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Abstract

Objectives, Purpose, or Aim: The study aimed to decrease noise levels in the ICU, anticipated to
have adverse effects on both patients and staff, by implementing enhancements in acoustic design.
Background: Recognizing ICU noise as a significant disruptor of sleep and a potential hindrance to
patient recovery, this study was conducted at a 40-bed ICU in Fiona Stanley Hospital in Perth, Aus-
tralia. Methods: A comprehensive mixed-methods approach was employed, encompassing surveys, site
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analysis, and acoustic measurements. Survey data highlighted the importance of patient sleep quality,
emphasizing the negative impact of noise on work performance, patient connection, and job satisfaction.
Room acoustics analysis revealed noise levels ranging from 60 to 90 dB(A) in the presence of patients,
surpassing sleep disruption criteria. Results: Utilizing an iterative 3D design modeling process, the
study simulated significant acoustic treatment upgrades. The design integrated effective acoustic
treatments within patient rooms, aiming to reduce noise levels and minimize transmission to adjacent
areas. Rigorous evaluation using industry-standard acoustic software highlights the design’s efficacy in
reducing noise transmission in particular. Additionally, cost implications were examined, comparing
standard ICU construction with acoustically treated options for new construction and refurbishment
projects. Conclusions: This study provides valuable insights into design-based solutions for addressing
noise-related challenges in the ICU. While the focus is on improving the acoustic environment by reducing
noise levels and minimizing transmission to adjacent areas. It is important to clarify that direct mea-
surements of patient outcomes were not conducted. The potential impact of these solutions on health

outcomes, particularly sleep quality, remains a crucial aspect for consideration.
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Introduction and Background

Existing literature suggests that Intensive Care Unit
(ICU) design and inadequate acoustic control con-
tribute to sleep deprivation, which has negative
impacts on health outcomes. Up to 50% of ICU
patients experience sleep disturbance, with noise
being a primary factor (Beltrami et al., 2015). Sleep
is a crucial biological function, with humans typi-
cally needing 7-9 hr of sleep per night. It involves
two main sleep phases, non-rapid eye movement
(REM) sleep and REM sleep, occurring in 90-min
cycles (Daou et al., 2020). Sleep deprivation and
persistent sleep loss have significant consequences
for cognitive, physical, metabolic, and immunolo-
gical functions (Nilius et al., 2021).

Critical illnesses requiring ICU admission
disrupt normal sleep architecture and circadian
rhythm. ICU patients often experience atypical
sleep architecture characterized by longer sleep
latency, frequent arousals, increased wakeful-
ness, and reduced slow wave and REM sleep.
Sleep quality in ICU patients is generally poor,
predominantly consisting of light sleep stages
susceptible to noise disturbance. As a result, ICU
patients sleep during both day and night, with
around 50% of their sleep occurring during the
day (Broussard et al., 2012; Tembo, Parker, &
Higgins, 2013). A study by Cooper et al. (2000)

using polysomnography on mechanically venti-
lated ICU patients revealed abnormal sleep pat-
terns in all patients (Elliott et al., 2013).

ICU sleep disruption can lead to short-term
and long-term adverse effects. Observational
studies have shown an association between ICU
sleep deprivation and the development of delir-
ium (Johansson et al., 2018), with delirium inci-
dence in the ICU reported as high as 87%, leading
to increased cost, longer stays, and higher mor-
tality rates (Busch-Vishniac & Ryherd, 2023;
Reade & Finfer, 2014; Weinhouse et al., 2009).
Sleep disturbance in the ICU can persist in survi-
vors of critical illness and is independently asso-
ciated with poor psychological recovery after
ICU admission (Helton et al., 1980; Little et al.,
2012; Orr & Stahl, 1977). Persistent sleep distur-
bance following critical illness is also linked to
long-term reduced health-related quality of life
(McKinley et al., 2012; Orwelius et al., 2008).

Patients in ICUs consistently report that
environmental factors, including noise, signifi-
cantly contribute to sleep disruption (Delaney
et al., 2017). Noise levels within the ICU typically
range between 50 and 65 dB(A), with peak levels
reaching 70-85 dB(A) (Delaney et al., 2017; Elliott
etal., 2013), and show limited variation throughout
the day. Tailored interventions targeting behavior
and the clinical environment have been suggested
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to reduce the primary sources of noise. Prolonged
exposure to ICU noise levels can lead to undesir-
able physiological effects, such as increased corti-
sol levels, heightened catabolism, and oxygen
consumption (Trivedi et al., 2017: Moriyama et
al., 1999). Recommendations have been made to
modify the physical environment, such as interven-
tions using alarm management guidelines that rec-
ommended “personalizing” alarm parameters and a
training package that delivered an online module
and an experiential simulation session, giving staff
members a “patient experience” of the ICU
(Darbyshire et al., 2019, 1022-1023), and sound-
absorbing materials on walls and ceiling tiles
(Litton Personal Communication, 2023), with ear-
plug studies demonstrating a reduction in perceived
noise by approximately 10 dB (Litton et al., 2017).
Considering the challenges in the effectiveness of
pharmacological interventions for managing noise-
related sleep disturbances, a design-oriented
approach becomes even more crucial (Wibrow
et al., 2022), particularly when addressing sleep
disturbance prevention, which may include various
pharmacological options for managing delirium.

Design solutions are recognized as one
component of a broader multifaceted intervention
to improve sleep, aligning with ICU guidelines
(Johansson et al., 2018; Litton et al., 2021).
Research indicates that sleep deprivation in ICUs
and other hospital wards is primarily caused by
short, sharp, intermittent noise events, including
medical alarms, staff communication, and voca-
lization from other patients rather than constant
noise sources like air-conditioning and ventila-
tion systems. Additionally, while not specific to
health environments, other studies emphasize the
importance of understanding sleep disturbance
criteria and controlling noise’s impact on sleep.
Research on the impact of traffic noise on sleep
disturbance suggests that noise levels below
Lmax 50-55 dB(A) are unlikely to awaken indi-
viduals from sleep. Additionally, one or two noise
events per night at a level of Lmax 65-70 dB(A)
are not expected to significantly affect health and
well-being (New South Wales Government
Roads and Maritime Services, 2015). However,
it is important to consider contextual differences
and the vulnerability of those affected.’

