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Abstract
This study aims to evaluate the effects of architead layouts of emergency departments on activity
patterns/work routines and consequent noise levidisee Danish hospitals’ emergency departments
that had different layouts were investigated viasite noise measurements over three days and
observations of noisy activities. The time-averagexse levels in the three emergency departments
turned out to be significantly different, rangingim 50 to 59 dBA. During the observation of noisy
activities, the noise levels and occurrences ofviiddial activities were noted and correlated wikte t
long-term measurements. Major noise sources thae Hagh correlations with the three-day noise
levels are identified as loud staff communicatiardanoise from alarms/electronic devices. Potential
remedies are suggested in connection to the emeygeapartments’ architectural layouts. Especially
unnecessarily loud communication between medicaff and loud and frequent equipment/patient
transportation noise need to be improved for marefortable acoustic environments.
Keywords: Architectural layout, hospital emergenaepartment, noise level, work patterns,

communication noise
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1. Introduction

Florence Nightingale pointed out that all unnecesgaise in hospitals was harmful in the following
guote “Unnecessary hoise is the most cruel absehcare which can be inflicted on either sick or
well,” in her book “Notes on Nursing” published 1859 [1]. The noise levels measured in hospitals
are, unanimously agreed by all, not satisfactooy,eixample, Refs. [2-7]. They largely violate the
current noise limit recommended by the World He&tganization (WHO), namely 35 dBA [8].
From the previous noise measurements, it is clearhcluded that hospitals are unacceptably loud
and chaotic, with an increasing trend in the ntgsel from 1960 to 2005 [2]. Poor room acoustics
and loud noise negatively affect medical staff emnis of speech communication, job demands,
fatigue, stress, burn-out, and hearing loss [9Ufpredictable loud noises can distract staff,rinfat
their performance, and increase medical dispersirgys particularly for complicated tasks [11,12].
The negative effects of noise are also well docuetkrin association with a parent’s comfort,
recovery and sleep quality. [13,14,15] Howeverprevious work has discussed how much noise was
inevitable and how much was unnecessary, whiafdiead a very challenging question to answer and
could also be highly case-dependent.

Dominating noise sources in hospitals are not osligted to building operations but also to building
occupants, such as conversations, medical aciyitignsportation of medical equipment and patients
[16]. In an attempt to understand which noise sesigould potentially be avoided and which range of
noise levels is realistically achievable with catrstate-of-the-art technologies, we aim to conduct
analyses of individual activities and work patteinsconnection to the architectural design of
hospitals, thus gaining insight into which noiserses could be controlled without compromising the
guality of patient care. To the best of the authkmowledge, only a few studies have correlated
objective acoustics parameters and architectuyaula in hospitals [16-18]. Particularly Ocku et al
tried to link the floor layout designs to the reweration times [18], but did not look into a coatedn
with noise metrics.

In this study, we measured the noise levels inettrespital emergency departments (EDs) that had

quite different architectural layouts. Via an olysion study of the activities in the EDs, we ainted



57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

find out the noisy activities that contribute siigantly to the total noise level and correlations
between the noise levels of individual activitiesdalong-term noise measurements. The final
objective was to suggest useful guidelines to redurtnecessary noise in the ED and to provide
insights on good architectural designs. Unfortugateve could not get a permission for room
acoustics measurements and collecting subjectiveepgon from hospital staff and patients, so
instead we used the objective measures that hawe freved to have a good correlation with staff
and patient’s perception of soundscape in hospitéle contributions of this study are three-folds:

to categorize the loud noise activities in the EmI gpresent their noise levels, (2) to correlate
individual sources’ noise level with the long-tempise measurements, and (3) to suggest useful
design guidelines that help decrease the noisdslemerelation to the architectural layout of the

emergency department.

