases of this research it is important to know what causes the variatien in the 
measured illuminance and luminanee. Is this tor example caused by variations in the amount 
of daylight or by the switching on or off of artificial lighting? lt is also preferabie to know how 
big the impact of artificial light is as compared to daylight. By measuring the illuminanee of 
the different types of armatures at night (without daylight having influence on the 
measurement), the influenee of artificial light can be determined. By logging the switching on 
and off of lights during the measurement the influenee of artificial light can be determined 
'exactly'. The influence of daylight can be determined by simultaneous to the measurement 
also measuring the amount of daylight directly near the window. Using a ratio number which 
indicates what the ratio is between the amount of light which is measured directly behind the 
window and the amount of light measured at the measurement-point in the room, the 
influence of the amount of daylight can be calculated . This ratio number is determined by a 
measurement when all artificial lighting is switched off. lf the measured illuminance at a 
eertain moment is not equal to sum of the calculated daylight- and artificial light than we can 
assume that the ditterenee is caused by obstructions (e.g. by closing privacy curtains) . 

The amount of light and the light variatien in the patients' eyes can be determined by 
designing a measurement tooi that fellows the patients' head as far as possible, without 
disturbing the patient, and measuring all view directions that are possible trom the position of 
the patients' head. The position of the head of the patient lying/sitting in the bed is between 0 
to 90° as compared to the horizontal, as the head side of the bed can move up. For that 
reason both the horizontal and vertical illuminanee are measured synchronously. 
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Figure: Calculation of daylight factor 
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llluminance (lux] Maasurement Tooi Design 

To measure the horizontal and vertical illuminance in all directions except trom below, a 
cubic shaped measurement tooi made of hanger cells is designed. The shape of patients' 
faces influences the amount of daylight falling in the patients' eyes, as the nose for example 
blocks light. Therefore, a custom made eye-shaped illuminance measurement tooi is 
designed as well. The illuminance tools have in total 7 sensors, and the luminanee 
measurement tooi described below has 9 sensors. All data trom the total 16 Hagner sensors 
goes to the light-box with 16 plug-ins and trom there converted to the laptop. 

Figure: Set-up maasurement equipment for measuring the illuminance by eye-shaped framed 
sensors (middle picture) and by a cubic with sensors at five sides (right picture), includlng a 
light box (left picture) to convert all the data. 

Luminanee (cd/m2
] Maasurement Tooi Design 

Besides the illuminance the luminanee is an often used parameter to express the quality of 
the lighting design. The amount of light, the illuminance, influences the luminanee of surfaces 
in the room, which influences the experience of the room by the users, so both illuminance 
and luminanee level and changes should be measured. The variatien over time and the 
luminanee contrast in the eye field are likely to be important causes tor patients to wake up. 
For the luminanee all surfaces visible trom the patients' head position should be measured, 
where none of the sensors can obstruct each-other. Sleep disturbance caused by luminanee 
contrasts or too high luminanee can be measured and quantified in many ways, tor example 
using a luminanee meter, which records the ditterences in luminanee of the surface it is 
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oriented at, or using an illuminance sensor with a tube on top, which records the average 
luminanee of the area of the surface that it is oriented at. 

We need to measure when a luminanee contrast occurs in the eyefield of the patient. 
However, it doesn't matter where in the eyefield it occurred, it only matters whether the 
patient woke up because of that or not. Besides, si nee we are planning to logg the on and off 
of light sources, which provides us with time data of when each light switch is on or off, we 
can relate this to the increase in luminanee contrast and to the arousal. Therefore it is not 
needed to record all the luminances of each small part of the room. lt is enough if we know 
the average luminanee of each area, as long as we can capture every part of the room the 
patient might be looking at. Therefore, whether we use a luminanee meter or an illuminance 
sensor with a tube, we need to have multiple positioned at different angles to be able to 
cover the whole area the patient might be looking at. To reduce the number of these 
messurement tools, we position them all together on the top part of the bed such that they 
can move up and down with the movement of the bed. Since a luminanee meter is much 
bigger than illuminance sensors with a tube, and we do not want to disturb the patient or the 
employees with big messurement devices (as they might also influence the behaviour of the 
patient), and since we only need the average luminance, we decided to use the illuminance 
sensor with a tube on top, positioned at different angles on half a sphere at the top part of the 
bed, as shown in the next figure. The cylinder length and position of this custom made tooi is 
based on the plan and !CU room height, as can be seen in the following figures. These 
requirements resulted in the following half spherical design which covers the luminanee of all 
surfaces visible trom the patients' eyes. 

Figure: llluminance sensors with tubes on top to maasure the average luminanee of surfaces 
Figure: Sensor numbers in mock-up seen from the top 

T bi S a e: ensor num b k I t d t ers m moe -up re a e t t dd 0 OU!pU a resses 
N11 = N21 = N31 = N41 = N51 = N61 = N71 = N81 = 1943 = eye left 
356 358 363 365 922 926 1296 
N12 = N22 = N32= N42 = N52 = N62= N72 = N82 = eye right 
357 362 369 921 923 927 1297 

Just as for the illuminance messurement tools, as the bed head goes up/down, this tooi 
fellows these movements, so it is very unlikely that the patient will look 90° up as compared 
to the bed surfaces, most of the time the patient will look straight or at most at a vertical 
angle of 40°. However, it is very likely that the patient will face to the left or right side, since it 
is very easy to turn your head horizontally. Therefore we positioned more sensors 
horizontally than vertically. Using the polar illuminance diagram of the light with armature it 
can also be determined whether the lighting can cause glare for the patient in bed and if the 
light is directed sufficiently to the task of the employees at the IC U. However, in this research 
we are only interested in measured data of patients' outcomes. The lighting is logged29 on a 
laptop directly, after being converted by the light box. The laptop needs to store the data for 
lighting continuously , and can therefore not go of (the settings are changed to make sure it 
won't go of). The hard disk space of the laptop is sufficient to store all this data. 

29 
Further information about light measurements and logging can be found in handleiding_meetopstelling_date.doc 
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Figure: Cross-section of the ICB if the patient sits up, indicating the patient's area and the walking area. The 
light blue lines indicate the boundary lines of the angle used to calculate the average luminance. The area 
within these blue lines is assumed to be visible for the patient and therefore taken into account for the 
measurements. The green llnes indicate the computer stand which is positioned not in this cross-section but 
more towards the viewer. In purple and red we see the maasurement apparatus that we re in the original design 
supposed to be hanging below the original computer stand, but were finally positioned on a movable car 
behind the head si de of the bed. 
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Figure: Longitudinal section at the ICB bed and medical equipment from the feet side of the bed 
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Figure: Cross-section of the ICB with maasurement set-up if the patient lies down. The light blue lines lndicate 
the boundary lines of the angle used to calculate the average luminanee in the case the patient lies down. As 
you can see the direct daylight is on purpose not included as this will influence the results a lot and probably 
not be vislble directly for the patient. 

0 

Figure: Details of the luminanee and illuminance maasurement tools 
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• I 

• I !r I I . ... ...., 

Figure: Plan of ICB with the lines indicating the angle between which the average luminanee will be calculated, 
so these are the blue lines of the previous sections lndicated In the plan. We see that horizontally five average 
luminances will be measured whlch can be compared for contrast. 

ACOUSTIC ENVIRONMENT 

Sound at the ICU is caused by human beings, apparatus, and background noises including 
those of installations. As described the sound level is not always a measure for the 
disturbance of sound. Also relatively soft sounds can be experienced as disturbing. For that 
reason sound is a very subjective term. To get a better idea of the amount of sound and the 
variatien and eau se of that over the day, the sound level and the frequency of the sound in 
the ICU will be measured all day and night. To be able to analyze the causes of eertaio 
sound peaks the sound level and octave bands of the most common sounds at the ICU are 
recorded during the pilot-study. The sound level of medica! equipment of the ICU is 
measured during the pilot-study in a separate teehoical equipment room. 

For sound levels that vary heavily over time a ratio number should be applied. L10 tor 
example is the level that in 10% of the cases is exceeded; this level is used in traffic where 
the sound level varies heavily during the day. Lg0 is the sound level that for 90% of the 
time is exceeded, and this is used for background noise. In other words, Lg0 indicates what 
happens 90% ofthe time around us. 

Flgure: Expected sounds at the ICU 

SOUND PEOPLE 

SOUND APPARATUS 

BACKGROUND 

Flgure: Microphone 

The interval time between the measurements needs to be sufficiently short, in this case taken 
as per second, as rhythmic sounds occur every 3 seconds, such that rhythmic sounds of 
apparatus can be subtracted trom the results to get the sound level caused by people. The 
sound will be measured by a microphone near the head of the patient, not close to the 
apparatus, and the audio files can be saved at a computer. 
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Continuous Environmental Sound Level Recording 

Environmental noise is assessed by the B&K 2250 portable integrating/logging sound level 
meter, which is accurate to within 0.5dB (factory manual). A microphone is secured to the 
head of the bed and positioned so that the microphone is within 10cm of the patient's head. 
This technique allows the microphone to move up and down in harmony with the patient's 
head30 in an attempt to measure the noise that the patient experiences. Environmental noise 
is continuously recorded in decibels dB(A). The decibel A scale is a frequency weighting 
method that simulates the reception characteristics of the human ear [Mey'94]. The sound 
level meter decibel range is set between 30 and 100 dB(A), based on prior studies assessing 
ICU noise levels [Aar'96], [Ben'77], [Ber'95], [Gaz'01]. The output of the sound meter is 
logged synchronously with the BIS measurement, to assess the effect of noise on arousals 
trom sleep. Noise data tor the entire study period are logged and storedat 1-s intervals. Our 
approach is similar to the approach of [Gaz'01], who measured the influences of only sound 
on the sleep architecture of ICU patients, and did not select on personal variables. The 
sound level is logged31 every second in the external card of the measurement equipment. 
This external card can be connected to a pc to get the data. 

THERMAL ENVIRONMENT 

Air Temperature 

The air temperature is measured by a thermometer 32
• The measurement error tor air 

temperature is 0-3oC. 

Average radiant temperature 

To measure the average radiant temperature elements 33 that sense long wave intrared 
radiation are used, i.e. the black sphere. To be able to measure as close as possible near the 
patient's head without disturbing the patient we used one of the smallest versions. 

Relativa Humidity (RH) 

The standard and most trustworthy way to determine the RH is the determination of the wet
and dry-bulb temperature using a psychrometer34

. Th is includes two identical glass-tube 
thermometers of which one is surrounded by a soek made wet with distilled water. By 
application of an inbuilt ventilator the air is measured with an air velocity of 1m/s. The wet 
thermometer will cool down because of evaporation until the wet-bulb temperature (the 
lowest readable value) is reached. The RH is determined using the mollier-diagram, or 
directly read trom the measurement tooi. 