This ICU research partnership further extends
the work of Johansson et al. (2018), specifically
relating to critical areas of (1) conducting cost
analysis, (2) fostering active collaboration with
hospital and medical personnel throughout the
project’s lifecycle, and (3) engaging a broader
team of researchers in data collection to ensure
rigorous protocol adherence while alleviating the
additional workload on medical and nursing staff.
Accordingly, progressing the scholarly pursuit of
enhancing the healthcare environment’s acoustic
quality, this study involves a multidisciplinary
collaboration between intensive care specialists,
healthcare professionals, architects, acoustic
consultants, and quantity surveyors as a commu-
nity-of-practice.

This study seeks to comprehensively investi-
gate the impact of noise in ICU environments on
patient sleep quality and clinician performance.
To achieve this, the research methodology com-
bines site visits, field studies, and 3D acoustic
modeling to assess and mitigate excessive noise
levels in ICUs. By providing a detailed analysis
of noise and its effects on patients and clinicians,
the study aims to offer practical recommenda-
tions for design- and specification-based
approaches to noise mitigation. Furthermore, the
study explores the economic implications of
implementing noise reduction measures, includ-
ing the development of an Opinion of Probable
Cost (OPC). Ultimately, the research endeavors
to support clinicians in providing care through
design by contributing to the collective body of
knowledge in ICU patient sleep-related research.
In doing so, the research aims to influence the
adaptation of existing and future ICU designs,
aligning with healthcare design guidelines.

Method

This Fiona Stanley Hospital Quality Improvement
Activity (Approval No. 46840) utilized a mixed-
methods design, including surveys, case study
analysis, fieldwork observations, and environ-
mental data collection. The design-led approach
seeks to mitigate ICU noise as follows: Firstly,
site visits were conducted to analyze the baseline
level, frequency, characteristics, and sources of
noise in the ICU, considering factors such as



Health Environments Research & Design Journal XX(X)

finishes, fixtures, equipment, and spatial layout.
Acoustic calculations were conducted using the
EASE 4.4 software with the Aura module. These
baseline levels were compared against estab-
lished guidelines, including the World Health
Organization (WHO) Guidelines for Community
Noise (1999) which recommend Leq 30 dB(A)
and Lmax(F) 40 dB(A) at night, and AS/NZS
2017:2016 Acoustics—Recommended design
sound levels and reverberation times (RTs) for
building interiors of Leq 40—45 dB(A) for
steady-state and quasi-steady-state noise sources
like air-conditioning and traffic noise intrusion.>
Secondly, a field study involved placing acoustic
data loggers in a single-occupancy ICU room
at Fiona Stanley Hospital over several weeks in
2022.

Subsequently, comprehensive 3D acoustic
modeling and specifications were developed to
mitigate excessive noise while adhering to the
Australasian Health Facility Guidelines for
single-occupancy ICU rooms. The 3D model
included the adjoining suite, considering that the
sliding door between them is often open. These
guidelines, which integrate ongoing research and
clinical input, served as valuable intellectual
property for the project. Thirdly, surveys at Fiona
Stanley Hospital sought to understand the impact
of noise on clinician performance, providing
valuable clinical insights for the development of
a new acoustic design model for a single-
occupancy ICU room and advancing our under-
standing by building upon previous findings
(Schmidt et al., 2020). Lastly, the 3D model was
quantified, and their possible impacts were under-
stood. Three models and accompanying specifi-
cations were developed and assessed using
acoustic simulation software to simulate the pro-
jected acoustic performance and make further
recommendations for improvements and optimal
spatial setup considering cost-effectiveness.

The case study (Room 109) is a single-
occupancy ICU room at Fiona Stanley Hospital
with a floor area of 25 m? and operates 24 hr a day
and is intended for one patient requiring intensive
medical treatment, one visitor, and six to eight
staff members. Site visits were conducted (1) to
assess finishes, fixtures, equipment, and spatial
layout against the Australasian Health Facility

Guidelines (Australasian Health Infrastructure
Alliance, 2019) and (2) to examine the sound
characteristics of bedside machines establishing
a baseline audio profile and to commence sound
logging® from 10 a.m. Tuesday, August 16 to
7:00 a.m. Tuesday, August 23, 2022. Wall sur-
faces totaling 61.8 m?, consisting of plasterboard
and glazing, are typical of a one-bedroom ICU
room (Figures 1 and 2; Australasian Health Infra-
structure Alliance, 2019).* The ceiling is an Arm-
strong Bioguard, Noise Reduction Coefficient
(NRC): 0.7, mineral fiber suspended tile with a
plenum depth of approximately 1.0 m, deviating
from the typical acoustically reflective flush plas-
terboard ceilings found in most ICU wards in
Western Australia. The room’s floor surface is
seamless vinyl with coved vinyl skirting.>® A
calibrated Class 1 sound-level meter, the Cirrus
Optimus CR199B (Serial number G061705), was
used for noise monitoring. It complies with
National Association of Testing Authorities
(NATA) standards and government requirements
for acoustic calibration and stores noise level data
in the A-weighted scale (dB[A]). The equipment
was calibrated before and after the monitoring
process.

The placement of the noise monitor and data
logger was determined in consultation with the
Nurse Manager to ensure it did not disrupt normal
operations (Figure 3). Adjacent to the noise mon-
itor was a glazed sliding door onto the adjoining
single-occupancy ICU room. The sliding door is
commonly left open, given that clinical staff are
tasked with observing the two adjoining rooms.