2. Three emergency departments

An ED in Denmark normally consists of emergencytiment rooms (ER), a triage (TRI), and a bed
unit (BU). ER is a room for minor or less critic@ses, where patients are typically examinediedea
and usually sent home afterwards. According to alicaé doctor Marie-Laure B. Jacobsson
(Sjeellands universitetshospital, Kgge), approxitgateur patients pass through here per hour on
average. TRI is a room for more serious problents tanrough examinations. Afterwards, patients
are either sent to another department of the ralspitreceive proper treatments and are then sent
home. The average duration of the stay in TRIXxshsurs according to Dr. Jacobsson. BU is a room
for patients in need of intensive care and undseptation. The patient stays in BU for a longeretim

In this study, only one sound level meter was pgeahifor noise measurements, which was located at
a safe location in the TRI areas in all three hapi Therefore, all measured noise levels only
represent the sound environment in the TRI.

2.1. Hospital A

Layout: In Hospital A, the three branches of theemgancy department, namely ER, TRI, and BU,
were physically separated. ER was separately Idaatan adjacent part of the building and BU was
also fairly secluded and not shown in Fig. 1(ajw&en these two sections, the reception was located

4
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together with the staffs’ main organizational waski®n marked as “Office area” in Fig. 1(a). TRI
was located along the hallway with exits to theeotbarts of the hospital.

Noise consequences. It was noticed that TRI was the main section afdi@ctivities, which spread
noise widely. The entrance hall reserved for amimdarrivals was noisy. At this central intersattio
an alarm phone as well as a printer room were glaext to the office. A sound level meter was
placed at this intersection, shown as a solideiitlFig. 1(a). Patients were located in the wnda
the TRI hallway and some areas in the hallway weezl for bedridden patients as well. The lengths
of the triage hallways were about 15 meters, engbtiedical staff to communicate with raised voice
from one end to the other.

2.2. Hospital B

Layout: Hospital B had the three main functions of theatgpent separated as well. ER and BU
were located outside the main TRI room. At the tiofethis observational study and noise
measurement (April 2019), Hospital B just introddidhis new triage, which was basically one big
room containing 12 beds and a centrally locatett®férea, as shown in Fig. 1(b). The beds were
separated by protruding walls. If stricter privasas needed, moveable room separators were
additionally used. A computer was located just nex¢ach bed to minimize the need for back and
forth communication with the central office area.

Noise consequences. It was noticed that most activities could be hdarall individuals in the room
as a consequence of one big open space. If onefpdme room was noisy, such as coughing, noise
coming from medical devices like respirators, théole TRI became noisy. Moreover, the
transportation setup contributed to increasesémibise level. Ambulance staff entered from the lef
door with patients and exited to the same doornadaipatients were being transferred to another
department, they left out of the right exit. Thrbuthis exit door, clean beds were transported to

replace used ones. This created a lot of loud pi@tetion noise, which affected everyone in TRI.
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114 Figure 1. Three emergency departments. (a) Hospitgb) Hospital B, (c) Hospital C. The sound

115 level meter location is indicated as a red soligtlei and transportation paths are indicated witiows.

116 (color online)
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2.3. Hospital C

Layout: Hospital C had three branches of the emergencgrtapnt widely spread as shown in Fig.
1(c). Through the official entrance, the waitingmowas located, which was directly connected to the
reception. The rest of the ward was a relativelgroppace, moderately separated by glass walls. ER
was located at the left end with an exit to thé oeéshe hospital. The other end of the hallwaygveh
the patients arrived by ambulances, was the TRl@gavhere more acute patients were treated. In
between ER and TRI hallway, there were separatmspsuch as an office for medical staff and a
printer room.

Noise consequences: The three main functions were well separated,rendp with less interactions
and reduced noise. This excessively long distaf¢keohallway (42 meters) prohibited from a loud
communication style, such as yelling. However, thizg distance might affect other aspects of the

staffs’ daily work routine negatively.

3. Observation study

This observation study was intended to identifydlowisy activities and how frequently they occur,
and how loud such individual noise events couldvide.installed a class-1 sound level meter (Fusion,
01 dB) at a secure place and monitored the soussbpre level real-time on the mobile phone via a
3G data modem. The sound level meter was locatese ¢b a reflecting surface in all three hospitals
for consistency, and therefore the effects of saefidction on the noise measurement were supposed
to be similar. The most important consideratiodétermining the measurement spot was security and
safety of the sound level meter, meaning that nglaedidentally touched or stopped it by any means.
Prioritizing the security of the sound level metle height of the sound level meter location \érie
from 1.5 m to 2.5 m. For this observation study #econd author stayed close to the sound level
meter (about 1.5 m apart from the sound level méteTRI and observed loud and peculiar noise
sources. Once a noise event was noticed, its typse the starting and ending time were noted, and
later the corresponding equivalent noise leveldach incident was calculated using logged sound

pressure levels. Note that the identified noisddents lased for different time durations, and
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therefore the time information was used to quantifg sound exposure together with the equivalent
noise level.