30 
As in: up and down movement of the bed 

31 Further information about sound measurements and logging can be found in handleiding_meetopstelling_date.doc 
32 Other ways to measure the air tempersture are: change of electrit resistance, e.g. using thermistors, metalresistances, or through 
generation of thermo-emk's (thermocouples), or through pressure- or volume-changes of vapour and/or liquid and change of shape 
(bimetal) . In [Yan'04] for example, thermocouples were used to measure air tempersture and surface tempersture of the room 
enclosures. 
33 lf you putthem at different directions you can measure the radiant asymmetry according to Fangers criteria. The radiant asymmetry 
can a lso be derived fnom messurement va lues of the globe-temperature, the air tempersture and air speed (see ISO 7726). 
34 Another trustworthy methad is the one for which a mirror is cooled down - using a Peltier element- until the dew point tempersture 
is reached. This moment is characterized because an on the mirror directed light beam is scattered because condensation on the 
mirror starts. Other RH-measurement-tools use the following mechanisms: 
• Expansion of materials, like hair, silk, cellofaan, cotton; instruments using this principle have to be calibrated frequently, especially 

when they have been exposed to a higher RH-value. 
• Tempersture change in a heated salt-solution (lithiumchloride). lt has to be taken into account that the applied heating-elements 

keep force because else the LiCi drops of. 
• lmpedance change of hygroscopic materia Is. 
• Bi-plastic elements, existing of a spiral-shape metal-spring w~h on it damped hygroscopic plastic mass. The spring bends on the 

same way as a bimetal spiral. 
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Flgure: The Psychrometer of Assman & Hygrometer 

Air Velocity 

The air velocity35 and velocity fluctuations around the occupant are measured using omni
directionallow-velocity hot-sphere anemometers. The measurement range of the sensors is 
0.05-5 m/s and the repeatability is 0:01 m/s or 2% of the readings. 

INDOOR AIR QUALITY 

The C02-measuremene6 represents the indoor air quality. There are no modifications to the 
measurement tools of the thermal environment and of the indoor air quality. 

DATALOGGER 

Two data logger systems (Grant, 2020 2F8 16 channel) were used to store the data. One to 
store the data trom the following (101815): 

• Ambient temperature and relative humidity (every 30 seconds) 

• Radiant temperature (every 30 seconds) 

• Air velocity (every 30 seconds) 

• C02-Ievel (every 30 seconds) 

and one to store the data trom the 15 LDRs that are each stuck toa light souree to measure 
whether the light is on or off. 

The first datalogger (101815) will be placed behind the bed. The wires will go through two 
tubes to each side of the bed. The second datalogger will be positioned on top of the false 
ceiling, since the 6m long wires trom the datalogger to the LOR have to be stuck on the 
ceiling. At places where there is a rail for curtain around the bed, the wire will be taken over 

33 To define the boundary conditions for CFD simulation, the following parameters were also measured: wall temperatures, airflow 
rate, supply parameters (including the discharge velodty, temperature and concentration at the inlet) and return parameters 
~emperature and concentration) . 

A picture of this tooi is included in the next section. 
S1111oJ20iO 
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the false ceiling. These LDRs indicate the resistance, which changes when the lamp is on or 
off or dimmed, and they therefore indicate whether the light souree is on or off or dimmed. 

The dataloggers have an internal memory of 15616kB, out of which 245kB are always used, 
soabout 15371kB can be used tordata storage. 

For the second datalogger, we can store 3 weeks of data for 6 channels if we measure every 
10 seconds. So if we measure every minute, we can measure for 6 times 3 weeks. We will 
have 15 LDRs so 15 channels , that means we can measure for 21 days /2.5 = 8.4 days if we 
measure every 10 seconds. We want to measure every 30 seconds, so we can measure for 
8.4 times 3 = 25.2 days. To be sure all the data will be stored, we copy the logged data trom 
the datalogger to an external hard disk or laptop every 20 days. 

For the first datalogger, we want to measure 6 channels every 30 seconds, so we can 
measure for 3 times 3 weeks so for 9 weeks befare we need to copy the logged data to the 
laptop. Of course we will copy the data somewhat earty. 

Software tor the datalogger is Squirrelview. We keep the datalogger connected to a laptop 
with a serial cable. We download the data and after that we export the data to asci 
characters. We name the file with the data, e.g. 090512 meaning 12 may 2009. After we 
exported the file (as a text file) toa local harddisk, we delete the file, and then we can start 
logging again. We can open the file with .00 in textpad. 

3.1.2 Tools 
The mock-up consists ofthe following messurement tools: 

MEA.S:UR:EMENT TOOLS 

Figure: llluminance maasurement tools 

Figure: Luminanee maasurement tools Figure: C02-meter 

Figure above: Radiant
temperature meter 

Figure below: Ambient 
Air temperature & 
Relativa Humidity meter 
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Flgure: Light box converts signals trom lighteens to laptop, 
so this liQht box should always be fixed to the laptop 

Figure: 2 dataloggers (1 to logg 
lamp on/off (ID 1816, serlal port, 
1F8), and 1 (ID 1815, usb, 2F8) 
to logg C02, air-velocity, 
ambient air temperature, 
relative humidity and radiant 
temperature) 

3.1.3 Mock-up Constraints 

Figure: Laptop to logg 
lighting data and back-up 
other data 

Figure: Converter box for air
velocity 

Figure: (External card In) 
sound meter loggs data 

For each of the environmental parameters mentioned in the previous section a measurement 
tooi was found or designed. These measurement tools need to be integrated in a mock-up 
which can be positioned near the bed. The following constraints had to betaken into account 
when designing the mock-up: 

• Bed should be easy to take away 

Attach all measurement tools to one frame which can easily be detached 

All cables in 1 or 2 flexible vacuum cleaner tubes 

• For reanimation, top part of bed is detached tor staff to reach the patient. 

No tools or cables attached to top part of the bed, nor between bed and window 

• Elastic cable pulls measurement tools + frame up when detached trom bed 
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• Floor should be easy to clean 

Hang messurement tools on frame above the bed, similar to medical equipment, or 
in a movable car behind the head side of the bed 

• Everything has to be cleaned with 70% alcohol 

Frame material metal (easy to clean, thin, strong) 

• Tools or frame cannot cause dangerous situations 

No sharp corners in frame or tools 

• Patient and staff should be able to behave as normal 

Nothing can be attached to or bothering the patient or staff 

• Light messurement tools should follow patient's head movements 

Position light messurement tools on top part of bed frame, such that: 

They don't block light for the patient 

They don't interfere with work area of staff 

On top corners an in height adaptable frame with 1 or 2 maasurement tools 

• C02-meter, ambient tempersture meter, data logger & laptop don't need to be near 
bed 

• Located under existing computer frame, not near heat producing equipment 

• Sound level meter and radiant tempersture meter should be near patient's head 

Located on frame just above head side of the bed 

• Different beams and computer frames & mock-up cannot cause power failure 

Figure: Mock-up Constraints 

3.1.4 Mock-up Design 
The following pictures and measures lnd çate !he looks of the three fCUs and' !he important mejlsures_ 

Open space H head is most down 
possible _ Bed never completety down. 
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Flgure: Mock-up Design: white vacuum cleaner tube through which all the cables of the 

measurement tools go to the dataloggers 

3.1.5 Mock-up 
The car with equipment is located at the head side behind the bed. The following equipment 
should be in the car: 

Figure: Equipment In car 
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Fîgure: Frame - on s.îde - în wh the mock-up can be plaeed. M.ock-up (heîgh{ of 
equipment can be changed). The indicated part is positioned under the mattress of the 
maasurement bed. 

3.2.1 Connections, Datalogger & Calibration & Activities 

Pictures of connections between messurement tools, a description of the datalogger settings, 
the calibration and the description of activities that are required to be done during the year 
measurements are done to properly do the measurements are attached in the appendix. 

3.3 Validity & Assumptions 

To achieve valid messurement results: 

The fact that people know that there are measurements about aspects which they can 
influence, e.g. the lighting and the sound production in a room, can change the behavior of 
these people. lf medical staff got information about the fact that the amount of light in the 
room is measured and that with that the variatien between the amount of light during the day 
and during the night is relevant, they can on purpose or not on purpose choose to leave less 
lights on during the night. Of course the medical staff should know that there are 
measurements being taken, however, this information will be kept to the purpose of the 
research only and the staff will be told to behave as normal as possible. 

We believe our results are valid for several reasons: 

First, our technique of simultaneously monitoring the entire physical environment, excluded 
the possibility of m1ss1ng an environmental influence and therefore drawing wrong 
conclusions, so it allowed for the objective messurement of effects of environmental 
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Second, as we measured the sleep pattern as well as other indicators of health, namely 
blood pressure, heart beat and oxygen saturation, the validity of the in other literature 
indicated sleep pattern as indicator of patients' health can be verified using these other 
indicators of health. 

Finally, it cannot be argued that our ICUs are environmentally different than other ICUs as 
the levels recorded in our ICUs appear to be camparabie to those in other publications 
[Mey'94] [Kah'98] [Gaz'01]. 

3.4 Boundary Conditions & Llmitations 

My study design has some boundary conditions and limitations: 

• The environmental influences will also vary per location per ICU, but the attempt has 
been made to eliminale this influence since the UMCG has tried to find the most 
representative location at each ICU. 

• lt is difficult to know how to conduct research in terms of how to select the patients or 
how long to work with each group. Compared to many research topics, conducting 
rigarous scientific research in healthcare buildings can be difficult because it is done 
in a complex real setting, not a laboratory, so it becomes quite a challenge to control 
or standardize factors or variables that might affect the findings. We don't take into 
account non-environmental and non-personal variables, such as food rhythm, as this 
is not our purpose, though the food-schedule will influence the biorhythm of the 
patient, tor example since the activity level goes down right after eating dinner. 