The data logger captured readings at 1-min
intervals throughout the monitoring period. Post-
processing was performed using proprietary soft-
ware to obtain noise level data, time profiles, and
statistical noise levels. The data were graphed at
15-min intervals in conjunction with the LAmax
noise level, representing the highest recorded
noise level (peak) within each interval. This anal-
ysis aimed to identify any consistent sound sig-
natures related to equipment, alarms, or loud
conversations within the room. LAeq and LA90
noise levels were analyzed in 15-min intervals to
assess average and background noise levels in the
room. As a separate exercise, equipment alarms
were measured in an unoccupied ICU room using
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Figure 2. Typical layout of a one-bedroom—intensive Care room (Australasian Health Infrastructure Alliance,

2019).

a handheld sound-level meter to assess their The noise levels were measured using a NATA
impact on maximum in-room noise levels. This calibrated Bruel and Kjaer 2270 Hand-held ana-
exploration aimed to identify potential noise lyzer (Serial No. 2644641), a Class 1 sound-level

reduction strategies by adjusting alarm volumes.

meter capturing data at 1 m from the tested
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equipment. Detailed noise level data, including
Leq and one-third octave frequency data, can be
found in Online Appendix B with dominant fre-
quencies highlighted. Table 1 highlights that the
Hamilton S1 Ventilator alarm, Cisco Telephone,
and Phillips MX-800 Patient Monitor alarm pro-
duce the loudest alarms/tones. In their study, Dar-
byshire et al. (2019) suggested that alarms on
physiological monitors that default to standard
volume settings on power-up could be adjusted
by the nursing staff; however, in practice, this
rarely occurred, and although it was possible to

Data Logging Equipment Station Point in Room 109

ROOM 109

+—+0.4m

—1.73m—

. Data Logger Station Point

Figure 3. Positioning of noise data logging equipment
between 10 a.m. Tuesday August |6 and 7:00 a.m.
Tuesday August 23, 2022.

adjust the volume settings for ventilator and infu-
sion pump alarms, and in their experience, these
were not adjusted routinely. Thus, on-site trials
would be necessary to ensure that if the alarm
volumes were to be reduced that they remain suf-
ficiently audible.

RT assessment was conducted in an identical
room (Room 114) to maintain consistency. It is
impractical to measure RT in occupied patient
rooms due to the potential interference from mon-
itoring equipment, patients, and staff noise. The
accuracy of the base model, representing the exist-
ing ICU suites, was verified by comparing the cal-
culated RT from the model with the on-site
measurements taken during the project’s Practical
Completion stage in December 2013. The calcu-
lated RT in the base model showed a strong corre-
lation with the measured RT as depicted in Figure 4.

Iterative Design

A design workshop involving ICU physicians
was conducted to ensure that acoustic recom-
mendations aligned with clinical requirements
prior to the design process. A precise 3D digital
model of the case study was recreated with
REVIT software, supporting cross-disciplinary
collaboration among different professionals.
The digital model was employed to examine
design iterations, including acoustic sound mod-
eling that simulates various acoustical para-
meters of the space. This process encompasses
deterministic image modeling, noise mapping,
hybrid stochastic ray tracing, and cost estimation
(Tiong et al., 2019).

Table I. Medical Equipment and Noise Generating Device Testing in Unoccupied ICU Room.

Leq Noise Dominant One-Third
Equipment Volume Setting Levels (5 s) Octave Frequency
Phillips MX-800 Patient Maximum volume (Setting 10) 70.2 dB(A) 2.5 kHz and 500 Hz
Monitor 865240 Medium volume (Setting 5) 55.6 dB(A)
Low volume (Setting 2) 48.8 dB(A)
Hamilton S| Ventilator Maximum volume (Setting 10) 73.5 dB(A) 800 Hz
Medium volume (Setting 5) 55.2 dB(A)
Carefusion Alaris Infusion Maximum volume (volume 67.7 dB(A) 2 kHz
Pump 8015 not adjustable)
Cisco Telephone CP-7841 Maximum ring volume 76.1 dB(A) 2 kHz
Medium ring volume 66.4 dB(A)
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Figure 4. Comparison between the modeled and measured reverberation time data.

Survey Design for Fiona Stanley Hospital ICU
Staff

The field study, which was a questionnaire
survey, examined health professionals’ percep-
tions of noise impact on patient sleep and staff
duties in the ICU. These perceptions focused on
staff performance, well-being, and noise sources
such as alarms and patient procedures. The study
collaboratively developed this questionnaire with
clinical and research experts in critical care,
sleep, and healthcare design consultants.

The initial questions were informed by a
literature review, and then the content of the ques-
tionnaire survey was first reviewed by an ICU
nurse researcher and educator specializing in inves-
tigating sleep monitoring techniques and sleep dis-
turbance among ICU patients. After addressing
their feedback, the modified questionnaire content
was reviewed by an Intensive care specialist, clin-
ical professor/research fellow. Then, the question-
naire was reviewed by a clinical nurse Intensive
Care Specialist, Clinical Professor/Research Fel-
low Clinical Nurse Specialist Research (ICU) for
wording, layout and clarity, and adequacy
of information. Upon revision, a statistician
evaluated the questionnaire from a statistical

perspective and provided feedback. After addres-
sing the feedback, the final draft was sent to all
pilot survey participants for confirmation. The pilot
survey respondents did not participate in the actual
online survey. The approved questionnaire is pro-
vided in Online Appendix E. Questions 1-5
focused on participant’s demographic data while
the remaining 17 questions were the measures of
noise impact on staff and patient’s well-being.