Previous research has used various noise mettitssl been widely accepted to use the overall noise
levels [16], i.e., noise levels containing all abléi frequency contents from the 1/3 octave bands
centered from 20 Hz to 20 kHz. The A-weighting netl is the most suitable to approximate the
frequency selectivity of the human auditory systerarticularly for rather quiet sound around 40 dB
[8]. Different indicators, such as equivalent, mnim, maximum, peak noise levels, have commonly
been used in hospital noise measurements [8,19%himstudy, most noise levels are presented using
the equivalent A-weighted noise levels. The obsBovain each TRI sections lasted about 3.5 hours.
3.1. Communication noise

Clear communication between staff is absolutelycal but the way it is conducted significantly
affects the sound environment. Particularly in tthwee EDs measured, we found significantly
different communication patterns. In general, mangff conversations were unnecessarily loud. In
Hospital A, conversations with raised voice acrtss rooms and hallway were found to increase the
noise level. In addition, personal conversationswieen staff increased the noise level. The noise
level distributions are shown in Fig. 2. In Hospifg raised communication noise between staff along
the hallway was found to be the major problem, whit Hospital B the open structure of the TRI
made all communication loud everywhere. The A-wegghequivalent noise levels b7 over a time

duration T is expressed as follows:
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summarizes the equivalent noise level, the occoeref noise events, and total duration of iderdifie

noise events during the observation study in trepitals.

According to the WHO community noise guideline [8]e signal-to-noise ratio (SNR) should be at
least 15 dB when listening to complicated messdgeSec.4, the background noise level in Hospital
A, B, and C, from the long-term measurements wenend to be 49.0, 53.5, and 44.5 dBA,
respectively, and therefore the SNRs for the staffimunication in Hospital A, B, and C ranged 13,
15, and 14 dB respectively. This concurred with shggested 15 dB SNR in the WHO guideline

surprisingly well [8].

Communication noise between staff
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Figure 2. Histogram of staff communication noigg.Hospital A, (b) Hospital B, (c) Hospital C.

(single column, color online)
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Another important type of communication is commatiien between the staff and patients, of which
the noise levell . swit-patien: IS 1argely affected by the communication styld asoustical factors, such

as room acoustics and background noise. A simdaentrend to the staff communication was found
in this type of communication in Fig. 3 and theutésg equivalent noise levels were 61.3, 69.1, and
59.9 dBA in Hospital A, B, and C, respectively. Timdse level at Hospital C was the lowest, being 5
dBA and 9 dBA lower than Hospital A and B, respedli. In terms of the SEL, Hospital C was about

6 dBA and 7 dBA quieter than Hospital A and B, egjvely.

Figure 3. Histogram of Staff-patient communicatimise. (a) Hospital A, (b) Hospital B, (c) Hospital

C. (single column, color online)

3.2. Transportation noise

Medical activities are inevitable and must be ptied, but transportation activities and non-madtlic
activities could be minimized or optimized. The m#iansportation noise was associated with bed

transportation with and without patients, but aklated to food and test transportation.

10
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In Fig. 4, the noise levels caused by transportatib patients L yaienis @are shown. Hospital A had
many transportation incidentdl$24) with relatively long duration per incidertat, of 59.9 dBA).
Hospital B did not have many incidentd=(13) yet with high noise levels due to its opencepaature
(Laeq Of 67.6 dBA). Hospital C had a small number ohgjgortation with low noise levels 4, of
59.1 dBA). In terms of sound exposure, the noiseltein Hospital A and B were 9 and 10 dBA

higher than that in Hospital C.