• A complexity of this research is that we cannot talk about 'THE patient' at the ICU. 
This stakeholder is very divers in non-environmental factors like age, sex, illness. 
medication, the clothing and activity type, the duration of stay at the ICU and the 
state ofthe patient at the ICU, all these factorscan influence the health and comfort, 
which is indicated by a different sleep pattem, and recovery process of that patient. 
In some research patients are selected by personal characteristics and medicines, 
like in [Gaz'01]. Patients were excluded if, prior to the initiation of the study, they 
were receiving continuous heavy sedation, were stuporous or comatose, and!or had 
a previous history of dementia. Heavy sedation was defined as the inability to arouse 
the patient or inability of the patient to follow verbal commands. Heavy sedation was 
a criterion for exclusion based upon the inability to classify the patients' level of 
consciousness as sleep versus wakefulness. Patients with a diagnosis of dementia 
were excluded because of the known abnormal EEG patterns described in demented 
patients, which make it difficult to accurate/y delermine sleep versus wakefulness by 
EEG criteria even in non-critically i/1 demented patients [Bix79]. {Gaz'01] As all ICU 
patients are under heavy sedation, it doesn't make sense to select patients on level 
of sedation. Besides, though normally the level of sedation influences the ability to 
arouse and thereby the sleep pattem, the BIS level is not affected by the level of 
sedation. These non-environmental variables vary per person and are not linked to 
the building design. The type of patient can influence the parameters as well. The 
care requirements per patients differ. lt is often important but difficult to control for 
variability across different patients, for example, in illness severity or acuity level, as 
there might always be some personal influence which you cannot determine like that. 
An example of these personal influences on health and comfort requirements is the 
influence of ambient temperature, relativa humidity and material usage at the ICU 
depend on the illness of the patient. Patients with rheumatoid arthritis seem to 
reeover taster in a warm and dry internal elimate with a temperature of 32°C and 
35% relative humidity [ASH'07]. Patients with head wounds, or patients who have 
undergone an oparation on their head can get a heatstroke caused by a disruption in 
the heat regulation in the center of the brain. For these patients it is important that 
they can release heat via radiation or evaporation, and therefore, they preter to stay 
in a colder room with a lower relative humidity [ASH'07]. 
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• For now we only include environmental factors, since we are interested in evaluating 
disorders of sleep and wake in a heterogeneous popuiatien of patients, and since we 
think personal factors only influence quantitatively and not qualitatively. This means 
that we do not exclude any patients. 

o There might be advantages to selecting patient diagnostic groups where the 
numbers are large and for whom treatment is rather consistent rather than 
extremely varied, making it easier to control for factors, tor example 
measuring per department like the type of Intensive Care Unit where all 
patients have undergone the same kind of operatien or all car accidents for 
example. Our research will therefore be bound to the patient groups per ICU 
type. 

o We do get certain personal information trom the UMCG, namely the age, 
sex, illness, type and amount of (pain) medicatien over time, the Hospita! 
Acquired lnfections, and the duration of stay at the ICU. In a further stage it 
can be decided to include these factors in the research. 

• Using this information, we can compare the results for the personal 
information. To be able to do this, we aim for a randomized 
controlled group tor certain personal parameters, meaning a balance 
of male and female, and a balance of patients in different age 
groups. As we cannot influence whether a male or temale will be in 
our measurement bed, this will be determined after measurements 
are done by analyzing the measurements of roughly as many male 
as female. 

However, we do not sort on illness, since these will be too different 
for different patients. Besides, sorting on illness and taking into 
account the effects of each illness goes into too much medica! detail, 
which is not in our scope. Since we register the illness, further 
research can be done, using our results. 

Many other studies also did notcontrol for underlying disease. 'We 
did not control tor underlying disease state as we were interested in 
evaluating disorders of sleep and wake in a heterogeneaus 
popu/ation of /CU patients. We excluded patients under heavy 
sedation in this study because we thought it wou/d be difficult to 
classify a given patient's level of consciousness as wakefu/ness 
versus sleep. A/so, sedatives themse/ves can affect sleep and/or the 
EEG potential/y confaunding our resu/ts' [Nic'94]. 

o Checking the effect of the ditterenee in certain personal information, like 
male, temale and age groups, we might be able to conclude that 
independent of these personal factors, trom our results the environment 
seems to either negatively or positively influence the sleep pattern of the 
average patient, where the average patient is defined as the average results 
of the randomized controlled group. The following tables indicate the 
information the UMCG will provide us. The first table indicates the patient 
details, and the second table indicates the indicators per patient which 
change over time. 
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Tabla: Patient Details 

! PatJent Persemal Details 

ICU P11tlent A ge Gender lllness HAl 

ICB van dam 
CHIC hoogakker 
THIC 3 

-- -

Table: Indicators of health and comfort per patient over time 
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Vllhere: 

• HF= Heart Frequency, meaning the number of heart beats per minute 

• ABP = Blood Pressure, systolic = higher pressure. diastolic = lower 
pressure, mean = average pressure (e.g. 120/80 (70) is higher pressure 
120, lower 80, average blood pressure 70. 

• Saturation = Oxygen saturation [%] 

• Pulse = Heart Frequency, not measured via heart film but counted via 
pul se 

• Since we do nottake into account all personal factors explicitly, meaning we do not 
sort patients on all personal factors (i.e. not tor illness) and compare these, we 
cannot be completely sure that certain results are due to the influence of certain 
environmental factors in the way we conclude trom our measurements and analysis -
since e.g. an illness might make a patient more or less sleepy - and we cannot 
generalize our results to all ICU patient populations, since we might not have 
measured tor every type of ICU patient possible. 

• lf a certain set of data indicates that a certain influence occurs repeatedly, and this is 
a significant relation, we may assume that this environmental factor influences the 
sleep pattern of the patient. 

o lf in a further research stage we change this environmental factor to improve 
the ICU, and trom analysis we see the expected change, we may assume 
that this environmental factor influences, even though this environmental 
factor will be the only environmental influence but might not be the only 
personal influence. 

• We only measure physics, no observations of patient health and comfort (so only 
observations ofthe environmental design), since we are only interested in objectively 
measured data and not in subjective observations. Besides, the expense is not 
justified, given that it is expected to provide little intermation and affects the privacy 
of the patients. 

o So tor sound we only measure dB level, we do notrecord the actual sounds, 
and tor light we only measure intensities and contrasts, we do not record the 
actual views of tor example a doctor passing by. 
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This means that we need to know the individual influence of 
many things, e.g. the sound level of an alarm, the 
background sound level, the illuminance of certain lights, 
etc. before we start measuring. This data is measured in the 
pilot-test. 

o We do not measure particles or micro-organisms tor air quality nor 
air flow directions (CFD), because it is too complicated and time 
consuming, and assumed to have little effect on short-term health 
and comfort. 

• Controlling tor factors can be especially difficult when researching large-scale 
environmental aspects such as the effects of room dimensions or the presence 
versus absence of windows. These types of architectural design conditions cannot 
be varied easily or inexpensively, and only rarely can be assigned randomly to 
patients. So it is often very challenging to do the more rigorous types of controlled 
experiments, which are often related to architecture. Therefore, architecture will not 
be induded in the measurements explicitly, but implicitly by doing measurements in 
three ICUs each with a completely different architecture, where the measurements in 
the other two ICUs will be completed in future research. By comparing results 
between ICUs indirect conclusions upon influences of architecture on health and 
comfort can be drawn. Architecture is also induded in the literature research 
documented in phase 1. 

o However, there are still many environmental properties which can be rather 
easily varied and even randomly assigned, such as types of art on the wall, 
room colour, whether or not the patient can control their room lighting, or 
whether the ceiling is sound reflecting or sound absorbing. Since the 
influence of types of art, window views, greenery and the ditterenee between 
single-patient and multi-patient bedrooms have already been explicitly 
measured by Ulrich, and the influence of the physical environment has only 
been studied tor factors individually, our research is limited to the influence 
of all physical variables. 
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4 Results 

0:00 

This chapter describes the ICB physical environment and sleep patterns. 

4.1 ICU Physical Environment Conditlons 

4.1.1 Visual Environment 

The following figures are a summary of the analysis of the lighting over the Summer vs. 
Winter in the ICB at the UMCG, indicating the average, minimum and maximum illuminance 
and luminanee over a 24-hour period. The lighting was measured per secend for the Summer 
of 2009 and the Winter of 2009/2010 in periods of 24 hours. The ICB was during this period 
maintained under a light-dark cycle. There is a significant ditterenee between day-time 
versus night-time (average, minimum and maximum) illuminance levels in the area with a 
diameter of 1 m around the patient's head. The light was dimmed to an average illuminance 
of <101ux during the night trom 22:30 pm to 08:30 am, while the average illuminance was 
maintained at a higher level (50-2501ux in Summer, 20-1201ux during Winter) during the 
daytime. The average illuminance peaks in Summer trom 12:00 to 18:00, while in Winter it 
peaks only between 12:00 and 14:00. 

Due to late sunrise in Winter, between 7:00-9:00 in the morning the illuminance level 
increases rapidly, due to switching on of lights, and the daylight level decreases around 
16:00 due to early sunset. This daylight level decrease is compensated by lights being 
switched on around 17:00, as can beseen trom the sudden increase in illuminance levels, 
resulting in a constant illuminance level after 17:00. In Summer, however, we see a gradual 
increase and decrease of illuminance due to increase and decrease of daylight level. 

Daytime illuminance peaks in the patients' eyes reach 25001ux in Summer, and 10001ux in 
Winter. In Summer peaks occur till 22:00 as there is still daylight around that time, whereas in 
Winter peaks stop at 16:00 when the sun sets. The maximum illuminance significantly 
increases trom 12:00 to 18:00, and the maximum luminanee significantly increases trom 
12:00 to 16:00. This is likely due to either increase in daylight where overcast sky changes to 
clear sky, or due to switching on lights during this time ofthe day. 
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Flgure: Average, minimum and maximum lllumlnance of Summer contlnuous measurements over a 24-hour perlod at the ICB 
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Figure: Average, minimum and maximum illumlnance of Summer continuous measurements over a 24-hour period at the ICB 
(zoom) 
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Flgure: Average, minimum & maximum illuminance of Winter continuous measurements indicated over a 24-hour perlod at the ICB 
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Flgure: Average, minimum & maximum lil u minanee of Winter continuous measurements over a 24-hour pertod at the ICB (zoom) 
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The average luminanee ranges trom 20 to 150cd/m2 during the Summer days and trom 0-
50cd/m2 during Winter days, is <10cd/m2 during the night, and fellows illuminance graphs. 

4.1.2 Acoustic Environment 

There is little variatien in the average weighted sound level between day and night and 
Summer and Winter. The average weighted sound level is on average 48dB during the night 
and 51dB during the day. As the average level as given by guidelines is 35dB(A) tor the day 
and 30dB(A) tor the night, the sound level exceeds these levels. The peak average 37 

weighted sound levels are around 74dB during the night and 76dB during the day. Since the 
peak sound level according to guidelines during the night is 45dB(A) , the ICB exceeds this 
level. Sudden sound level increases, e.g. in the middle of the night, often indicate that a new 
patient enters the IC U, shift changes or that sernething is wrong with neighbouring patients. 
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Flgure: Average, minimum & maximum sound level of 1 year continuous measurements indicated over a 24-hour period at the ICB 

37 Where average refers to average of all octave bands 
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4.1.3 Thermal Environment & Indoor Air Quality 

The radiant temperature and ambient 38 temperature curves are similar, though ambient 
temperature peaks reach 32°C in Summer, while radiant temperature peaks reach much 
higher up to 36°C in Summer. In Winter, ambient temperature peaks are slightly higher 
(28°C) than radiant temperature peaks (27°C), as the cold glazing reduces radiant 
temperatures in Winter. Temperatures ftuctuate a little more and are higher in Summer and 
slightly higher during the day (25°C Summer, 23°C Winter) than during the night (23°C 
Summer, 22.5°C Winter). Minimum temperature is 21°C. Note the different y-axis scale. 

- Average Radiant Temperature 

- Minimum Radiant Temperature n. 
- Maximum Radiant Temperature ..... 11\AA 

na J wyl A 
I"W .."._,l .. 