Participants in the deidentified online survey
were provided written informed consent, ensuring
disclosure of the study’s purpose, potential risks,
and benefits. The survey link provided empha-
sized the voluntary nature of participation and
assured confidentiality. By completing the sur-
vey, participants acknowledged their understand-
ing of the information statement and voluntarily
consented to take part in the project. The survey
used Microsoft Forms ensuring anonymity and
collected both qualitative and quantitative data
through multiple-choice questions and freeform
answers. Participants used a 1-7 Likert-type scale
to rank their responses (1 = strongly disagree,
2 = disagree, 3 = somewhat disagree, 4 = nei-
ther agree nor disagree, 5 = somewhat agree,
6 = agree, and 7 = strongly agree), and they had
the opportunity to provide comments.
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Table 2. ICU Acoustic Performance (ICUAP) IDs and Factors Descriptions Deriving From Survey Questionnaire

Question_ ID Factor Description

ICUAP_OI The way in which the ICU is designed helps me to perform my duties.

ICUAP_02 The ICU allows me to communicate efficiently with other staff in the ICU.

ICUAP_03 | am able to communicate safely and effectively without disrupting patient sleep.
ICUAP_04 Noise levels in the ICU negatively impact on clinical care.

ICUAP_05 Noise levels in the ICU negatively impact staff well-being.

ICUAP_06 Impact of noise in the ICU is different to other areas such as trauma and emergency.
ICUAP_07 Alarms are a significant source of noise in the ICU.

ICUAP_08 Talking between clinicians is a significant source of noise in the ICU.

ICUAP_09 Patient procedures are a significant source of noise in the ICU.

ICUAP_I0 Managing ventilation and life-support equipment is a significant source of noise in the ICU.
ICUAP_I'| Visitors such as family members and/or ancillary staff are a significant source of noise in the ICU.
ICUAP_I2 | believe a “quieter” space provides clinicians with an increased ability to think.

ICUAP_I3 | believe the quality of my work is negatively impacted by a noisy environment.
ICUAP_14 | believe noise could contribute to medical errors.

ICUAP_I5 | believe noise decreases my sense of connection with patients.

ICUAP_I16 | believe noise decreases staff sense of satisfaction.

ICUAP_17 | believe noise negatively impacts on patient sleep quality in the ICU.

The survey was emailed to ICU staff through
the research office aligned with the ICU. The sur-
vey remained open for responses from 29/9/2022
to 9/11/2022. Approximately 200 eligible primary
staff members (100 nurses, 50 doctors, and 50
allied health professionals and administrative
staff) were targeted for participation. The inclusion
criteria required a minimum employment duration
of 3 months in the ICU. Exclusions encompassed
individuals with limited English-language profi-
ciency and non-ICU employees, such as visiting
staff and clinical rotation students.

Data analysis was conducted using IBM SPSS
Version 28 (IBM Corp, 2021). The demographic
variables were analyzed using frequencies. As
illustrated in Table 2, participant’s perceptions
of ICU Acoustic Performance (ICUAP) were
coded before analysis. Mean or median was used
to evaluate sample statistics before the use of
inferential statistics to test the following hypoth-
eses (Hypothesis 1 [H1] and Hypothesis 2 [H2]):
H2 was tested against the amount of experience
as a result of the opinions provided by the pilot
survey participants.

H1: The participants “strongly disagree/dis-
agree/somewhat disagree/neither agree nor
disagree/ somewhat agree/agree/strongly
agree” toward ICUAP# (1-17).

H2: ICUAP# (1-17) is influenced by partici-
pants’ amount of ICU experience.

Findings
Survey Analysis

Out of a potential sample size of 200, a total of 74
responses were received, resulting in a response
rate of 37%. Among the participants, registrars
represented the highest designation category,
accounting for 24% (N = 18), followed by con-
sultants at 23% (N = 17; Table 3). Only 73 parti-
cipants rated their experience and their ICU
experience varied, with approximately 18%
(N = 13) having more than 20 years of experi-
ence, 23% (N = 17) with 10-19 years, 37%
(N = 27) with less than 5 years, and the remaining
22% (N = 16) falling into the 6-9 years category.
Females comprised 56.8% of the participants
(N = 42), and males accounted for 40.5%
(N = 30). The two remaining participants
(2.7%) did not disclose their gender.

Data suitability. Under data suitability, missing
data entities and outliers were examined. Seven
ICUAP variables had no missing data entities,
while nine variables had one missing value. Only
one variable had two missing entities. Consider-
ing this, the effect of missing data was negligible.
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Table 3. Questionnaire Survey Participants’ Demographics

Description Frequency Percentage Cumulative Percentage

Designation/role
Consultant 17 23 23
Allied health professional 13 17.6 40.5
Registrar 18 243 64.9
Registered nurse 13 17.6 824
Clinical nurse 9 12.2 94.6
Resident medical officer 2 27 97.3
Clinical nurse specialist/nurse unit manager 2 2.7 100
Total 74 100

Years of ICU experience
<5 27 37 37
69 16 21.9 58.9
10-19 17 233 82.2
20+ 13 17.8 100
Total 73 100

Gender
Male 30 40.5 40.5
Female 42 56.8 97.3
Nonbinary 0 0 97.3
Prefer not to say 2 2.7 100.0
Total 74 100

The boxplots and histograms did not indicate
outliers. The ICUAP data distributions were not
precisely normal according to the Shapiro—Wilk
test (p < .05), but the kurtosis and skewness
values were less than |1| for ICUAPs, except for
ICUAPs 09 and 10. Agreeing with these numer-
ical tests, the Q-Q plots showed no significant
deviations from straight lines for these 15 vari-
ables, indicating approximate normality. Thus,
they were tested using parametric tests while
nonparametric alternatives were used for [CUAPs
09 and 10 (Kwak & Kim, 2017; Matulova &
Rejentova, 2021; Razali & Wah, 2011).

Participant’s perception of ICUAPs: Testing H 1.
Table 4 illustrates the descriptive statistics of
ICUAPs and the outcomes of the one-sample ¢
test/Wilcoxon—signed rank test results for HI.
Based on the sample data, the population central
tendencies were hypothesized as shown in the
table. As the given p values are greater than .05,
there was no statistically significant difference
between the population mean/median and
hypothesized values.