Figure 4. Histogram of patient transportation no{ag¢ Hospital A, (b) Hospital B, (c) Hospital C.
(single column, color online)
The patients arriving by ambulance are broughtyipdramedics, who did not spend as much time as
the hospital staff. During the observations, it vea®ent that a lot of the transportation related t
ambulance arrival or departure were quite noisynipdbecause of the paramedics. Therefore, the
paramedics should make efforts to bring down thesen@aused by them. This was particularly
pronounced in Hospital A and B, whereas the problesms less significant in Hospital C, partly
because the ambulance staff entered via a seckideshce. The location of the central entrance for

bedridden patients arriving by ambulance led toarfeequent noise in Hospital A than Hospital B,

11
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where the patients arrived and left at differentseaccording to their symptoms and mostly remained
in their respective sections. This makes the neig®sure in Hospital C about 10 dBA lower than
those in Hospital A and B.

On the other hand, the transportation noise, wdidmot involve patientd, on-patendS Shown in Fig.

5. Hospital C had the most incidents of transpmmatvithout patients, which might be attributed to

the longest hallway as shown in Fig. 1(c). Espbcitile noise of trolleys was noticeable in this

category, although most of them were quieter thHa ihcidents observed in Hospital B in this

category. In terms of sound exposure, the noiseldem Hospital A was the lowest, being about 8 and

7 dBA lower than those in Hospital B and C, respeby.

Figure 5. Histogram of non-patient transportatioise. (a) Hospital A, (b) Hospital B, (¢) Hospi@l

(single column, color online)
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3.3. Noise from electronic devices and alarms

Another noise category is sound events causeddomaland electronic devices, e.g., phone rings and
printers. There have been a series of studiescthimbed that hospital alarms and electronic devices
were unnecessarily loud, for example, Ref. [22]Fig. 6, the noise distribution of electronic desc
and alarms is shown. Hospital B had a lot of phonging and Hospital C had quite some noise
incidents of printer working noise near the reaaptiwhich could have been moved to another place
to reduce the noise impact. Hospital C had theraliyiocated reception, where many conversations
and phone calls were audible, but with relatively Inoise levels. Hospital A and C had equivalent
noise levels of 60.9 and 59.5 dBA, while the eq@ntinoise level in Hospital B was 66.8 dBA. In
terms of sound exposure, the noise level in HosBitaas 13 dBA higher than that in Hospital A and

14 dBA higher than in Hospital C.

Noise from electronic devices and alarms
T T T T T

100 — .
0 (a) _
L L. =60.9 dBA
c Aeq
£ 50t 1
©
>0
A
0 | 1 L l 1 |
45 50 55 60 65 70 75
400 . . . .
o~ b
2 (b) L,.,=66.8 dBA
c eq
L 200 1
©
=
3 |
0 1 1 | 1 1
45 50 55 60 65 70 75
200 T T T T T
0 (c) _
L L. =50.5dBA
= Aeq
2 100} .
©
>0
A
0 I 1 ro— — Pt | 1 1
45 50 55 60 65 70 75

A-weighted noise level, L (dB)

Figure 6. Histogram of electronics and alarm ndjagHospital A, (b) Hospital B, (c) Hospital C.

(single column, color online)
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3.4. Noise from non-medical activities

The non-medical activity noise includes noise frdoor slamming, item dropping, and footsteps,
some of which are related to highly stressful situes during critical medical activities. This typé
noise is regarded to occur randomly and irreguldmly in Hospital B, about 30% of the incidents was
related to rustling of room separators. Hospitalvds quietest (58.9 dBA), while Hospital B and C

had noise levels 6 and 1 dBA higher than that isgital A, respectively, in terms of sound exposure.

Figure 7. Histogram of non-medical activity noi&e. Hospital A, (b) Hospital B, (c) Hospital C.

(single column, color online)

14
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Table 1. Summary of the equivalent noise levedly) in dBA, number of noise incidents (N), and

total duration of noise incidents in second (T) floe noise sources identified in the hospitals.

15
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level by 9 dB is equivalent to an increases ofrthmber of events by a factor of 7.9. Therefore, the
noise level increase of 9 dB cannot be explainéelysby the number of the visitors during the noise
measurement, which supports our hypothesis that vemtines and the architectural layout in the ED
affect the sound environment. It is also evidenFig. 8 that the background noise level during the

measurement was quite different in the hospitalassme=d.