J '---
..",.--- ---• -

2:00 4:00 6:00 8:00 fR.iRPot t~~:SQy (hl>'liPJi 16:00 18:00 20:00 22:00 

Flgure: Average, minimum & maximum radiant tempersture in Summer continuous measurements over a 24-hour period at the ICB 
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Figure: Average, minimum & maximum radiant tempersture In Winter continuous measurements over a 24-hour pertod at the ICB 

The relative humidity decreases as the temperature increases, thus resulting in the above 
figures. There is a large ditterenee between Summer (50%) and Winter (22%) average 
relative humidities. Relative humidities range in Summer trom 40% to 60% and in Winter trom 
10% to 35%. Relative humidities of 10% are bad tor health, as the dry air can cause pain in 
eyes and nose, and it can cause electric shocks if metal is touched. Relative humidity can 
reach this low in Winter cause the air is heated without humidifying it. As temperatures 
fluctuate more in Summer, so does the relative humidity. 

38 See arnbient temperature graphs in Appendix 
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Flgure: Average, minimum & maximum relative humidity in Summer continuous measurements over a 24-hour period at the ICB 
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Flgure: Average, minimum & maximum relative humldity in the Winter continuous measurements over a 24-hour per1od at the ICB 
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Flgure: Average, minimum & maximum air velocity in Summer continuous measurements lndicated over a 24-hour period at the ICB 
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Figure: Average, minimum & maximum air velocity in Winter continuous measurements indicated over a 24-hour perlod at the ICB 

Page59 31 MiY2010 



650 

Meesurement of Environmentallnftuences on Patients' Sleep Pattemsin ICUs 

The air velocity results for the Summer show a sudden increase trom 0.2m/s to 2m/s air 
velocity at one point in time. For a period about one third of the total measurement time the 
air velocity is 2m/s, and then it suddenly decreases back to 0.2m/s. lt is assumed that this 
measurement data of 2m/s is corrupt, and this data is therefore deleted39

. After deletien the 
maximum air velocity is about 0.4 to 0.5m/s in Summer and 0.2m/s to 0.5m/s in Winter, thus 
exceeding the comfort range that recommends a maximum of 0.2m/s. Winter values show an 
increase in the afternoon, likely due to more people or doors being opened more often. 
Summer values are more or less constant over the day. However, Summer values show 
more short term high peaks up to 0.9m/s. The average air velocity in Summer is twice as 
high as in Winter, and more or less constant over the day and night. 

C02-Ievels are somewhat higher in the Winter (450ppm on average, minimum 400ppm, 
peaks up to 650ppm vs. 400ppm on average, minimum 350ppm, peaks up to 600ppm), due 
to more people, less ventilation or a more closed ICU. The GOrlevel is somewhat higher 
during the day that is likely due to more staff and visitors. There are some fluctuations in 
COrlevel; a decrease during morning coffee time, lunch time and after 16:00 when people 
go home, and increase at 8:00 when staff starts working, and after coffee & lunch time. 
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Flgure: Average, minimum & maximum C02-Ievelln Summer contlnuous measurements indicated over a 24-hour perlod at the ICB 
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Flgure: Average, minimum & maximum CO.-Ievelin Winter continuous measurements lndlcated over a 24-hour period at the ICB 

39 Summer air velocity results including the measurement error are in the Appendix. 
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4.1.4 Summary of Average, Minimum & Maximum Levels 
The following table provides a summary of the ICB physical environment and indicates 
compliance vs. non-compliance with the values given by the guidelines for ICU design40

• 

Tabla: I c d r . h 'd . 8 physical environment in icating compuance vs. non-compllance w1t 1 1 UI el mes 

Wh en Average Minimum Peak Season 
Wh at Day Night Day Night Day Night 

108 2 0 0 3203 108 Summer 
llluminance [lux) 

45 1 0 0 1882 81 Winter 

Luminanee [cd/m2
] 

59 4 1 1 4059 130 Summer 
27 4 1 1 561 53 Winter 

Sound level [dB(A)] 
51 49 35 37 95 95 Summer 
51 49 34 36 90 92 Winter 

Ambient Air Temp (0 C) 
24.4 23.2 22.0 22.0 32.3 26.1 Summer 
23.2 22.8 21 .7 21.5 28.7 24.1 Winter 

Radiant Temp [°C) 
24.2 22.9 21.9 21.5 35.9 25.8 Summer 
23 22.5 21.5 21.3 27.5 24.0 Winter 

Air Velocity [m/s] 
0.20 0.22 0.035 0.038 0.43 0.43 Summer 
0.12 0.10 0.0052 0.0058 0.61 0.49 Winter 
49 52 25 37 66 64 Summer 

Rel. Humidity [%] 
22 22 10 10 36 35 Winter 

404 404 333 343 794 598 Summer 
C02-Ievel [ppm] 

467 436 372 372 667 598 Winter 

Note: Where day IS 8:30-22:30, mght 22:30-8:30, and occurrence an seconds 

Visual Environment 
There are no real guidelines in terms of how much the maximum illuminance is allowed to be 
in the patients' eyes. All guidelines focus on minimum illuminance levels at workspaces. 
However, the maximum illuminance levels during the day seem high, keeping in mind that 
humaneyes often get discomforted by glare for illuminance levels exceeding 10001ux. Glare 
caused by high contrast occurs when luminanee contrasts exceed the ratio of 1:3:10, which 
happens all the time in this ICU. Glare proteetion by sun- or clarity-shading and by applying 
glare-free artificiallighting armatures will improve the visual comfort. 

Acoustic Environment 
The average sound level does not satisfy the ICU design requirements, as 51dB and 49d8 
exceed the maximum allowed 35dB and 30d8 respectively by over 45%. Peak sound levels 
over 90dB exceed the maximum allowed peak level of 45d8 by 111%. 

Thermal Environment & Indoor Air Quality 
The average indoor thermal environment meets the recommendations by guidelines, with 
average ambient and radiant temperatures more or less between 20°C and 24°C. The 
maximum ambient and radiant temperatures are higher during the day and higher during 
Summer, likely due to sunshine. They reach up to 35.9°C in Summer and 28.7°C in Winter, 
thus exceeding the maximum recommended value by respectively 50% and 17%. The 
average indoor air velocity just exceeds the maximum indoor air velocity recommended as 
0.2m/s. The maximum air velocity reaches up to 0.61m/s in the Winter, and 0.43m/s in the 
Summer, thus exceeding the recommendations by respectively 205% and 115%. Draft will 
therefore likely occur. The relative humidity is on average 50% in Summer and 20% in 
Winter, and has peak decreases as low as 10% in Winter, thus not complying with the 
recommendations of 30%-70%. The indoor air quality satisfies the requirements for ICU 
design, keeping the C02-Ievel belowthe maximum recommended 1000ppm. 

40 The requirernents given by ICU guidelines are described in Master Project 3: Introduetion to Graduation Project 
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4.1.5 Summary of Occurrence Dist r ibution 

llluminance [lux] 

The following graph indicates the sum of the occurrence count of certain ranges of levels at a 
certain time of the day tor all days measured in the Summer, expressed in percentage of the 
total number of days measured. For example, if a lux level between 100 and 1501ux occurs 
4000times (so 4000 seconds measured) between 11:00 and 12:00 o'clock of all days 
measured, and the total measurement time is 1 hour times all days measured, e.g. 300 days, 
then the percentage indicated in the graph is 4000/(3600*300). This graph indicates that 
during the day around 30% of all days measured the illuminance level in the patient's eyes is 
between 25 and 501ux, and around 40% of the time the illuminance level is between 0-251ux. 

100% - 0-251ux 

Gl ~ 80% - 25-501ux 
u a1 - 50-751ux 
; lf 60% -75-1001ux ... .. 
§ ; 40% 1---------:;::~~xs::=;c::::::~;::::7.__\_ - 1oo-15o1ux 
0 ~ - 150-2001ux 

lt. 20% - 200-4001ux 
0% - 400-6001ux 

00 02 04 06 08 10 ..12 l4 
Time [hours] 

16 18 20 22 

Figure: llluminance range levels occurrence percentage per hour in Summer 

- 600-8001ux 
- >800iux 

More interesting is how often maximum levels are exceeded within a certain hour of the day 
using cumulative41 count expressed in percentage of the total number of days measured. 
Higher illuminance levels are exceeded somewhat more often in the afternoon than in the 
morning. About 5% of the time between 14:00 and 16:00 o'clock the illuminance level in the 
patient's eyes exceeds BOOiux. Comparing this with the requirement of minimum 5001ux on a 
desk, BOOiux in the eyes of a resting patient seems too high. During the night illuminance 
levels hardly ever exceed 251ux. So lights aren't often on in the night. 

~----------------------------------------------- ->O iux 
- >251ux 

+------------~~~----------- ->50 1ux 

+----------~~----~~~------- ->751ux 
->100 1ux 

+---------~~~-~~=-~--~~<--~--- - >1501ux 

00 02 04 06 08 10 12 .1.4 
Time [hours] 

- >2001ux 
- >4001ux 
- >6001ux 

16 18 20 22 - >8001ux 

Figure: Cumuialive occurrence percentage of illuminance level exceeding per hour (Summer) 

->O iux 

->10 iux 

->20 lux 

->301ux 

- >401ux 
->50 iux 

->751ux 

->1001ux 

- >2001ux 
00 02 04 06 08 ~e [KÓurst4 16 18 20 22 - >4001ux 

Figure: Cumuialive occurrence percentage of illuminance level exceedlng per hour (Winter) 

41 Meaning that an illwninance level of 3001ux is counted once in each of the following categories; > 2001ux, > 1501ux, 
> IOOiux, >75lux, >501ux, >25lux, >Oiux. 
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Note the different lux ranges between the Summer and Winter graph above. The Summer 
graph shows more of a curve, meaning that higher values are exceeded during noon, 'Nith 
decreasing values being exceeded towards morning or eve, whereas the Winter graph shows 
more or Jess constant values being exceeded over the day. The ditterenee between 
occurrence of certain values being exceeded is about 5-10% more occurrence during the 
Summer than during the Winter. The occurrence of exceeding of values between 25-751ux 
decreases after 18:00 to 0% in the Summer, while it stays constant around 40% for the 
Winter. So Summer eves values exceed only 251ux, while Winter eves exceed 501ux. 

The follo'Ning graphs indicate the cumulative occurrence count of exceeding certain 
illuminance changes per second at a certain time of the day in the Summer vs. the Winter, 
expressed in percentage of the total number of days measured. The Summer graph shows 
changes starting only at 12:00 and ending around 18:00, while the Winter graph shows 
changes starting at 10:00 and ending at 16:00. The occurrence of illuminance changes 
exceeding 25lux/sec in the Summer or 101ux/sec in the Winter is very small, varying between 
0-2.5% over the time of the day. Sudden high illuminance changes, i.e. over 100lux/sec, do 
occur rarely during the day, about 0.5% during Summer noon hours and only 0.1% at noon 
for the Winter, but hardly ever occur at night. 