ICUAPs 01-04 examined the effects of noise
in Fiona Stanley Hospital’s ICU. Participants
somewhat agreed (L = 5) that noise in the ICU
differs from other hospital areas (ICUAP 01). The
greatest concern was the negative impact on
patient sleep quality (ICUAP 04), rated at p =
6.5. The negative impact on staff well-being
(ICUAP 03) was of least concern (1 = 4). The
impact of noise on overall clinical care (ICUAP
02) was rated at u = 5.5.

ICUAPs 05-10 assessed staff perceptions of
noise sources. Alarms (ICUAP 09) were consid-
ered the most significant noise source (median =
6), followed by clinicians’ conversations (ICUAP
10), with a median rating of “somewhat agree”
(median = 5). Ventilation and life-support equip-
ment (ICUAP 06), visitors (ICUAP 07), and
staff’s ability to communicate without disrupting
patient sleep (ICUAP 08) were rated at p = 4.5.
Participants neither agreed nor disagreed (n =
4.0) that patient procedures (ICUAP 05) were a
significant source of noise. ICUAPs 11-17
explored staff perceptions of current working
conditions and potential areas for improvement.
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ICU design was seen to facilitate duties (ICUAP
11) and efficient communication among staff
(ICUAP 12). The quality of work was somewhat
negatively impacted by ICU noise (ICUAP 14),
and noise could contribute to medical errors
(ICUAP 15). A quieter ICU was desired for
improved thinking ability (ICUAP 13), connec-
tion with patients (ICUAP 16), and job satisfac-
tion (ICUAP 17), all rated between “somewhat
agree” and “agree” (L = 5.5-6.0).

Analysis of variance—Testing H2. As mentioned
earlier, H2 tested the effect of ICU experience
toward participant’s perceptions of ICUAPs.
Table 4 indicates only statistically significant
outcomes based on one-way analysis of variance.
ICU experience influenced ICUAP 03 (F =
3.209, df = .03, p = .028), and this implies that
ICUAP 03 ratings were different at least between
two groups. While using the 20+ category as the
control group, a Dunnett ¢ test was conducted to
compare all other groups against it. The test out-
come showed that only people with less than
5 years of ICU experience considered ICUAP 03
less significant than the 20+ category (p = .046).

Existing Noise Levels

The study revealed that average noise levels
(Leq) during the entire monitoring period inclu-
sive of times when there were no patients present
were 53.6 dB(A) (standard deviation of 3.0) dur-
ing the day and 48.5 dB(A) (standard deviation of
5.0) at night. The average noise levels taken only
when the room was occupied by patients during
the day (Leq (Day)) and night (Leq (Night))
was Leq 55.8 dB(A) during the day (7 a.m. to
10 p.m.), and Leq 50.4 dB(A) at night (10 p.m.
to 7 am.).

These findings indicate that the noise levels
exceed the criteria established by AS/NZS
2016:2017 and the WHO Guidelines, although
the daytime Leq levels are slightly lower com-
pared to other Australian ICUs (Elliott et al.,
2010). The maximum noise levels (Lmax) in the
ICU room are primarily caused by alarms from
medical equipment, discussions among clinical
staff, and patient vocalization. The highest Lmax
(Fast) levels recorded in 15-min intervals ranged

between Lmax 60 and 90 dB(A) when patients
were present (see Online Appendix A), and a
mean noise level Lmax 74 dB(A) was detected
over the monitoring period. The measured
maximum noise levels significantly exceed the
recommended criteria for sleep disruption
(Lmax 50-55 dB(A)).

Acoustic Calculation of Proposed Model
Option “A”

Four scenarios were modeled with equipment
positioning specified: the existing suite with the
Hamilton S1 ventilator alarm, the existing suite
with the Philips MX-800 Patient Monitor alarm,
upgraded Design Option “A” suite with the
Hamilton S1 ventilator alarm, and upgraded
Design Option “A” suite with the Philips MX-
800 Patient Monitor alarm. Note, the AS/NZS
2107:2016 noise criteria were not directly rele-
vant, relating only to steady-state and quasi
steady-state noise sources, while the WHO
Guidelines establish criteria for intermittent noise
sources; an Lmax(F) criteria of 40 dB(A) at night,
however, it is applicable to intermittent noise
sources.

Design Option “A” achieved a modest noise
reduction of slightly over 2 dB at the patient’s
head position, effectively mitigating reflected
noise. It did not address the direct noise transmis-
sion path from equipment to the patient. Notably,
Option “A” resulted in a substantial 14 dB reduc-
tion in noise reverberation and transmission into
the adjoining suite with an open sliding door.
Figure 5 illustrates the noise model.

Discussion
Design Modeling Option “A”

The preferred prototype—“Option ‘A’”—repre-
sents a typical single-occupancy ICU room
designed as an open-plan environment at a micro-
scale. The significance of acoustic design in mini-
mizing noise disturbances and optimizing the
healthcare environment for patient well-being
and recovery has been highlighted in previous
studies (Devlin et al., 2018;Litton et al., 2021;
Litton et al., 2017; Wibrow et al., 2022).



Health Environments Research & Design Journal XX(X)

Design Option ‘A’
Acoustically Upgraded FSH ICU Room
Noise Data Modelling
(Hamilton 51 Ventilator)

Existing Room
Current Noise Data Modelling
{Hamilton S1 Ventilator)

\\,_A(/l‘ B
/

P,
#_..f

I OPTION *A' noise control is implemented:
2.2 dB reduction at the patient's head.
14.1 dB reduction at patient head in adjoining ICU suite,

vy \

Design Option ‘A’
Acoustically Upgraded FSH ICU Room
Noise Data Modelling
(Philips MX-800 Patient Monitor)

\ $ D
‘ “@)ﬁ‘

If the BPTION 'A' noise control is implemented:
2.2 dB reduction at the patient’s head.
13.8 dB reduction at patient head in adjeining ICU suite.