75 T T T T T T T T T T T T
——— Hosyitel A(Lpg75420BA)

70 — oyt B(Lpg7R4EA) -
.......... Hespitel C(Lpg7506 cBA)

Lpcq tn (@BA)

40 - ) i
1 1 1 1 DL | 1 | 1 | 1 |
1800 24.00 0600 1200 1800 2400 06.00 1200 1800 2400 06.00 1200
Time (hh.mm)

Figure 8. Measured noise levels over 66 hoursreethospitals. (single column, color online)

In Fig. 9, the occurrence rate, QR which is defined as the fraction of time thdegel exceed
decibels [16], is shown using the A-weighted eqgl@rinoise level and C-weighted peak level. From
Fig. 9(a) using the A-weighted equivalent level, @oalld estimate the background noise level based
on the concept ofg, the percentile noise level exceeded for 90% eftiime of the measurement
duration [24]. In the hospital context, this baakgnd noise level is likely to represent the noeseesl
with no or quiet medical treatment and staff's camimation. In Fig. 9(a)Lg was found in each
hospital by drawing a horizontal line from the ORlue of 90%, ending up with quite different
background levels of 49.0, 53.5, and 44.5 dBA irspital A, B, and C, respectively. It is already

clear that even the background noise alone canifdtthe stringent WHO guideline of 35 dBA [8].
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OR(N) using the peak levels, OR).ea has been used in several recent studies, conglutiat
OR(90)cakWas strongly related to subjective perception effgtl9] and OR(75).. to the patient
satisfaction [20]. Shibi et. al. also concludedt tttee OR(100).« was strongly correlated with the
staff perception of noise-related health effecischsas distraction, stress, fatigue, and tension
headaches [21]. In this study, we could not coltedijective evaluations from staff and patientsl an
instead used OR{yeaxin Fig. 9(b) to evaluate the staff and patienergeption of the hospital noise.
From Fig. 9(b), OR(75)aValues were 14%, 42%, and 7% in Hospital A, B, &despectively.
Therefore, it is likely that the patient satisfaativaried significantly based on the conclusiomRéf.
[20]. However, OR(9Q)aVvalues are similarly small as 0.49 %, 0.64 %, 0.6P8spectively, and
therefore the staff could not experience huge wiffees. Again, OR(10Q)«Vvalues are all below
0.001%, so it is unlikely to impact the staff's pdiive perception. All in all, Hospital B seemed t
have the most demanding noise condition, partitgufar patients.

Using the noise levels from the individual noiserses from Sec. 3, a correlation analysis [25] was
made in Table 2. There are strong correlations &etwthe total noise levdl,,, and the two noise
sources, namely, staff communication and electramic alarm noise L{s . and Lg). The
transportation without patients has the weakestetation with the 3-day-long noise levels in the
three hospitals, indicating that it is unlikelylde seen as a major noise source, either havingdise

levels or relatively low frequency of occurrence.
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color online)

Table 2. Pearson correlation coefficients am&gy, Lecstan Le stafr-patient Ltpatieni Ltnon-patient Ler Lact
indicating the strength of the linear dependencévdéen the pairs of variables. Correlation
coefficients larger than 0.9 are indicated in bold.
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5. Discussions and suggestionsto reduce noise level

Hospital A: Patients’ consultations in the triage hallway déhd communication style between the
staff led to a high noise level. Consultations wpreferably moved to closed rooms for reducing
noise as well as privacy purposes. Noise of alagepimg and noise from the administrative office
area were identified as problematic and partly gessary. Another subjectively found prominent
noise source was the footwear of the staff memidéasy wore flip-flops or clogs without heel straps
causing slapping noise for every step. The doorthefwardrooms slammed occasionally, so soft
close dampers would be recommendable.