2.5% ...-----------------------8 ->0 lllux/sec 
c 
~ 2.0% +-------------+---+------- ->25 l11ux/sec 
6 ~ I I 
0 
~ ->50 l1 ux sec 

u ~ 1.5% +------------1---~.------- ->75 l11ux/sec 
SI .. "' ....._ c - >100 llluxfsec 
~ ~ 1.0% +-------------1~~-++----- - >150 lllux/sec 
ra Ql 

·~a. 0.5% +------------+1,_"F--=~""'----- ->200l11ux/sec 
..2 - >400 lllux/sec 

<i 0.0% t--r---.,.-...,..-...,...-.,.....J.(.C~=:;:::.i.~.,._-_._, - >600 lllux/sec 

00 02 04 06 08 10 12 14 
Time [hoursj 

16 18 20 22 - >800 lllux/sec 

Figure: Cumulative occurrence percentage of illumlnance change per second exceeding per 
hour (Summer) 

2.5% ...----------------------- ->0 lllux/sec 
8 
c ->10 lllux/sec 
~ 2.0% +------------"---------
:::s ~ ->20 lllux/sec 
~~ 
~ ";; 1.5% +---------------JH--------- ->30 lllux/sec 
51 lf - >40 lllux/sec ......... 
Ql c 1.0% +----------~~~~--------::! ê ->50 lllux/sec 
:1! ~ ->75l11ux/sec 'ë 0.5% +-------------jf--::=-:;;/1~ 
.a - >100 lllux/sec 

<i 0.0% - >200 lllux/sec 

00 02 04 06 08 10 12 14 
Time [hours] 

16 18 20 22 - >400 lllux/sec 

Figure: Cumulative occurrence percentage of llluminance change per second exceeding per 
hour (Winter) 

llluminance changes per 5 seconds occur somewhat more often than per second, i.e. 
exceeding 100Jux/5sec occurs about 2% of the time during the same afternoon hours as the 
change per second occurred only 0.5% of the time during Summer. Exceeding 1001ux/5sec 
occurs about 1% of the time at noon, where non is trom 12:00 to 15:00 as compared to the 
noon trom 13:00 to 14:00 that was exceeded 0.1% of the time for a change per second. 
Besides the scale change the graphs are similar. 
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8% -r--------------.,..--------- ->0 àlux/5sec 
li: : ->25 àlux/5sec 
~ ~ 6% +------------+--~.------- ->50 àlux/5sec 
"Qi ~ ->75 àlux/5sec 
~ :, ~% - >100 àlux/5sec 
.5 :!! - - >150 àlux/5sec 
E c 2% +-----------~~~==~~~-----::::~ ~ ->200 àlux/5sec a ~ O% - >400 àlux/5sec 

0 - >600 àlux/5sec 
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Figure: Cumuialive occurrence percentage of illuminance change per 5 seconds exceeding per 
hour (Summer) 

8% -r--------------------- - >0 àlux/5sec 
=:, ->10 àlux/5sec 

j ~ 6% +----------------------->20 àlux/5sec 
Gi" ê ->30 àlux/5sec 
~ :. ;t% - >40 àlux/5sec 
.5 :!! - ->50 àlux/5sec 
E c 2% +----------~~ 
::::1 ~ ->75 àlux/5sec = :I a 0~ 0% - >100 àlux/5sec 

- >200 t.lux/5sec 
- >400 àlux/5sec 00 02 04 06 08 rM\e [!lóurs}4 16 18 20 22 

Figure: Cumulative occurrence percentage of illuminance change per 5 seconds exceeding per 
hour (Winter) 

Camparing Summer and Winter graphs in terms of illuminanee contrast42 , meaning the 
maximum ditterenee between the illuminanee in different corners of the patients eyes, 
indicates that illuminance contrasts occur very aften over the entire day tor bath Summer and 
Winter. The contrastsin Summer are much higher than in Winter though, i.e. >751ux at 80% 
vs. >301ux at 80%, and >2001ux at 40% vs. >751ux at 40%, and >4001ux at 20% vs. >2001ux. 

Luminanee [cd/m2
] 

The luminanee graphs 43
, indicating occurrence of level exeeeding, are similar to the 

illuminance graphs. In Summer 100cd/m2 in the patient's eyes is exeeeded about 20% of all 
hours during the day, and only 10% of the time between 12:00 and 14:00 in the Winter. Like 
the illuminanee changes , there are higher luminanee changes per 5 second interval than per 
second interval and changes range per second trom 0-2% and per 5 seconds trom 0-5%. 

The luminanee contrast - the maximum value at one time divided by the minimum value at 
the same time - which indicates possibility of glare, is shown below. lt indicates that 
maximum luminanee contrasts to prevent glare, which are recommended to nat exceed the 
ratio 1:3:10, are exceeded about 90% of the time during the day and 5% to 10% of the time 
during the night, so glare willlikely occur during the day. 

In Summer a ditterenee between the highest and lowest luminance44 of 25cd/m2 is exceeded 
90% of the time over the entire day, in Winter only 10cd/m2 is exeeeded that aften. Higher 
luminanee ditterences are exeeeded in the Winter, i.e. >100cd/m2 in the eve about 70% of 
the time as compared to >25cd/m2 in the Summer eve about 70% of the time. Higher levels, 
i.e. 200cd/m2 differenee, are exceeded quite aften, i.e. about 40% of the time of the entire 
day in Summer, and about 20% of the time between 10:00 to 16:00 in Winter, thus glare will 
likely occur. 

42 See Appendix 
43 See Appendix 
44 See Appendix 
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Figure: Cumuialive occurrence percentage of luminanee contrast (max./min.) exceeding per 
hour (Summer) 

00 02 04 06 08 10 12 14 16 18 20 22 
Time [hours) 

Figure: Cumuialive occurrence percentage of luminanee contrast (max./min.) exceeding per 
hour (Winter) 

Sound Level [dB] 

There is no significant ditterenee between Summer and Winter sound levels. This graph 
indicates that during the day and night the minimum sound level is 35dB, so the design does 
not comply with sound level requirements given in guidelines. During the night 80% of the 
time the sound level is over 45dB, and during the day this level is exceeded over 90% of the 
time. 50dB is exceeded 30% of the time during the night, and 60% of the time during the day. 
Higher sound levels are exceeded more often around 8:00 in the morning, 15:00 in the 
afternoon, and 21:00 in the eve, when staffis coming and leaving. 

100% --->35dB 
Ql -u ./' - - --->40 dB 
~ ~80% --->45 dB 
B~ 

~ 
--->50 dB 

~ ll!,60% 

/ - ......... --->55dB 
~~ ~ --->60 dB 
~ ~40% __, - >65dB ..... ... 

->70 dB -a Ql 

§ CL 20% 

./ - --->75 dB 0 - - ->80dB ." - =-0% - >85dB 
00 02 04 06 08 f.O 12 14 me [liours) 

16 18 20 22 ->90 dB 

Figure: Cumuialive occurrence percentage of sound level exceeding per hour (Summer) 
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Ambient & Radiant Tempersture re] 
The radiant and ambient temperature curves are very similar. In Summer the temperature 
doesn't get below 22oC, in Winter it does rarely during the night, which is not too bad as 
night temperatures are usually preterred to be somewhat cooler tor sleeping than daytime 
temperatures. During the Summer days 26°C temperatures are exceeded 30% of the time for 
the entire afternoon. In Winter temperatures hardly exceed 24°C, while in Summer they 
exceed 24°C almest all the time. In Summer 28oC temperatures are exceeded about 20% of 
the time in the afternoon. This is quite hot tor staff, visitors and patients. 

- >20C 
+---------------------~~~~~~----------->22( 

/ "' ->24 C 

/ 
"- - >26C 

+-------------------~~----------------···~'~---->28( 
_/ / '- " ->30C 

to---.....;;;;;;;;;;:=-----------/~c;__----.. /~/o;;;;;;;;;;;;;;;;;;;;;;;;;~~=-----~->32 c 
+-~~~~==~--~d~~~--~~~~--~_,--->~C 
00 02 04 06 16 18 20 22 

--->36C 
->38C 

Figure: Cumuialive occurrence percentage of ambient temperature exceeding per hour 
(Summer) 

100% ->20 C .. c 
->22 C "' Ql ~80% '6 ... Gl- ->24 C "' :I u Ql a: ~ c 111160% ->26 C Gil ... Ql "' Ql ..... 

ë ~ ~ ~ 40% --->28C 
.!!! Ql 0 :::! - --->30 C 
~ 1- ~ 20% 

L - -~ ->32 C 
c( 

->~C 0% 

00 02 04 06 08 nR,e [tlÓursr4 16 18 20 22 
- >36C 
->38 C 

Figure: Cumuialive occurrence percentage of ambient temperature level exceeding per hour 
(Winter) 

Relative Humidity [%] 

The relative humidity is very different if we campare Summer and Winter, and also if we 
cernpare day and night times. Summer night time relative humidities exceed 50% 60 to 80% 
of the time, while Winter relative humidities exceed 20% 60 to 70% of the time. So Winter 
relative humidities are much lower. Summer relative humidities, however, exceed 50% only 
40% of the time in the afternoon, as the temperature increases in the afternoon the relative 
humidity decreases. Relative humidities in the Winter afternoon on the contrary are rather 
stable, as afternoon temperatures in Winter don't increase too much. 
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Figure: Cumulative occurrence percentage of relative humidity exceeding per hour (Summer) 
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Figure: Cumulative occurrence percentage of relative humidity exceeding per hour (Winter) 
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Figure: Cumulative occurrence percentage of air velocity exceeding per hour (Summer) 
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Figure: Cumulative occurrence percentage of air velocity exceeding per hour (Winter) 

Air veloeities exceed 0.2m/s 40% to 60% of the time during the entire day in Summer, and 
10% to 20% during the entire day in Winter. As the maximum air velocity according to 
guidelines is 0.2m/s to prevent draft, draft will likely occur often in Summer. In Summer and 
Winter air velocity changes per 30 seconds45 exceed 0.1 m/s about 20% of the time during 
the entire day and night, but they hardly ever exceed 0.2m/s. This indicates that large 
changes in air velocity either occur gradually, or that they are measurement errors. 

45 See graphs in Appendix 

Page87 31 MaY2010 



0:00 

Messurement of Envlronmentallnfluences on Patients' Sleep Pattems in ICUs 
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Figure: Cumuialive occurrence percentage of COz-level exceeding per hour (Summer) 
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Figure: Cumuialive occurrence percentage of COz-level exceedlng per hour (Winter) 

C02-Ievels exceed higher levels more often during the day than in the night and more often in 
VVInter than Summer, as during the day there are more people at the ICU. The ditterenee 
between Summer and Winter might be explained by the ICU being more closed during the 
cold Winter, though ICUs should normally always be closed. In Summer 400ppm is exceeded 
about 60% ofthe time, whereas in Winterabout 60% ofthe time 450ppm is exceeded. 

4.1.6 Summary of Relativa Peaks 

The following graph shows the distribution of the variatien of the normalized average 
environmental variables for the Summer. As there is a large ditterenee between lighting 
levels during the day and night the normalized values during the day show high peaks that 
are out of range as compared to the other environmental variables. 

