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Objectives: To determine the effectiveness of a multicomponent intervention bundle on sound levels in the ICU.
Methods: A stepped-wedge cluster randomized clinical trial was conducted in four intensive care units during a
period of 14 months. A multicomponent intervention bundle aimed at reducing sound levels—consisting of
education, equipment interventions, designated quiet times, and feedback—was implemented as a standard of
care.

The main outcome measures were: A-weighted sound levels (LAeq), alarms/day/bed, annoyance ratings
(numeric rating scale 0-10), and the number of observed nurse distractions during medication preparation.
Differences in outcomes between the intervention and control periods were tested. For the primary outcome, the
minimal clinical importance difference of 3 LAeq was used, as this level is audible to humans.

Results: LAeq control vs intervention, LAeq decreased from 53.7 (£5.8) to 52.9 (£+5.9) dBA (p < 0.001) at the
central nursing station. The median [IQR] number of alarms/day/bed decreased from 228 [IQR 176-290] during
control to 194 [IQR 148-249] during intervention (p < 0.001). Nurses’ annoyance rating control vs. intervention
changed from median 3.0 [IQR 2.0-5.0] to median 3.0 [IQR 2.0-4.0] (p < 0.001). Distractions decreased from
73 % during control period to 61 % (p < 0.001) during the intervention.

Conclusions: Use of a multicomponent intervention bundle led to a statistically significant reduction in sound
levels— though not to a clinically relevant degree. Importantly, there were statistically significant improvements
in the number of alarms, as well as in nurses’ annoyance and distractions, compared with the control period.

Noise

communication and concentration thereby endangering patient safety
[6]. Moreover, it is well known that ICU staff becomes desensitized to
alarms due to frequent non-urgent alarms, also known as’alarm fatigue’
[7]. The most disruptive noises originates from conversations and care-

Introduction

Sound levels in intensive care units (ICUs) have been steadily rising
over the last 50 years with recommendations set by the World Health

Organization (average sound pressure levels < 35 dB [dBA]) [1] being
exceeded with sound levels of 70-80 dBA [2-4]. Due to the sophisticated
and complex nature of the ICU workplace with increasingly advanced
medical technology, excessive noise emissions are prevalent. At the
same time there has been a noticeable increase in the recognition of the
adverse effects of these sound levels on ICU healthcare professionals,
such as sensations of annoyance, fatigue and increased stress [4].
Consequently, ICU professionals face the challenge to perform high-risk
procedures amidst elevated sound levels [5], which may hinder

related activities [8]. These are primarily due to the behavior of staff and
visitors, making them potentially modifiable [9,10]. However, given the
multifactorial nature of the causes, achieving a sustainable reduction in
noise requires implementing an intervention bundle based on mini-
mizing the disrupting impact of these noise sources [11]. In a recent pre-
post design study, a noise reduction bundle was piloted, and a noticeable
decrease in the number of alarms and annoyance ratings was observed
[12]. To strengthen the evidence, we conducted a stepped-wedge
interventional study to determine the effect of a multicomponent
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intervention bundle, with sound levels as the primary outcome and
nurses’ annoyance levels and distractions as secondary outcomes.

By conducting a stepped-wedge randomized clinical trial design
across multiple ICU clusters, this study builds on prior observational
work and offers stronger causal inference regarding the impact of
environmental interventions in clinical practice.

Methods
Design

The NOISY study—centered on Noise, Optimization, Intervention,
Strategies, and Yield—was conducted as a stepped-wedge cluster ran-
domized clinical trial across four intensive care units at a university
hospital in the Netherlands, spanning from July 2022 to September
2023. The units were randomized using the List Randomizer tool [13] to
determine the order of the implementation period. Each unit began with
a control period of at least 3-months, followed by a two-month imple-
mentation phase according to the randomized sequence, after which the
intervention period commenced, during which the bundle became the
new standard of care. The bundle was implemented in an additional ICU
unit every two months, ending with 3 months follow-up (Supplemental
1. Fig. 1).

Setting

Two units were general ICUs, one cardiovascular ICU, and one pe-
diatric ICU unit. These four units share a similar architectural design,
each comprising eight exclusively single patient rooms arranged in a U-
shaped configuration surrounding an open Central Nursing Station
(CNS). The CNS has a central monitoring system (Philips IntelliVue In-
formation Center YX, Philips Healthcare; Amsterdam, The Netherlands).
In an open section of the central station, a medication desk is situated
where ICU nurses prepare medications, which unfortunately makes this
process subject to errors, as shown in Supplemental 2, Figure 2. Only a
limited number of medications are routinely prepared and supplied by
the pharmacy. Patient room doors are typically kept slightly open for
observation, except for patients requiring isolation. Nursing staff
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perform handover procedures at three 8-hour shifts. The nurse-to-
patient ratio in the ICU is 1:1 during the day shift and 1:2 during eve-
ning and night shifts.