Existing Room
Current Noise Data Modelling
(Philips MX-800 Patient Monitor)

Leg, 5
dB(A}

BT SROES 22 bR

Figure 5. Ray-tracing ICU room modeled including the adjoining suite.

Moreover, the findings from ICUAPs 05-10
underscore the significance of staff perceptions
regarding the multifaceted nature of noise in the
ICU. The identified sources of noise, including
alarms, clinician communication, patient proce-
dures, and equipment management, align with
existing literature and studies, such as Ruettgers
et al. (2022), which emphasize the disruptive
nature of short-lasting vocalizations among
healthcare professionals. The identification of
alarms (ICUAP 09) as the most significant noise
source underscores the importance of addressing
their impact on the overall noise environment in
the ICU. In response to this, “Option A” was
designed to specifically target the effects of such
noise sources. This strategic approach is crucial
for enhancing the acoustic environment within
the ICU and falls within the purview of the archi-
tect to attempt to “design-out” these noise-related
challenges.

By focusing on mitigating the impact of
alarms through design interventions, “Option A”
aligns with the understanding that the architect
plays a pivotal role in shaping the built environ-
ment to optimize functionality and well-being.
The ability to “design-out” the impact of noise
sources, especially those identified as prominent
contributors, reflects a proactive and targeted
effort to create a more conducive and supportive
environment for both staff and patients within the
ICU. Further to this, the design of the ICU, as
highlighted in ICUAPs 12, was perceived to facil-
itate duties and promote efficient communication
among staff. Findings from ICUAP 14 and
ICUAP 15 highlight the negative impact of noise

on clinician—patient connection, and the quality
of work, with noise being considered a potential
contributor to medical errors.

Notably, participants expressed a desire for a
quieter ICU environment to mitigate ICUAPs 13,
16, and 17—all associated with improved think-
ing ability, enhanced connection with patients,
and increased job satisfaction. These findings
resonate with research by Schmidt et al. (2020),
supporting the notion that heightened noise levels
can lead to reduced clinician well-being and
attention, as well as an increase in self-assessed
distraction and performance challenges.

To address these concerns, this study achieved
an optimal combination of high sound absorption
and sound attenuation to effectively control
excessive sound reflections. Given the proximity
to adjoining single-occupancy rooms, effective
sound transmission control was necessary to
ensure privacy, confidentiality, and minimize dis-
turbances. Spaces with high traffic or multipur-
pose usage require sufficient sound absorption
and sound blocking measures to control noise
levels and prevent disruptions to adjacent areas.
Within a clinical setting, comprehensive acoustic
control plays a vital role in minimizing cognitive
degradation (Helton et al., 1980; Little et al.,
2012; Orr & Stahl, 1977), crosstalk, excessive
reverberation, ensure privacy, maintain confiden-
tiality, and minimize disturbances for both staff
and patients. These factors underscore the impor-
tance of implementing comprehensive acoustic
strategies to create a healing environment and
promote patient-centered care. The NRC quanti-
fies the sound absorption of a surface material on
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Table 5. Methods and Substrategies (Potential and Implemented).

Implemented
in Fiona Stanley

Method Substrategy Hospital ICU
I. Reduce noise at source: Alarm  Equipment speaker design and orientation: Speakers No
volumes, loudness of spoken assumed to be unidirectional.
word Note: Frequency and dB design (not part of this study)
2. General attenuation: Spatial Walls: Acoustic panels, assume infection control, impact Yes
modeling and materials resistant, cleanable, durable to achieve claimed 90%
Noise Reduction Coefficient (NRC) or higher
Ceiling profile and material: Suspended grid ceiling with Yes
a concealed edge to achieve claimed 90% NRC or
higher (assumes compliant fire rating)
Antimicrobial acoustic curtains * Hemp disposable/ Yes
washable, fire rated, antibacterial and anti-mildew
chemical and nanometer silver impregnated (in front
of all glazing)
Physical layout: Chamfered wall—wall/wall—ceiling
junctions Yes
3. Attenuation at receiver Patient earplugs No
4. Attenuation barriers between Acoustic barrier between patient and noise source No

transmission paths to patient ear

? Antimicrobial acoustic curtains, due to its fibrous and porous structure, have high NRC values and can be used as a sound-
absorbing material. It is a natural, eco-friendly, and sustainable alternative to traditional sound-absorbing materials like fiberglass
or polyurethane foam. More research is needed to establish Hemp’s capabilities as a sound-absorbing curtain material in
comparison to other more traditional materials available in the market.

a scale from 0.0 to 1.0. An NRC of 1.0 indicates
100% sound absorption, while an NRC of 0.7 (as
found in this study) means 70% of the sound is
absorbed and 30% is reflected.

Surface Finish Considerations

ICU rooms typically have acoustically absorbent
ceiling tiles, but their acoustic performance can
vary based on site-specific specifications, instal-
lation requirements, and plenum depth. Addition-
ally, infection control requirements must be
considered when specifying sound absorption
panels on all surfaces while hygiene standards for
healthcare flooring solutions do little for noise
reduction. A single fusion rubber underlaid resi-
lient floor finish shows significant noise reduc-
tion without compromising hygiene standards
(Huxta et al., n.d.; Paul et al., 2014). While it
effectively reduces noise from rolling carts and
footfalls, it does not improve airborne sound

absorption from equipment alarms or staff
conversations.