2:00 4:00 6:00 8:00 ffkRPof tftê:Sgv [hb'liP~ 16:00 18:00 20:00 22:00 

Flgure: Normallzed varlation In average of environmental variabie (Summer) 

The following zoom of the previous tigure shows that the relative peaks of all other 
environmental variables except for lighting are roughly equally high, so lighting changes the 
most. When the temperature is low in the morning the relative humidity is high, and when the 
temperature is high in the afternoon due to solar heat gain, the relative humidity decreases. 
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Flgure: Normalized varlation in average of environmental variabie (zoom) (Summer) 
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0 

The following graphs show the variation distri bution of the normalized average environmental 
variables for the Winter. Note the ditterenee in y-axis scale, indicating that in the Winter the 
lighting peaks a little less than in Summer. In Wtnter the lighting jumps at 8:00, 17:00 and 
22:00 as lights are switched on, whereas in Summer gradual increase occurs due to daylight 
increase. The air velocity in the Winter diverts more trom the average than in Summer, while 
all other environmental variables divert a little less trom the average than in Summer. 
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Flgure: Normalized varlation In average of environmental variabie (Winter) 
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The following sections show the average, minimum and maximum variation distributed over a 
24-hour period tor each environmental variable. These values are measured per second 
continuously over 11 months of 24-hour periods in the ICB at the UMCG. 

Page69 31 tlïiiy2010 



Measuremeot of Enllironmental lnftuences on Patients' Sleep Patterns in ICUs 

4.2 Sleep Pattern 

4.2.1 Analysls Method & Assumptions 

In the analysis of the patients' sleep patterns I compare the BIS413 data, which is used to 
analyse the sleep pattern, with the average sleep pattem of healthy hu man beings below. 

; lncreasing sleep spindies 

100 ·--··~ REM . -
80 

Cl) 
iii 60 

40 A wake 
Ught sleep 

20L_~---1~~========~~--~==~~I Sowwave&eep 
0 20 -40 80 80 100 120 REM 

Time (mln) 

BIS 

92 :t 3 
81 ±: 9 
59 ± 10 
83 ±: 6 

Figure: Typical examples of changes in the BI Speetralindex during one sleep cycle. [Sie'99] 
Table: BIS Values per Sleep Stage. [Sie'99] Note: Values are mean ± SD, data are from 28 sleep 
stage transitions in five subjects. 
Alter a latency of 10-20 min, the subject descended through light sleep to slow-wave sleep 
tor approximately 60 min. This was foliowed by a return to light sleep and a short period of 
REM sleep. The cycle then repeated. Sleep spindies (light sleep, sleep stage 2) started to 
seem in the EEG at BIS levels of 75-90. Slow-wave sleep (sleep stage %) was associated 
with BIS levels in the range of 20-70. The BIS value dropped very low. The minimal BIS in 
all cases was <47 and was in the 20s in three subjects. REM sleep occurred with the BIS in 
the range of 75-92. Each time the subject awoke briefty (arousal}, the BIS abruptly 
increased to >90 (usually >96). The American Sleep Disorder Association describes an 
arousal as a 3 to 15 second during increase in BIS level, and an awakening as a more than 
15 second during increase in BIS level. The BIS decreased significantly with increased sleep 
depth. [Sie'99] 

The following table indicates how aften arousals and awakenings occur in healthy human 
beings, what sleep stages occur how often, and what is their total sleep time tor comparison 
with the sleep data of ICU patients. 

Table: Mean Total ASDA Arousals, Arousallndex, Awakenings, TotalSleep Time and Sleep stages per age group 

Age 

A ver 

a ge 

18-30 

30-45 

Arousal TST Sleep Total # Awakenings Awakenings Stage 1 Stage 2 [%] Stage 3/4 Stage REM 

Index Al [hours] EffiCiency ["/o] Arousal per hour per hour [%] = ["/o) = ["/o) = 

(3-15 (>15 sec. (>2 min. 
BIS 75-90 81S20-70 81S75-92 

sec.) Ouration) = Duration) = 

BIS>90 BIS=98 81S=98 

(usually 

96) 

M I F M F - - M F M I F M F M F M F 

11+/-4 21 (ASDA) 4 (Recht-

per schaffen 

hour andKales) 

10.8+/- 7.5-a 91-99 94- 83+/-33 22.9 0-6 0-2 2-6 41-51 46- 6-26 11-25 22- 21-

4.6 98 58 34 29 

16.8+/- 6 40m-7 85-99 90- 116+/- 29.8 1-7 0-5 3- 12-6 45-66 45- 2-18 4-21 19- 21-

6.2 20m 99 44 11 63 27 31 

46 Which is described in further detail in the literature research ofphase I ofthis project, completed during master 
project 3 ' Introduction to the Graduation Project'. 
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45-60 16.5+/- 6 40m-7 88-96 86- 109+/- 34.7 4-7 3-7 4- 3-7 52-72 51- 0-12 5-17 17- 19-

5.6 20m 100 22 12 65 25 25 

60+ 21.9+/- 5-6/24 + 57-97 73- 130+/- 42 4-10 3- 6- 4- 38-72 44- 0-3 0-1 8 11- 15-

6.8 after-noon 96 42 12 14 12 64 27 25 

nap (1 

hour) 

Note: ASDA = American Sleep Disorders Association, Al = arousal index, TST = total sleep time, REM = rapid eye movement sleep 

In this research I had to make a tew assumptions regarding the analysis of the BIS data, as, 
as described in phase 1 and above, certain BIS values can have multiple interpretations in 
termsof sleep or wakeness. 

• Awake: BIS~89 
• Asleep: BIS<89 
• Arousal definition: lf BIS~92 far >3 seconds and <15 seconds, where the BIS befare 

thatwas <90 
• Awakening definition: lf BIS>92 far >15 seconds, where the BIS befare that was <89 

4.2 .2 Summary of Sleep Patterns 
The fallowing table gives a summary of the occurrence of certain BIS levels - which are 
related to depth of sleep and sleep type - in percentage of the total time measured. 

Table: BIS occurrence in percentage [%] of total sleep time and arousal and awakening occurrence 
Day Night Day Night 

slow-wave BIS 49-69 0.046 0.042 BIS 0-10 0 0 sleep 

BIS 72-90 0.041 0.039 BIS 10- 0 0.017 Light sleep 20 

BIS 77-89 0.032 0.024 BIS 20-
0 0.16 REM-sleep 30 

BIS 0-89; Total Sleep Time 16 23 BIS 30- 3.9 7.6 Asleep 40 

BIS 89-100; Total Awake Time 84 77 
BIS 40-

5.3 7.8 Awake 50 
BIS > 92 for 3-15 seconds, after 

17 times BIS 50-
2.5 1.9 Arousal BIS<89 60 

BIS > 92 for >15 seconds, after BIS<89 72 times 
BIS 60-

1.8 1.9 Awakening 70 
BIS 70-

1.0 1.6 80 

Where day is from 8:30 - 22:30 and night is from 22:30 - BIS 80-Note: 8:30 90 2.7 2.1 
Where occurrence is in seconds 

BIS 90-
83 77 100 
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Figure: Sleep Pattarn of 3 ICB patients 

The above tigure shows that patient C slept most of the time, while patient A was more or 
less always awake. Patient 8 seems to have a somewhat more normal pattern, with regular 
fluctuations between wakeness and sleep periods. However, since there is too little sleep 
pattern data, no conclusions can be derived trom this data. 
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Figure: BIS level varlation of patient B over the night (1 :00-9:00) of November 6th 2009 

The above graph47 shows the sleep pattern of patient 8 over a night. Sleep spindies seem to 
occur regularly, with longer wakeness periods in between than tor healthy human beings. 

4.2.3 Sleep Quality & Quantity48 

The following schematic representation49 of the sleep architecture and sleep distribution of 
patients indicates ditterenee in sleep quantity and quality of patients at the IC8. 

47 Fora more elaborate explanation ofthe sleep pattem over this night for this particular patient, see Appendix. 
48 The descriptive list ofrelations in the appendix (that can be tilled in in future research once suilleient sleep pattem 
data is collected), describes the sleep pattem and significanee ofrelation with environmental variables, patient gender 
or age, duration of stay at the ICU and for different ICUs. 
49 The white period without time indication for patient A and B indicates that there is no BIS data for that time. 
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Figure: Schematic representation of the sleep architecture and sleep distribution of 3 patients at the ICB over a 24-
hour period, where black means period of sleepand white means period of wakeness. 

Cernparing this with the schematic representation of the sleep architecture as measured tor 
ICU patients by [Gaz'01], we see different sleep patterns. In [Gaz'01] most patients have 
many short sleep periods, while our patient A 'sleeps' more or less the entire period without 
interruptions, while our patient C seems to be awake the entire period. 
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Figure: Schematic representation of the sleep architecture and sleep distributlon of patlents at 
the ICU. [Gaz'01] 
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5 Conclusion 
The indoor IGU physical environment is not as constant as expected from IGU design 
requirements, and it does not always comply with requirements and recommendations. 
Largest ditterences between day and night and between Summer and Winter are in the 
visual environment and thermal environment. 

Future research is required to determine the effect of this environment on the health and 
comfort of the IGU occupants. 

6 Future Research 

6.1 Future Research 

Future research can include the following three options; 

• Miniscule gyrometer stuck on patient's head, to measure the direction of the patient's 
head to increase accuracy of measurement results 

• Spectrummeter near illuminance meters to measure the light spectrum, as research 
indicates that blue lights and red lights have different impact on waking people up. 

• Measure more BIS data synchronuous with environmental data, to compare the 
effect of the environment on the patient's sleep pattern. 

o Measure sleep pattern of healthy volunteers who spend a night in the IGU, to 
see if the effect of the environment on healthy human beings is the same as 
on patients. 

o Measure the environment and sleep pattern in multiple architecturally 
different IGUs, or keep varying one aspect ofthe architectural environment, 
e.g. a wall color or art object. 

o As results of the above comparisons between the physical environment and 
patients' sleep patterns, conclusions should be made and compared to 
conclusions of other literature research to see what new insight this research 
gave. Examples of conclusions from other literature research are given in the 
Appendix and a more elaborate analysis of literature research which can be 
used for this purpose is given in phase 1 of this research. 

The last option is further described below. 

6.2 Comparisons of Environment vs. Sleep Pattern 

We need to analyze the following: 

• Gompare results with requirements 

• Gompare individual environmental results with sleep architecture of all patients in 
total 

• Gompare individual environmental results with sleep architecture per patient, taking 
into account the determined personal details, to check whether there are ditterences 
between patients with different personal variables 

• Gompare total environmental results (of all variables together) with sleep architecture 
of all patients in total 

• Gompare individual environmental results with sleep architecture of all patients per 
IGU between different IGUs 

• Gompare total environmental results with sleep architectures of all patients per IGU 
between different IGUs 

Where sleep architecture can be divided into the following 3 parts: 

Page 75 31 Mey2010 



----------------------------------------------------------------------------------

Maasurement of Environmentallnfluences on Patients' Sleep Panerns in ICUs 

• Arousal with peaks in environmental variables 

o Where arousal is defined as a rapid increase of BIS to >90 that occurs tor 3 
to 15 seconds [Sie'99]. 

o Where peaks are defined as everything above or below a certain range, and 
where peaks can be divided in peaks of 1 times for example 5dB higher, or 2 
times 5dB higher, etc. 