The intervention; multicomponent intervention bundle

The intervention bundle was developed based on a systematic liter-
ature review [11] and preliminary tested in a pilot study [12] in line
with the Medical Research Council (MRC) framework for developing
and evaluating complex interventions [14]. This framework is particu-
larly relevant given the multifaceted nature of the intervention, which
can be classified as complex due to several characteristics: the number of
components involved; the range of behaviors targeted; expertise and
skills required by those delivering and receiving the intervention; the
number of groups, settings, or levels targeted; or the permitted level of
flexibility of the intervention or its components [15]. The bundle ele-
ments targeted modifiable noise sources in the ICU, including equipment
alarms, designated quiet times from 12 to 2 PM, noise from staff con-
versations at the nursing station—a busy area for handovers and medi-
cation preparation-—telephones and the unit’s doorbell (Fig. 1,
Supplemental Table 1). The inclusion of education and feedback on
sound levels and noise behavior was supported by findings from a sys-
tematic review of the literature [11].

Implementation

A multidisciplinary team—including ICU nurses and physicians,
physiotherapists, engineers, an audiologist, a safety officer, and unit
managers—collaborated to identify barriers and facilitators before and
during implementation, guided by an implementation expert. These
insights informed unit-specific adaptations to bundle elements such as
monitor settings, SpO2 sensor type, and quiet hour scheduling. Results
of our previous pilot study were incorporated into the ICU bundle where
the smart alarm delays also extended to the ABP (Arterial Blood Pres-
sure) alarms [12]. A smart alarm delay in patient monitoring for SpO2 or
ABP alarms temporarily suppresses alerts during minor fluctuations to
reduce unnecessary notifications. Frequent alarms in identified patients
highlight the importance of skilled ICU nurses in adjusting alarm
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Fig. 1. Multicomponent intervention bundle.
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settings. A select group was trained as key nurses to support colleagues
in customizing alarm parameters. They provided hands-on guidance and
helped troubleshoot alarm issues during clinical shifts.

During implementation, categories were introduced gradually
(Supplemental 3), with weekly education and evaluation sessions to
support all components of the intervention bundle. These sessions
addressed alarm management, noise reduction, and workflow adjust-
ments, with regular feedback on sound levels and alarm frequency to
guide implementation and reinforce engagement.

Once implemented, the bundle became standard care, marking the
start of the intervention period, which continued until the study’s end.

Outcome measures and data collection

The primary outcome was the sound levels in the central nursing
station. Secondary outcomes were the number of monitor alarms,
annoyance ratings, and the number of distractions.

For the primary outcome, sound was measured monthly over one
week according to a fixed measurement schedule, using two Class 2 type
NSRT MK3 sound level meters (ABC-Geluid, Netherlands), calibrated by
the manufacturer. Noise levels were recorded continuously at 1-second
intervals using A-weighted, slow-response settings. Devices were placed
1.20-1.50 m high at two ICU locations: the central nursing station’s
medication preparation area and a randomly selected patient room
adjacent to the noisy CNS (Supplemental 2. Fig. 2). Patient rooms were
randomly chosen per measurement on the condition that the room
should be occupied. Although interventions targeted noise reduction in
the CNS, patient room levels were also monitored to assess broader ef-
fects. Data were downloaded weekly and aggregated into 15-minute
epochs. Sound was reported as A-weighted equivalent continuous
levels (LAeq), with L90 and L10 representing levels exceeded during 90
% and 10 % of the time, respectively.

For secondary outcomes, alarms were collected and categorized as
red (life-threatening), yellow (threshold exceeded), and blue (technical
issues, e.g., lead disconnections). The most frequent alarms— trans-
cutaneous oxygen saturation (Sp0O2), arterial blood pressure (ABP), and
heart rate (HR)—were targeted for intervention. Annoyance among
nurses regarding their acoustic work environment was rated at the end
of their shift using a 0-10 numerical scale. The scores were then cate-
gorized into three levels: no or hardly annoyed (0-3), somewhat
annoyed [4-6] and severely annoyed [7-10]. Responses were submitted
anonymously via distributed forms.