This study identified various areas for noise
mitigation and highlight four methods for
reducing noise exposure to ICU patients, including
(1) reducing noise at the source, (2) general
attenuation, (3) attenuation at the receiver location,
and (4) attenuation to the direct and reflected trans-
mission paths. The study particularly focused on
strategies that offer significant noise reduction per-
formance relative to cost. Three technical design
options were developed, each with associated sub-
strategies and a proposed material specification
schedule. These solutions aim to comply with
Health Insurance Portability and Accountability
Act of 1996 (HIPAA), Hospital Consumer Assess-
ment of Healthcare Providers and Systems
(HCAHPS), National Construction Code (NCC),
and International Organization for Standardization
(ISO) requirements while considering maintain-
ability and durability. Table 5 highlights the meth-
ods and substrategies considered in each design
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Table 6. Opinion of Probable Cost for Alternatives Design Implementation Options (Australian Dollars (AUD)).

As Specified Alternative | Alternative 2
(Costed as per (Costed with  (Costed With High-Spec
Full Option “A” High-Spec Acoustic Flooring, and
Specification Acoustic Flooring  Ceiling Chamfering
[Online Appendix CJ) Omitted) Omitted)
Fitout cost difference per room between $66,000 $31,200 $25,200
the study-specified finish and a “Base
Build” nonacoustically treated ICU
room (applied in a New hospital build
scenario)
Fitout cost difference per room between $73,000 $36,800 $30,800

the study-specified finish and a “Base
Build” nonacoustically treated ICU
room (applied in a Retrofit scenario)

option.”® Option A was preferred for several rea-
sons and an OPC with recommendations for eco-
nomic implications, including cost-effectiveness
was developed based on Option A only.
Justification for excluding Options “B” and “C”
include practicality and safety. For instance,
Options B and C contemplated widening and
chamfering the walls, leading to increased material
costs. However, these modifications yielded mini-
mal benefits and posed practical issues, such as the
risk of trip hazards from extended cables and tubes
for patients and clinicians, potentially compromis-
ing their safety. Additionally, flooring specifica-
tions in Options B and C resulted in higher costs
but were unlikely to significantly reduce machine
and vocalization noise.

While a 14 dB reduction in noise transmission
from medical equipment to the adjoining suite (open
sliding door between) is significant, the patient in
the adjoining room will still be exposed to the noise
emissions from the medical equipment within their
own suite. This is where consideration is needed in
relation to direct noise transmission from the med-
ical equipment to the patient as discussed below.
Notwithstanding the above, if the sound absorption
treatment can significantly address the medical
equipment noise from the adjoining ICU suite, this
will still reduce the number of peak noise events that
the patient is exposed to.

A greater noise reduction could be achieved if
the medical equipment were positioned further
away from the patient’s head; however, this is not

feasible in a clinical setting due to operational
requirements. Furthermore, it is not practicable
to install a physical noise barrier between the
medical equipment and the patients head in order
to reduce the direct noise transmission. Adjusting
the volume of these items to a medium setting
could significantly reduce the maximum noise
levels (Lmax) in ICU rooms. If determined to
be safe through further studies, utilizing a
medium volume setting instead of the maximum
on ICU equipment could potentially yield signif-
icant noise reductions of over 15 dB. There may
also be the potential in the future for manufactur-
ers to utilize alarm tones which are more direc-
tional or incorporates beam forming such that the
alarms are less audible at the patient’s bed.

Cost Calculation of Proposed Model’

The cost difference between a standard ICU and
an acoustically treated ICU like Option “A”
depends on various factors, including size,
required treatment extent, materials used, labor
costs, and location. Generally, acoustically
treated ICU rooms are more expensive due to
additional materials and installation processes for
desired acoustic performance. The OPC (Table 6)
is indicative and assumes conventional procure-
ment processes, market forces, and project-
specific factors. It breaks down Alterations and
Renovations, Wall Finishes, and Ceiling Finishes
for Option “A.” Exclusions were noted. As the
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cost-effectiveness of high-spec acoustic flooring
was found to have limited impact on reducing
machine-generated and vocalization noises while
significantly increasing costs. This intervention is
likely to have a minimal effect on airborne
noises but can have a more pronounced effect
on impact noises on the floor surface. These
cost-effectiveness considerations are reflected in
the table, which presents two alternatives: Alter-
native 1, without high-spec acoustic flooring, and
Alternative 2, without high-spec acoustic flooring
and without extra-over ceiling chamfering. These
alternatives aim to showcase the potential cost
savings associated with different acoustic floor-
ing products.

Based on the analysis, constructing a “test
pod” within a new ICU project was determined
to be the most cost-effective approach to achiev-
ing Option “A” compared with retrofitting, which
involves demolition and “make good” costs and
generates waste, incurring further costs.'® The
proposal for a “test pod” is based on a cost-
effectiveness analysis, indicating that it could
be the most financially viable approach when
compared to retrofitting. While the mathemat-
ical analysis favors the “test pod” as a cost-
effective solution, the study recognizes the
need for a balanced approach that combines
cost-effectiveness with practicality. Therefore,
it suggests an initial phase involving a one-off
retrofit to assess the feasibility of noise reduc-
tion strategies. This preliminary step will allow
us to validate the effectiveness of our approach
without committing to the construction of a “test
pod.” The findings from this one-off retrofit will
serve as a crucial litmus test, enabling us to make
informed decisions and tailor future approaches
to meet the specific needs of the ICU environ-
ment. By adopting this measured approach, the
study aims to ensure not only cost-effectiveness
but also the highest quality of care for patients,
while considering the long-term implications of
noise reduction in healthcare settings.

Although this study has provided valuable
insights into the impact of noise in ICU environ-
ments, it is essential to acknowledge certain
limitations. First, the study focused on a specific
type of ICU room, and the findings may not be
universally applicable to all ICU settings.

This must be considered particularly when
the outcomes of H2 is interpreted. During the
iterative questionnaire design, it was expected
by the subject matter experts that the ICU expe-
rience would influence participant’s opinions of
ICUAPs. Nevertheless, only ICUAP 03 had a sta-
tistically significant relationship with the amount
of ICU experience. Future studies with a larger
and more diverse population are recommended to
substantiate this finding.