This way we can draw lines at the moments the patient arouses, 
which provides intermation about the sleep quality. More arousals 
than normal indicates that the environment is very disruptive, 
whereas less arousals than normal either indicates that the 
environment is not very disruptive, or that the patient has too much 
sedatives so that he/she won't wake up trom any influence. 

• Patients awakenings with peaks in environmental variables 

o Where an awakening is defined as an increase in BIS to >90 for >15 
seconds. 

This way we can make the schematic representation of when 
patients are asleep and when they are awake with black thick and 
thin lines, as done in [Gaz '01], which indicates clearly how often a 
patient wakes up, so how disruptive the environment is, but also how 
long the patient sleeps each time and in total. 

• Sleep stages with peaks in environmental variables 

o This way we can draw graphs of sleep stages and therefore of the sleep 
architecture of patients, which does not only reveal when the patient is 
asleep/ awake and when the patient faits asleep/wakes up, but also how 
deep asleep the patient is. 

6 .3 Variables & Relations 

The following are the variables and relations that are part of the analyses of this research. 
Variables: 

• Continuous variable: are measured every second 

o ttluminance, luminanee 

o Sound-level 

o Air temperature, Radiant temperature, Relative Humidity, Air Speed 

o C02-level 

o BIS index 

o Amount of pain medicatien 

o Ou ration of stay 

• Dichotomy variable: are measured not continuous, only two stages possible (sleep or 
awake (e.g. sleep pattern if we don't take into account sleep stages)) 

o Male or temale 

o Day-time versus night-time sleep 

• Discrete variable: are measured not continuous, only in multiple stages: 

o Per year the age 

o Per ittness 

o Per type of pa in medicatien 

o Per type of HAl 
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o Per ICU design (we consider three ICU designs, categorized as new, mlddie 
and old) 

Relations: 

• Correlation 

o Independent effect of saveral variables 

o Does not say anything about causality 

E.g. check per person the correlation over time of an indicidual 
environmental variabie with respect to sleep, stress, and duration of 
stay 

• Biserial relation 

o Between 2 variables 

• Logistic regression/ multi regression 

o The total effect of several variables 

E.g. the total effect of an ICU environment on the sleep pattern of 
the patient 

Correlation - Pearson 

We first want to find out per person what the correlation between each environmental 
variabie and the sleep pattern is. We will analyse this using the Pearson correlation analysis. 
Further, we can use the Pearson correlation analysis to analyze the correlation between 
each environmental variabie with respectively the duration of stay (as a general maasure tor 
the recovery rate of the patient), the blood pressure, the heart beat and the pain medicatien 
(as measure tor the stress, which is indirectly also a measure tor the recovery rate of the 
patient), and the number and type of Hospita! Acquired lnfections (as a measure tor the air 
quality and thermal comfort). E.g. does the C02-Ievel correlate to the number of Hospita! 
Acquired lnfections? Pearson's correlation analysis and one-way analysis of varianee are 
indicated in the analysis excel sheet as -~ . and are used to determine the relationship of 
the following measured or derived variables: 

llluminance [lux] 
llluminance change per time (per sec. and per 5 sec.) [lux] 
Average luminanee [cd/m2] 
Average luminanee change per time (per sec. and fer 5 sec.) [cd/m2] 
Luminanee contrast (largest cd/m2 - smallest cd/m ) [cd/m2] 
Weighted sound-level [dB(A)] 
Weighted sound-level change per time (per sec. and per 5 sec.) [dB(A)] 
Air temperature [0 C] 
Air temperature change per time (per sec. and per 5 sec.) [0C] 
Radiant temperature [0 C] 

• Radiant temperature change per time (per sec. and per 5 sec.) [0 C] 
• Air velocity [m/s] 

Air velocity change per time (per sec. and per 5 sec.) [m/s] 
• Relative Humidity [%] 

Relative Humidity change per time (per sec. and per 5 sec.)[%] 
• C02-Ievel H 

C02-Ievel change per time (per sec. and per 5 sec.)[-] 
to the following factors: 

Sleep pattern: 
• Arousal indexes (e.g. noise, nonnoise, and total) 

o BIS index 
o ~BIS/sec. 
o ~BIS/5 sec. 

• Totalsleep time (TST) 
o Day-time sleep (total time and percentage of total sleep time) 
o Night-time sleep (total time and percentage of total sleep time) 

Additional indicators: 
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• Ou ration of stay 
• Blood pressure (stress indicator) 
• Heart beat (stress indicator) 
• Pain medicatien (stress indicator) 
• HAl 

Output: 
Sleep vs. Wakefulness illuminance levels 

• Check for which variables the Total Sleep Time is low: 
• llluminance-specific TotalSleep Time= .... 

o llluminance-specific Total Sleep Time for 0-SOiux/ Total Time for 0-
SOiux= ... . 

o llluminance-specific TotalSleep Time for 50-1001ux/ Total Time for 
50-1001ux = .... 

o llluminance-specific Total Sleep Time for 100-1501ux/ Total Time 
for 100-1501ux = .... 

o Etc. 
• llluminance-change-specificArousallndex = ... . 

o · .illluminance-specific Arousallndex for 0-SOL\Iux= ... . 
o .illluminance-specific Arousallndex for 50-100L\Iux= .. .. 
o .illluminance-specific Arousallndex for 100-150.ilux= .. .. 
o Etc. 

• Etc. 
• Check which variable-specific Arousal lndexes are high: 

• llluminance-specific Arousallndex = .... 
o llluminance-specific Arousallndex for 0-SOiux= ... . 
o llluminance-specific Arousallndex tor 50-1001ux= ... . 
o llluminance-specificArousallndex for 100-1501ux= ... . 
o Etc. 

• llluminance-change-specific Arousallndex = .... 
o .illluminance-specific Arousal Index for 0-SO.ilux= ... . 
o .illluminance-specific Arousallndex for 50-100L\Iux= ... . 
o .illluminance-specific Arousallndex for 100-150.ilux= .. .. 
o Etc. 

• Etc. 
Gompare total of variable-specific Arousal lndexes with Total Arousal Index, to see 
how much influence the measured environment has on the sleep pattern of the 
patient, and to see how much influence other not measured factors (like illness, or 
architecture) have on the sleep pattern of the patient. 
Gompare variable-specific arousal index per gender, age, I CU, etc. 

Method: According to [Mon'04] p.40 we generally consider the correlation between two 
variables to be strong, if 0.8 sr S1 there is a significant relation, weak when 0 s r s 0.5 and 
moderate otherwise. Testing the hypothesis that the slope equals zero (meaning that there is 
no correlation between the two variables) is according to [Mon'04] p.284 equivalent to testing 
that the correlation coefficient p = 0. So we need to test 

• Ho: p = 0 
H1: p ~ 0 

• Where the computed value of the test statistic is: 
• to = r * sqrt (n - 3)/sqrt( 1 - r2) 
• if ltol > ~.n-2 • with a=O.OS, the null hypothesis is rejected 

Spearman's correlation analysis is used to confirm the Pearson's analysis. Only the 
Pearson's correlation coefficients are reported if there is an agreement between these latter 
two analyses. 

Correlation - Student t test 

To test whether our correlation results are valid for 'all' patient types, we will use the 
student's t test to determine whether ditterences exist between personal variables like 
gender, age groups, illnesses, the type or amount of pain medicatien a patient gets, the HAl 
a patient has, and ether factors like the duration of stay and the ICU design the patient is in, 
with respect to the sleep pattem of the patient and/or the correlations found with the 
Pearsons analysis. 

• E.g. the ditterenee of significanee of the correlation of the BIS index with the 
illuminance level between male and temale 
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• E.g. the ditterenee of significanee of the correlation of the BIS index with the 
weighted sound-level change per sec. between ages of 20-25 years old and 60-65 
years old 

• E.g. the significanee for 20-25 years old is 0.9, whereas for 60-65 years old it is only 
0.6 

Unpaired Student's t tests are indicated in the analysis excel sheet as - · and are utilized 
to determine if ditterences exist between: 

• Gender (personal factor) 
• Age (personal factor) 
• lllness (personal factor, butnottaken into account in this research) 
• Day/Night (factor) 
• ICU design (factor) 

with respect to the previous outcomes: 
• llluminance-specific Arousal Index = .... 
• llluminance-change-specific Arousal Index = .... 
• Etc. 

Output: 
• Arousal Index: 

o llluminance-specific Arousal Index in ICB = ... . 
o llluminance-specific Arousallndex in TH IC = ... . 
o llluminance-specific Arousallndex in CHIC = ... . 
o llluminance-specific Arousal Index during the Day = ... . 
o llluminance-specific Arousal Index during the Night = ... . 
o llluminance-specific Arousal Index for male = ... . 
o llluminance-specific Arousal Index for temale = ... . 
o llluminance-specific Arousal Index for age 0-20 = ... . 
o llluminance-specific Arousal Index for age 20-40 = ... . 
o llluminance-specific Arousal Index for age 40-60 = ... . 
o llluminance-specific Arousal Index for age 60-80 = ... . 
o llluminance-specific Arousal Index for age >80 = ... . 
o Etc. 

• Total Sleep Time: 
o llluminance-specific Arousal Index in ICB = ... . 
o llluminance-specific Arousallndex in TH IC = ... . 
o llluminance-specific Arousallndex in CHIC = ... . 
o Etc. 

• For testing the significanee of a relation according to [Mon'04] we need to test: 
• Ho: p = 0 
• H1 : p~O 
• With the computed value of the test statistic is: 

o to = r * sqrt (n - 3)/sqrt( 1 - r2) 
o if ltol > lar.z,n-2. with a=0.05, the null hypothesis is rejected 

lf roughly the same correlation occurs for patients with different personal variables, we may 
assume that the environment has qualitatively the same influence on each patient. lf large 
ditterences in results exist between different ICUs, while the environment and the personal 
variables were similar, there are other factors in the environment which cause these 
differences, for example architectural variables. According to literature, there is no significant 
ditterenee if p>0.05, so a significant ditterenee if p<0.05 [Gaz'01]. Further research will be 
required to determine these factors. Other techniques, like the Newman-Keuls comparisons 
(0.05) used in [Mar'05), could also be used, e.g. instead of student's t test, but they are not 
needed for this research. 

Logistic Regression 

Last, the total effect of the different ICU environments on the sleep pattern of each ICUs 
patients is analyzed, to determine the total ditterenee in sleep pattern between ICUs. 

Physiological Rhythmicity 
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Physiological Rhythmicity can be analyzed in future research of this data tor HR, PR, RR, 
and Sp02 using speetral analysis (periodogram) with SPSS 11.5 software (procedure 
Spectra), as further explained in [War'98) and in the appendix. 