Distractions during medication preparation were defined as exter-
nally triggered shifts in attention, such as alarms, telephone calls, or
colleague interactions, as evidenced by observed behavior [16,17]. Two
trained ICU observers used a predefined protocol and a structured data
collection form to assess these events. To ensure reliability, the initial 70
observations were conducted independently and simultaneously by both
observers, yielding a Cohen’s kappa of 0.84. Subsequent observations
were performed individually across randomly selected day and evening
shifts.

Assessing bundle elements compliance

During implementation, compliance with key bundle elements-
dimming lights during quiet time periods, and the handover processes
in or in front of the patient room-was assessed through randomly
selected instances per unit, recorded on a checklist, by the researcher or
assistant researcher. Nurses completed an anonymous self-assessment
questionnaire indicating their adherence to the bundle’s work agree-
ments, using a 3-point Likert scale: always/often, sometimes, rarely/
never.

Statistical analyses

Depending on their distribution, descriptive data are presented as
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mean (SD) or median (25th-75th interquartile range [IQR]) for
continuous and discrete variables and percentage for categorical vari-
ables. Mean (SD) sound levels were calculated by linearizing the deci-
bels, then averaging and converting them back to decibels through log
transformation. The mean LAeq, was used as average across all units.
The primary outcome was defined as a clinical relevant reduction of 3-
decibels, measured at the central nursing station rather than at the pa-
tient level. Therefore a power calculation is not possible.

Differences between control and intervention period were tested
using appropriate statistics depending on the characteristics of the
variables and their distribution. Due to potential confounders related to
patient differences in cluster randomization, adjusted analyses were
performed as well. Adjusted outcomes were regarded as the primary
outcomes. Linear regression was applied to obtain adjusted LAeq values
and to estimate the effect of the bundle, incorporating covariates. For
LAeq and alarms, adjustments were made for unit, bed occupancy, pa-
tient severity (Acute Physiology And Chronic Health Evaluation
[APACHE 1V] for adults, and Pediatric Risk of Mortality [PRISM3] for
children), and nurse carry-over effects. Annoyance levels were adjusted
for unit and nurse experience (years), while distractions were adjusted
for unit alone because of the observation measurement method. All tests
were two-sided, with statistical significance defined as p < 0.05. Ana-
lyses were performed using Python 3.8 and SPSS 29.0.

Ethical approval

The Medical Ethical and Research Committee approved the study
(number 2019-5541) and waived the need for informed consent as it
involved a change in standard care not requiring explicit patient consent
under Dutch law. This study adhered to the Consolidated Standards Of
Reporting Trials (CONSORT 2025)[18].

Results

In total 233 ICU (100 %) nurses participated in the study with a mean
age of 41.8 (£12.3) years, and 175 (74.8 %) were female. (Table 1).
During implementation, 229 (98.1 %) nurses actively participated in the
educational sessions conducted in collaboration with physicians.

The mean bed occupancy (£+SD) for the control and intervention
groups was 5.6 (£1.6) and 5.3 (+1.5), respectively. Among adult pa-
tients, present at the time of the measurements, their mean APACHE

Table 1
Contextual ICU and Nurse Characteristics.
ICU ICU characteristics and Nurses
patients (N = 233)
Rooms, single, n 34 (26 adult, 8 pediatric
rooms)
Beds, n 34
Bed occupancy (mean, SD)
Control/intervention 5.6 (1.6) vs 5.3 (1.5)
ICU Frailty (severeness of illness)
Adults: APACHE* score (mean, SD) 57.1 (6.7)
Pediatric: PRISM3**score (mean, 5.4 (2.6)
SD)
Family visiting hours 24/7
Characteristics of ICU nurses and their experiences
Age in years, mean (SD) 41.8
(12.3)
Female, n (%) 175 (74.8)
ICU nurse
Certificated (registered) n (%) 205 (87.6)
Trainee ICU nurse, n (%) 28 (12.4)
Nurse/patient ratio, n day/evening/ 1:1/1:2/
night 1:2

*APACHE-score: daily average APACHE score of the patients, ** PRISM3-score:
daily average PRISM3 score of the patients.
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score was 57.1 (£6.7), while the mean PRISM III score for pediatric
patients was 5.4 (+2.6) (Table 1).

Post-implementation, compliance with the ’quiet-time’ element
exceeded 80 %, while adherence to 'no handover at the central nursing
station’ varied between 39 % and 91 % (Supplemental Table 2).

Primary outcome

After the bundle implementation, LAeq decreased from 53.7 (£5.8)
to 52.9 (+5.9) dBA (p < 0.001) at the central nursing station and from
50.3 (+£6.8) to 49.9 (+£6.5) dBA (p < 0.001) in the patient room
(Table 2). Unadjusted sound levels are shown in Supplemental Table 3.