However, the findings will be significant to
other Australian hospitals due to the compliance
requisite of meeting acoustic performance out-
lined in the NCC. The NCC typically requires
hospitals to meet specific Sound Transmission
Class and Impact Insulation Class ratings for
walls and floors to minimize sound transmission
between spaces. These ratings help ensure patient
privacy and reduce disturbance, as well as room
acoustics to ensure that speech intelligibility is
maintained. This is particularly important in
patient rooms, where effective communication
with medical staff is vital. As the questionnaire
data collection was limited to the ICU employees
working in Fiona Stanley hospital, the sample
size of patients and healthcare professionals
involved in surveys and data collection was lim-
ited, which may affect the generalizability of the
results. Additionally, the study primarily relied
on self-reported data, which could introduce a
level of subjectivity. Finally, while efforts were
made to control for confounding factors, there
may be other variables not accounted for in the
analysis. Recognizing these limitations, we
believe our findings provide a valuable founda-
tion for future research and the development of
noise reduction strategies in ICU environments.

Conclusion

This study adds to the existing knowledge on ICU
noise mitigation, focusing on design aspects. It
found that room layout and equipment—patient
distance limit noise reduction options to peri-
meter sound absorption, direct transmission path-
ways, or volume settings with potential for
significant noise reductions. Further studies are
needed to balance reduced alarm volume with
staff supervision requirements.
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Without an acoustic barrier, significant acous-
tic treatments in ICUs may yield conservative
noise reduction outcomes. Future research should
explore methods to mitigate direct noise trans-
mission between equipment and patients, espe-
cially in the presence of controlled reverberant
noise like Design Option “A.”

Design Option “A” was predicted to substantially
reduce noise transmission into adjoining suites when
the sliding door is open, benefiting clinical care and
resource utilization. The most efficient approach to
implementing a similar ICU design is within a new
project as it excludes additional costs such as demo-
lition, reinstatement, labor, material costs, and waste
associated with retrofitting.

There is potential for medical equipment
designers to modify alarm speakers’ directivity,
directing the sound toward sound-absorbing wall
finishes and reducing noise exposure toward
patients. This study contributes to the discourse
on ICU design for improved patient sleep and
holds promise for future design and clinical stud-
ies in healthcare settings.

Implications for Practice

This research has implications for practice in
several ways.

1. Industry-based research highlight the
importance of multidisciplinary research,
bringing together complementary skills in
healthcare, design, acoustics, statistics, and
quantity surveying to address important
design challenges.

2. Evidence-based research: The approach
provides a informed spatial design model-
ing and specifications for a proposed
single-occupancy ICU room.

3. Material research and design approaches:
The study involves material research and
design approaches that needed to be pro-
jected, quantified, and their possible
impacts understood.

4. Implement effective acoustic treatments
incorporate findings to select appropriate
materials and design strategies, such as
perimeter sound absorption, direct noise
transmission pathways, and volume

control, to significantly reduce noise levels
in ICU rooms, improving patient sleep and
well-being.

5. Plan room layout and equipment placement
carefully consider the proximity of noise-
generating equipment to patient beds, cre-
ating adequate space between patients and
equipment to minimize direct noise trans-
mission and enhance patient comfort.

6. Utilize acoustic barriers incorporate
acoustic barriers, such as soundproof walls
and ceilings, to mitigate sound travel
between noise sources and patient ears,
reducing noise transmission and improving
patient restfulness.

7. Consider glazed partition doors: This
includes glazed partition doors between
ICU rooms, allowing visual supervision
while minimizing noise transmission,
enhancing patient care and staff efficiency.

8. Collaborate with equipment designers: This
explores collaborations with medical equip-
ment designers to develop innovative solu-
tions, such as modifying alarm speakers to
direct sound toward sound-absorbing sur-
faces, reducing noise exposure and improv-
ing the acoustic environment in ICUs.
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Notes

1. The study assesses in-home traffic-related
disturbance and not in an ICU or clinical
environment.

2. The standard does not apply to activity or
equipment noise such as alarms and people
speaking.

3. Data presented in Appendix A as time-profile
charts for each day. Charts patterns highlight
occupancy and vacancy.

4. For a comprehensive list and guidelines, see
https://healthfacilityguidelines.com.au/

5. Floor finish slip rating (R10; Pendulum P3 or
agreed equivalent) could not be verified during
the site visit.

6. Lighting fluorescent/LED with a flush finish to
the ceiling surface; a window bringing in nat-
ural light into the room is glazed, in aluminum
frame with inset blinds; and curtain privacy
screens were not installed in the room.

7. For example, large surface areas such as walls
and ceilings with higher NRC potential was
considered more favorably when compared
with the potential contribution of available floor
finish products (which introduce additional
operational performance challenges) and glaz-
ing (which is typically a poor absorber of sound
unless the surface is treated), and interlayers
and multiple panels creating air gaps between
panes typically act to reduce transmission to
adjacent areas rather than absorb sound in the
space requiring attenuation.

8. The way in which sound waves interact with
glass may provide an insignificant benefit;
however, their cumulative inclusion among
other substrategy considerations were not
completely discounted but were reserved
should further sound attenuation be required
or demonstrated to be achieved. Nano-etched

(nanopores created by the union of magnetic
and plasmonic activities), textured glass, or an
applied absorbent film (to diffract sound
waves) may be possible but not cost-effective.

9. The Western Australian construction market is

considered as extremely volatile (at the time
of the study). Skilled labor shortages have
led to notable cost escalation increases since
the 2021 calendar year, and the escalation
allowances included in this study align with
Australian Institute of Quantity Surveyors
(AIQS) publications estimates.

10. Floor finishes in Option “A” were deemed to
have limited sound absorption properties with
insignificant measurable impact on in-room
noise levels, as such the study assumed no
changes to standard vinyl finishes.

Supplemental Material

The supplemental material for this article is
available online.
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