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Abstract

Hospital noise is a clinical concern, but average A-
weighted sound pressure levels (LA.,) do not ex-
plain how people experience sound in different depart-
ments. This study examined whether department type
drives hospital soundscape quality by combining psy-
choacoustic measures with soundscape questionnaires
based on ISO 12913. We collected 124 acoustic mea-
surements and 86 questionnaire responses across four
departments: Emergency, Intensive Care Unit (ICU),
Oncology, and Hematology, in four Dutch tertiary hos-
pitals. Psychoacoustic annoyance (PA) was computed
using the Zwicker—Fastl model alongside Loudness
(N5), sharpness, roughness, and fluctuation strength.
Results showed clear department-specific profiles. ICU
and Oncology had nearly identical LA, values (54.15
vs. 54.17 dB(A)) but differed substantially in psychoa-
coustic profile and perceived sound quality, showing
that equal dB levels can mask meaningful experiential
differences. Emergency had the highest annoyance
(PA = 15.80) and lowest perceived sound quality, while
Hematology had the lowest annoyance (PA = 9.13)
and highest appropriateness. PA correlated positively
with ISO Eventfulness (p = 0.41) and negatively with
ISO Pleasantness (p = —0.22). Roughness and Loud-
ness (N5) showed the strongest negative associations
with perceived pleasantness. Staff and ICU patients
rated the same environment markedly differently, high-
lighting the role of listener context. These findings
support department-specific interventions and show
the value of integrating psychoacoustics with ISO
12913 soundscape assessment.
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1. Introduction

Hospitals are acoustically demanding environments.
Clinical alarms, staff communication, medical equip-
ment, and building services combine to produce sound
levels that consistently exceed recovery-oriented guide-
lines in virtually every study that has measured them
[1], [2]. The consequence is not merely discomfort.
For patients, excessive or poorly structured noise dis-
rupts sleep, prolongs physiological stress responses,
and delays recovery [3]. For staff, dense and conflicting
acoustic signals contribute to alarm fatigue, degraded
communication, and cognitive overload [4], [5]. These
are well-established findings.

What is less established is how acoustic conditions
differ systematically across the different types of de-
partments within a hospital, and what drives those
differences. Hospital noise research has tended to
focus on individual units, particularly ICUs, rather
than comparing departments with genuinely distinct
operational profiles [6], [7]. This matters because an
intervention that is appropriate in a general ward
may be irrelevant or even counterproductive in an
emergency department.

The standard measurement metric, A-weighted equiv-
alent continuous sound pressure level (LA.,), does not
help here. It represents average acoustic energy over
time and is insensitive to the perceptually relevant
features of sound that differ most across departments:
the sharpness of alarm tones, the roughness of over-
lapping voices, and the contrast between quiet periods
and loud events [8], [9]. Two departments can share
the same LA, while their occupants experience them
completely differently.

Psychoacoustic metrics address this gap. Loudness
(sone), sharpness (acum), roughness (asper), and fluc-
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tuation strength (vacil) encode perceptually salient
features of sound that intensity measures miss [10].
Combined with the ISO 12913-1 soundscape frame-
work [11], which treats acoustic environments as con-
textual human experiences rather than physical noise
problems, they allow a richer characterisation of what
people actually hear in each department, and why it
affects them the way it does.

The aim of this study is to determine whether clin-
ical department type is the primary driver of hos-
pital soundscape quality when psychoacoustic mea-
surements are combined with ISO 12913 soundscape
assessment. To address this aim, we compare four
departments, Emergency, ICU, Oncology, and Hema-
tology, representing a deliberate gradient of clinical
intensity and operational character. Two specific con-
tributions follow. First, we show that psychoacoustic
indicators reveal between-department differences that
identical LA, values conceal. Second, we show that
these objective differences align with how occupants
rate the soundscape, except where listener context,
such as clinical role, changes that relationship.

2. Methods

2.1. Study Design And Sites

Data were collected across four hospital departments
in four Dutch tertiary hospitals (names withheld for
anonymity). Departments were selected to span a
gradient of clinical function: Emergency operates un-
der continuous high-urgency and unpredictable pa-
tient flow, the ICU provides 24-hour critical care in
a heavily instrumented environment, Oncology sup-
ports structured long-stay treatment with infusion
systems and specialised ventilation, and Hematology
provides a more controlled, rest-oriented setting with
smaller care teams. ICU data were collected across
three hospital sites to capture within-type variability;
these sites differ in spatial layout and building ser-
vices, which introduces site effects into pooled ICU
distributions that should be interpreted accordingly.
Objective measurements and soundscape assessments
were conducted simultaneously in the same depart-
ment and time window, enabling the direct pairing of
objective and subjective data required for the analysis
procedures of ISO/TS 12913-3 [12].

2.2. Acoustic Measurements And Psychoacous-
tic Analysis
Measurements were made using a Bruel and Kjaer
2250 sound level meter, calibrated before each session,
tripod-mounted at 1.2-1.5 m height with a windshield
(Figure 1). Within each department, 20-30 locations
were selected near patient beds, treatment chairs, and
central nursing zones, the areas most directly rele-
vant to patient and staff exposure. Each measurement
lasted 3-15 minutes during daytime hours on week-
days, yielding 124 measurements in total (Emergency:
n = 19; ICU: n = 62; Oncology: n = 29; Hematol-
ogy: n = 14). During each recording, the researcher
documented dominant sound sources at the measure-

ment location. These notes were then used in post-
processing to exclude segments containing atypical,
non-representative events.