Daytime sound levels at the central nursing station were comparable
(55.3 vs. 55.0 dB), but adjusted analysis revealed significance (p <
0.001). Evening and night levels were consistently lower with inter-
vention, showing significant differences in both adjusted and unadjusted
analyses (p < 0.001) (Supplemental Table 4).

Daytime levels in the patient room were similar (52.6 vs. 52.3 dB),
yet adjusted results were significant (p < 0.001). Evening and night
shifts showed modest reductions, with consistent significance (p <
0.001) (Supplemental Table 4). Unit-specific sound levels, are shown in
Supplemental Table 5.

Secondary outcomes

Alarm data were collected over a total of 1593 days. The median
number of alarms per day per bed decreased statistically significantly (p
< 0.001) from 228 [IQR 176-290] to 194 [IQR 148-249] (Table 2, and
unadjusted results in Supplemental Table 3).

The median NRS-annoyance score before and after implementation
of the bundle was 3 [IQR 2-5] versus 3 [IQR 2-4] (p = 0.001), respec-
tively (Table 3). Fig. 2, showing a noticeable shift towards lower values
in the intervention group, illustrates the impact of the intervention.
Scores per shift are presented in Supplemental Table 6.

The percentage of healthcare providers experiencing no or hardly
annoyance (NRS 0-3) increased from 50.8 % before to 62.2 % (p < 0.01)
(Table 3).

Observed distractions decreased statistically significantly from 73 %

Table 2
Comparison of sound pressure levels and alarm count per day/bed.
Control Intervention p-value

adjusted

LAeq Central Nursing Station

LAeq (dBA) Mean (SD) 53.7 (5.8) 52.9 (5.9) < 0.001

L10 - percentile 58.5 58.0

L90 — percentile 45.3 43.9

LAeq Patient room

LAeq (dBA) Mean (SD) 50.3 (6.8) 49.9 (6.5) < 0.001

L10 — percentile 56.5 56.0

L90 — percentile 39.0 39.9

Alarms/day/bed 746 days 847 days

Median [IQR] 228 [176-290] 194 [148-249] < 0.001

RED* 18 [12-26] 16 [11-25] 0.55

YELLOW* 108 [80-141] 74 [43-99] < 0.001

INOP* 100 [74-143] 96 [68-135] 0.64

SpO2-YELLOW 18 [12-24] 9 [6-12] < 0.001

SpO2 - INOP 25 [17-38] 25 [17-41] 0.01

ABP - YELLOW 37 [23-52] 30 [19-43] < 0.001

ABP- INOP 41 [24-73] 37 [21-63] 0.04

HF - YELLOW 20 [12-30] 15 [9-24] < 0.001

*Red for life threating situations, Yellow for a parameter that has exceeded its
threshold, INOP for sensors/leads that have fallen of. SpO2 = transcutaneous
oxygen saturation, ABP = arterial blood pressure, HR = heart rate.

Adjusted for unit, length of stay (LOS), severity of illness (measured by APACHE
score for adults and PRISM3 score for children), nurse mismatch (carry-over
effect), and bed occupancy.
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Table 3
Annoyance and observed distractions.
Control Intervention p-value
(N =1086) (N =1391)
Annoyance NRS (0-10)
Median [IQR] 3 [2-5] 3 [2-4] <0.001*
0-3 (no or hardly), n (%) 552 (50.8 %) 865 (62.2 %) < 0.01

4-6 (somewhat), n (%)
7-10 (severe), n (%) 152 (14.0 %)
Distractions** (N = 409)

n (%) 299 (73 %)
Sources distractions, n (%):

— healthcare professionals

—others (alarms, telephone, doorbell)

382(35.2%) 409 (29.4%) 0.27
117 (8.4 %) 0.18
(N = 309)
187 (61 %)

<0.001*
292 (98 %)
7 (2 %)

178 (95 %)
9 (5 %)

* Adjusted: annoyance: adjusted for unit and nurse experience years, distrac-
tions: adjusted for unit.
**during medication preparation.

Annoyance

T

T
Control Intervention

Group

Fig. 2. Annoyance (NRS) distribution control versus intervention.

during baseline to 61 % after implementation (p < 0.001) with
colleague-related distractions remaining the most frequent (Table 3).

Discussion

In this stepped-wedge cluster randomized clinical trial, the use of a
multicomponent intervention bundle in the ICU resulted in a statistically
significant but minimal decrease in sound levels, as well as a reduction
in alarms, annoyance ratings, and distractions.