6.4 Visual Environment vs. Sleep 

6.4.1 Environmental llluminance vs. Sleep Disruption 
• Is there a significant ditterenee between sleep versus wakefulness (average, maximum, 

and peak) illuminance levels in the area with a diameter of 1m around the patient's head? 
• Is there a significant relation between illuminance level and Total Sleep Time? Is there a 

significant ditterenee between day and night illuminance related wakefulness? In ether 
words, do you wake up in the night because of a high illuminance and not in the day? 

• Is there a significant relation between illuminance and duration of stay? 
• Percentage of illuminance arousals (due toa significant increase in illuminance). Campare 

illuminance related arousal indexes tor different illuminance levels, e.g. 0-501ux. Campare 
illuminance change specific related arousal indexes tor different changes in illuminance 
levels, e.g. 0-501ux change. 

• Is there a significant ditterenee between the ratio daytime illuminance-specific arousal 
index (number of arousals caused by illuminance per hour) versus the day-time total sleep 
arousal index (number of arousals per hour) and the ratio night-time illuminance-specific 
arousal index (number of arousals caused by illuminance per hour) versus the night-time 
total sleep arousal index (number of arousals per hour)? 
• A significant ditterence, if daytime ratio > nighttime ratio, indicates that during the day 

the influence of illuminance on the sleep architecture is larger than during the night. 
• A significant ditterence, if daytime ratio < nighttime ratio, indicates that during the 

night influence of illuminance on the sleep architecture is larger than during the day 
• Is there a significant ditterenee between the mean illuminance-specific arousal index 

(number of arousals per hour specifically related to a significant increase in illuminance) 
as compared to the mean spontaneous (non-illuminance) arousal index (number of 
arousals per hour, independent of illuminance level) in the area with a diameter of 1 m 
around the patient's head? 
• E.g. a high ratio illuminance-specific Al/non-illuminance sleep Al of e.g. 8/10, 

indicates that the illuminance is an important variabie influencing the sleep 
architecture of patients. 

• There is a significant ditterenee between personal variables like gender, age, illness, type 
and amount of pain medication, HAl of a patient, duration of stay of patients, and the three 
ICUs with respect to: 
• The illuminance specific arousal index or awakenings secondary to increase in 

illuminance. 
• The daytime illuminance levels (average, maximum, and peak) or tor the night-time 

illuminance levels (average, maximum, and peak) in the area with a diameter of 1m 
around the patient's head, 

• lf not, and there is also no ditterenee between ether physical 
environmental variables between ICUs, and there is a ditterenee between 
daytime arousal indexes or night-time arousal indexes between ICUs, than 
the ditterenee in arousal indexes between ICUs can be due to ditterences 
in architecture between ICUs. 

• The sleep versus wakefulness (average, maximum, and peak) illuminance levels in 
the area with a diameter of 1 m around the patient's head, 

• lf so, this indicates that ether factors influence the ability of patients to 
sleep, e.g.: 

o Other physical environmental factors. 
o The ditterences in architecture of the ICUs 

The non-illuminance sleep arousal index (number of arousals per hour) versus the 
illuminance-specific arousal index (number of arousals caused by illuminance per 
hour)? 

• Meaning, is there a significant ditterenee between ratio THIC (illuminance
specific Al)/(non-illuminance sleep Al), ratio ICB (illuminance-specific 
Al)/(non-illuminance sleep Al), and ratio CHIC (illuminance-specific 
Al)/(non-illuminance sleep Al)? 

o A high ratio indicates that illuminance is an important variabie 
influencing the patient's sleep pattern 
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o lf in a certain ICU the illuminance level is higher while the ratio is 
lower as compared to another ICU, this indicates that in the first 
ICU the acceptance of illuminance is higher, due to other factors: 

Other physical environmental factors 
• Or ditterences in architecture 

o The impact of the physical environment is measured, and 
therefore the impact of the architecture can be derived indirectly. 

6.4.2 Environmenta l Luminanee vs. Sleep Disruption 

The same questions need to be answered to determine the effect of environmental average 
luminanee levels and luminanee contrasts on sleep disruption. 

6.4.3 Environmental View/ Aesthetics vs. Sleep Disruption 

lf there is na ditterenee between environmental-specific arousal indexes, personal-specific 
arousal indexes ar duration of stay between ICUs, but there is a ditterenee in total arousal 
indexes, type and amount of pain medication, blood pressure and heart beat and duration of 
stay of patients between ICUs, then the ditterenee is likely to be due to ditterences in 
architecture, namely either: 

• Visual Environment 

o e.g. color or texture (material) ditterences 

• Spatial Environment 

o e.g. room height vs. Width ratio 

lf sa, further future research will have to be doneon the influence of the architecture. 

6.5 Acoustic Environment vs. Sleep 

The following questions need to be answered to determine the influence of the acoustic 
environment on the health and comfort of the patient. 

• The mean, mean maximum, and mean peak ICU environmental noise levels 
exceeded EPA recommendation during bath the daytime and night-time hours. 

• The mean, mean maximum, and mean peak ICU environmental noise levels 
exceeded EPA recommendation during bath the daytime and night-time hours. 
[Gaz'01] 

• There were na statistically significant ditterences (p>0.05) in mean (59.1 ± 6.1 dB(A)) 
versus 56.8 ± 4.9 dB(A)), mean maximum (68.5 ± 7.7 dB versus 64.6 ± 7.5 dB), or 
mean peak (85.9 ± 5.1 dB versus 82.8 ± 5.3 dB) noise levels between the day and 
night, respectively. 

• There were na statistically significant ditterences (p>0.05) in mean (59.1 ± 6.1 dB(A)) 
versus 56.8 ± 4.9 dB(A)), mean maximum (68.5 ± 7.7 dB versus 64.6 ± 7.5 dB), or 
mean peak (85.9 ± 5.1 dB versus 82.8 ± 5.3 dB) noise levels between the day and 
night, respectively. [Gaz'01) 

• There is na significant ditterenee between the ratio davtime noise-specific arousal 
index (number of arousals caused by noise per hour) versus the day-time total sleep 
arousal index (number of arousals per hour) and the ratio night-time noise-specific 
arousal index (number of arousals caused by noise per hour) versus the night-time 
total sleep arousal index (number of arousals per hour). 

o A significant ditterence, if daytime ratio > night-time ratio, indicates that 
during the day the influence of noise on the sleep architecture is larger than 
during the night. 

o A significant ditterence, if daytime ratio < night-time ratio, indicates that 
during the night influence of noise on the sleep architecture is larger than 
during the day 

• There were na significant ditterences (p>0.05) between mean (58.9 ± 6.0 dB versus 
57.1 ± 5.2 dB), mean maximum (68.3 ± 7.5 dB versus 64.9 ± 7.6 dB), and mean 
peak (85.6 ± 5.0 dB versus 84.9 ± 4.8 dB) noise levels during periods of sleep and 
wakefulness. 
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• There were no significant ditterences (p>0.05) between mean (58.9 ± 6.0 dB versus 
57.1 ± 5.2 dB), mean maximum (68.3 ± 7.5 dB versus 64.9 ± 7.6 dB), and mean 
peak (85.6 ± 5.0 dB versus 84.9 ± 4.8 dB) noise levels during periods of sleep and 
wakefulness. [Gaz'01) 

• Overall, 11.5% of the arousals trom sleep tor the entire popuiatien studied were 
secondary to environmental noise. Arousals related to environmental noise 
comprised an average of 11 .5 ± 11 .8% of the total arousals trom sleep per subject. 

• Overall, 11 .5% of the arousals trom sleep tor the entire popuiatien studied were 
secondary to environmental noise. Arousals related to environmental noise 
comprised an average of 11.5 ± 11.8% of the total arousals trom sleep per subject. 
[Gaz'01] 

• The mean arousal index specifically related to environmental noise was 1.9 ± 2.1. 
This was significantly less (p<0.0001) than the mean spontaneous (non-noise) 
arousal index of 9.6 ± 4.9. 

o E.g. a high ratio noise-specific Al/non-noise sleep Al of e.g. 8/10, indicates 
that the noise is an important variabie influencing the sleep architecture of 
patients. 

• The mean arousal index specifically related to environmental noise was 1.9 ± 2.1. 
This was significantly less (p<0.0001) than the mean spontaneous (non-noise) 
arousal index of 9.6 ± 4.9. [Gaz'01) 

• Overall, environmental noise was responsible tor 17% of the awakenings trom sleep. 
Awakenings related to environmental noise comprised an average of 26.2 ± 24.8% 
(range 0-75%) of the total awakenings trom sleep per subject. 

• Overall, environmental noise was responsible for 17% of the awakenings trom sleep. 
Awakenings related to environmental noise comprised an average of 26.2 ± 24.8% 
(range 0-75%) of the total awakenings trom sleep per subject. [Gaz'01] 

• There is a significant ditterenee between personal variables like gender, age, illness, 
type and amount of pain medication, HAl of a patient, duration of stay of patients, 
and the three ICUs with respect to: 

• The noise specific arousal index or awakenings secondary to increase in 
weighted sound-level. 

• The daytime sound levels (average, maximum, and peak) ar tor the night-time 
sound levels (average, maximum, and peak) in the area with a diameter of 1m 
around the patient's head, 
o lf not, and there is also no ditterenee between other physical environmental 

variables between ICUs, and there is a ditterenee between daytime arousal 
indexes or night-time arousal indexes between ICUs, than the ditterenee in 
arousal indexes between ICUs can be due to ditterences in architecture 
between ICUs. 

The sleep versus waketulness (average, maximum, and peak) sound levels in 
the area with a diameter of 1m around the patient's head, 

• lf so, this indicates that other factors influence the ability of patients to 
sleep, e.g.: 

o Other physical environmental factors. 
o The ditterences in architecture of the ICUs 

• The non-noise sleep arousal index (number of arousals per hour) versus the 
noise-specific arousal index (number of arousals caused by noise per hour)? 

• Meaning, is there a significant ditterenee between ratio THIC (noise
specific Al)/(non-noise sleep Al), ratio ICB (noise-specific Al)/(non
noise sleep Al), and ratio CHIC (noise-specific Al)/(non-noise sleep 
Al)? 

o A high ratio indicates that noise is an important variabie 
influencing the patient's sleep pattern 

o lf in a certain ICU the noise level is higher while the ratio is 
lower as compared to another ICU, this indicates that in the 
first ICU the acceptance of noise is higher, due to other 
factors: 

• Other physical environmental factors 
• Or ditterences in architecture 
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o The impact of the physical environment is measured, and 
therefore the impact of the architecture can be derived 
indirectly. 

• There were no significant ditterences (p>0.05) between sexes, window status, 
illness, duration of stay, or age with respect to the noise specific arousal index or 
awakenings secondary to noise. [Gaz'01] 

6.6 Thermal Environment & Indoor Air Quality vs. Sleep 

The same kind of questions need to be answered to delermine the influence of the thermal 
environment and the indoor air quality on the sleep pattern of the patient. This analysis 
includes; 

• Air Temperature vs. sleep 
• Radiant Temperature (contrast) vs. sleep 
• Relative Humidity vs. sleep 
• Air Speed vs . Sleep 
• C02-Ievel vs. sleep 
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