Hospital B: There was a continuous noise from respirators thes majority of the observation time
and noise measurement, which significantly elevéatesl background noise in the ward. Phone
conversations were often overly loud. Additionatlye chairs for visitors placed at the bottom affea
bed could be moved to the head end of the bede@slgoraised their voice due to the long distance
from the chair to the patient. The footstep noises &lso loud here. It should be noted that the new
triage was introduced one day before the noise umea®nts and observation were conducted. As a
result, the staff was not accustomed to the nevir@mwent, which might have influenced the noise
level negatively, as they were still in an adaptafrocess.

Hospital C: The centrally-located reception could have beemad to a closed room to minimize the
noise spread and to protect the patients’ privatye waiting room could also be secluded from the
rest of the ward. Electronic devices such as @rintould have been moved to another closed or

secluded location.

In general, we could suggest that ER needs beldsddoom TRI, or remotely situated and isolated as
much as possible to minimize noise spread betw&eartel TRI. Small and separate patient rooms are
preferred to avoid loud communication across roontsallways in terms of noise, but there are other
reasons. A previous noise study in a Korean hdspitghlighted that when the TRI was well
separated from small ERs containing up to six kafter the outbreak of Middle East respiratory
syndrome (MERS), a huge reduction of noise dubéahange of the layout was reported by medical

staff [7]. Therefore, such separated layouts apegr to be beneficial not only in terms of noisat, b
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also in terms of spread of contagious diseasesddition to the separation of rooms, the doorsbean
either sliding or softly closing to reduce the moigutomatically closing doors can block the noise
transmission from one room to another effectively.

Separate entrances for specific purposes could aslthe noise emanating from the patients’ arrival
by ambulance is quite loud. Having more equipmeatlable near the patients could be beneficial to
avoid moving it back and forth through the wardedionic devices like printers should be re-located
in separate rooms preferably with closed doors.

Admittedly, this study has some weaknesses. On&nesa of this study is a small sample size only
including three hospitals in Denmark. More datal wértainly lead to clearer conclusions on the
major noise sources and their contributions totttal noise levels in hospitals. Second, only one
sound level meter was used to capture the nois# #ound the TRI area, and more measurement
points are needed to fully capture the sound fiekthe emergency department. The observation study
was conducted only for about 3.5 hours, which migbit be sufficiently long time to capture the
general work pattern in the hospital. Again, thenophone height was inconsistent, but it was hard t
compromise the security of the device. The acousharacteristics of the EDs have not been
considered, which could influence the sound levwgisto 3-4 dB depending on the acoustical
treatments [26]. In hospitals, many walls and ftoare acoustically hard to guarantee that apprepria
cleaning and disinfection procedures can be applibdrefore, there might be no big influence of the
room acoustic treatments on the measured noisethBuEDs are different in size and degree of
acoustic coupling to connected rooms. Finally, nbjective data were collected, such as staff
satisfaction, stress, distraction, and fatigues tibvious that more meaningful conclusions cdagd
drawn with correlating the subjective and objectineasures, for example, which noise sources and

activities affected the staff work significantly.
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6. Conclusion

This study investigates the main noise sourcesaaolditectural layouts in three Danish hospitals’
emergency departments and reports the noise dedauneel. The noise levels were measured for
about three days, which are found be correlateld thi# noise exposure to communication noise and
electronic / alarm noise in the hospital. Loud camioation, un-optimized and unnecessarily loud
patient transportation, unnecessary electroniccgsvand alarm noise were identified as the noise
sources to be controlled. The largest differenceranthe A-weighted equivalent noise levels over 66
hours measured in three EDs was 9 dBA, which cabeaxplained solely by the increased number
of patients. To improve the noise condition in émergency department, it is recommended to avoid
a large open space not only for noise but alsgfeventing the spread of infectious disease, and no
to use a hallway of about 10-15 meters long as @ wahich makes the medical staff tempted to
communicate with raised voice in the hallway. Certaoise sources, such as unnecessary alarms /

electronic devices and too loud footstep door slalgmoise, must be minimized.
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Highlights

* Measurement of three Danish emergency departments over 66 hours

e ldentification of noisy activities and presentation of their noise levels and
durations

e Correlation between sound exposure to individual noise sources and long-
term noise measurement

e Suggestion of useful design and operation guidelines to reduce the noise level
in emergency departments in hospitals
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