After implementing an intervention bundle, sound levels decreased
on average by less than 1 dB. As a change of 3 dB is generally considered
the minimum perceptible difference to the human ear [3,19], the
observed reduction may have limited perceptual or clinical impact.
Sound levels in ICUs are mainly influenced by health professionals
behavior during routine tasks and conversations [10,20,21], so mea-
sures aimed at changing the noise behavior, like staff education, desig-
nated quiet times, and audio-visual noise alerts, are standard
components of noise-reduction programs in ICUs. Although several
studies report positive effects [22-25], other investigations—including
ours—found that sound levels remained consistently high despite
implementing similar interventions [26-28]. Furthermore, the benefi-
cial role of ICU redesign in mitigating noise is now widely accepted
[29,30] as we also previously demonstrated by installing a partition wall
that reduced sound levels by over 3 dBA [12].

Monitor alarms are a major source of staff annoyance and distrac-
tions, raising the risk of medical errors [23] for which alarm manage-
ment was a key component in our strategy [31]. Reducing non-
actionable alarms—especially YELLOW alarms like SpO2—was
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achieved by widening default thresholds, a change that proved effective.
However, a recent ICU review found alarm settings were based on
monitored vital signs rather than patient-specific factors like age or
medical history, highlighting the need for individualized alarm config-
urations rather than relying solely on standard thresholds [32].
Reducing non-actionable alarms not only minimizes staff distraction and
annoyance, but also contributes directly to patient safety by lowering
the risk of alarm fatigue and missed critical events. Despite an un-
changed median (25 — 25), the adjusted analysis for SpO,-INOP alarms
showed significance (p = 0.01), underscoring the impact of covariates
on the alarm outcomes. Adjusting for factors like unit, patient severity of
illness score, length of stay, nurse mismatch, and bed occupancy reveals
their strong influence on outcomes such as noise levels and alarm fre-
quency, which may otherwise be obscured.

Notably, although sound reduction was limited, the percentage of
nurses experiencing little to no annoyance increased from 50.8 % to
62.2 %. Noise annoyance is shaped by both acoustic and non-acoustic
factors such as unpredictability, urgency, and timing; sudden loud
alarms are especially disruptive for nurses [33-35]. Our study suggests
that reduced annoyance is likely due to fewer disruptive alarms and loud
noise events (L10) rather than to a lower average sound level (LAeq).

Observed distractions, decreased significantly from 73 % to 61 % (p
< 0.001). Notably, colleagues were identified as the primary source of
distraction, as confirmed by others [36]. Given the established link be-
tween distractions and medication errors [17,36], the focus should shift
towards minimizing work distractions (e.g., due to alarms) rather than
merely reducing sound levels.

Strengths and limitations

This study has several strengths. First, it employed a robust stepped-
wedge RCT design across four clusters. Second, the thorough bundle
implementation was closely tracked via compliance rates, ensuring a
reliable evaluation of its impact (see Supplemental Table 2). Separately,
a qualitative process evaluation was conducted [37]. Third, the study
accounted for each ICU’s unique context, emphasizing the value of
tailored strategies and active staff engagement to address unit-specific
challenges.

Also, some limitations should be noted. First, this study was con-
ducted at a single center, although measurements were taken in four
distinct ICU locations. Despite the single-center design, our findings on
sound reduction align with earlier studies, underscoring the wider
applicability of such interventions in ICU environments (2, 10, 30).
Second, we measured sound levels, alarms, nurses’ annoyance, and
distractions rather than medical errors, limiting conclusions about pa-
tient safety. Third, although measurements were conducted over 14
months, sustaining noise-reducing behavior may require a longer
monitoring period (11). Fourth, we did not examine sound frequencies.
Although opinions vary on whether high- or low-frequency noise dom-
inates in the ICU, most studies suggest that higher frequencies are more
prevalent (20).

Conclusion

Use of a multicomponent intervention bundle led to a statistically
significant reduction in sound levels— though not to a clinically relevant
degree. Importantly, there were statistically significant improvements in
the number of alarms, as well as in nurses’ annoyance and distractions,
compared with the control period. These findings underscore that
reducing nurses’ annoyance and distractions—particularly by mini-
mizing non-actionable alarms—is at least as critical for patient safety as
lowering ambient sound levels.
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Implications for clinical practice

1. A multicomponent noise reduction intervention—comprising edu-
cation, equipment modifications, designated quiet times, and feed-
back—reduced sound levels statistically significant, but not clinically
relevant.

2. The intervention significantly decreased alarm frequency, contrib-
uting to a quieter acoustic environment.

3. Nurses’ annoyance and distractions significantly decreased, indi-
cating improved working conditions.
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