The audio recordings captured by the sound level
meter were analysed in ArtemiS SUITE 17.1 to ex-
tract LA, (dB(A), integrated over the full 3-15 min
duration of each measurement), Loudness (N5) and
N95 loudness percentiles (sone), sharpness S (acum),
roughness R (asper), and fluctuation strength F (vacil)
[10]. Sharpness quantifies the high-frequency spectral
content of a sound (acum), roughness encodes rapid
amplitude modulations perceived as harshness (asper),
and fluctuation strength captures slow modulations
associated with a wavering quality (vacil). These met-
rics collectively characterise the spectral and temporal
texture of the sound environment beyond what level
alone conveys. Loudness (N5) captures the loudness
exceeded 5% of the time and reflects acute peak events,
N95 captures background loudness. Psychoacoustic
annoyance (PA) was computed for each measurement
following Zwicker and Fastl [10], [13]:

PAN5.<1+\/w§+w%R) (1)

where wg encodes the contribution of sharpness rela-
tive to 1.75 acum, and wpr combines roughness and
fluctuation strength. PA integrates the perceptual
dimensions that individual metrics capture separately
into a single scalar that reflects composite acoustic
discomfort, making it suitable as the primary cross-
department comparator [12].

2.3. Soundscape Assessment

Subjective data were collected using a structured
questionnaire based on ISO/TS 12913-2 Method A
[14], administered on-site in the same department
and time window as the acoustic measurements.
The questionnaire included eight Perceptual Affec-
tive Quality (PAQ) attributes rated on five-point or-
dinal scales (pleasant—annoying, eventful-uneventful,
calm—chaotic, vibrant—-monotonous), overall sound-
scape quality and appropriateness items (both 1-5
Likert), and a source-specific annoyance scale cover-
ing nine sound categories. Both paper and digital
(Qualtrics, via QR code) formats were used to accom-
modate clinical constraints.

ISO circumplex coordinates (ISOPleasant, ISOEvent-
ful) were derived from PAQ responses via the Axelsson
principal components transformation [15] and pro-
cessed using the Soundscapy library [16]. The cleaned
dataset comprised 86 responses: Emergency n = 13
(staff only, as patient participation was not possible
in this setting); ICU n = 39 (30 staff, 9 patients - a
methodologically notable subgroup given the rarity
of direct ICU patient responses in published studies
[3]); Oncology n = 21 (11 staff, 10 patients); Hema-
tology n = 13 (8 staff, 5 patients). Non-parametric
statistics (Kruskal-Wallis with Dunn pairwise con-
trasts, Spearman correlations) were used throughout
given the ordinal nature of questionnaire data and
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Figure 1: Typical in-situ measurement setup (Bruel and
Kjaer 2250, tripod-mounted, windshield fitted). Measure-
ments were conducted during daytime hours on weekdays
across 20-30 locations per department.

non-normal distributions.

3. Results
3.1. Acoustic And Psychoacoustic Profiles By
Department

Figure 2 summarises the psychoacoustic gradient
across departments and provides an overview of the
contrasts discussed in this section. All four depart-
ments exceeded the WHO recovery guideline of LA,
< 35 dB(A) [3], Emergency by 23.7 dB(A) and Hema-
tology, the quietest, by 13.1 dB(A). But the more
important finding is the dissociation between LA.,
and the psychoacoustic profile. ICU and Oncology
recorded essentially identical mean LA, values (54.15
vs. 54.17 dB(A)), yet their psychoacoustic profiles
diverge in diagnostically important ways. ICU and
Oncology showed comparable mean sharpness (both
2.14 acum), but ICU’s high-frequency character was
sustained by continuous monitoring equipment and
frequent alarm tones rather than intermittent sources.
ICU also showed higher roughness (0.109 vs. 0.095
asper). This is not a small distinction: it points to the
ICU’s alarm-dense environment producing a harsher
psychoacoustic burden than the numerically equiva-
lent Oncology level would suggest.

Emergency occupied a different register altogether.

Its mean LA., (58.65 dB(A)) was nearly 5 dB(A)
above ICU and Oncology, but the PA value (15.80)
was 73% higher than Hematology’s (9.13), a gap much
larger than the dB(A) difference alone would pre-
dict. Emergency also showed the highest roughness
in the dataset (0.134 asper), consistent with frequent
overlapping communication and alarm-related events
observed during measurements. High roughness is
perceptually associated with harshness and cognitive
intrusion [10], and together with elevated PA it indi-
cates that Emergency is demanding not only because
it is loud, but because of the harsh temporal texture
of its sound.

Hematology presented the most acoustically distinct
profile. Its high Loudness (N5)/N95 ratio of 2.78
(compared to Emergency’s 2.20) reflects a genuinely
quiet baseline (N95 = 2.86 sone) against which dis-
crete events stand out sharply, whereas Emergency’s
lower ratio indicates a chronically elevated baseline
with suppressed relative contrast between peaks and
background. Observational notes suggested a larger
contribution from building-service noise and fewer
alarm-related events in Hematology, which is consis-
tent with its low roughness and tight intra-department
variability (coefficient of variation = 0.27, lowest of

all departments).
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Figure 2: Psychoacoustic metric heatmap across four de-
partments. Emergency ranks highest across most metrics,
while Hematology is lowest.

3.2. Soundscape Patterns

Figure 3 shows the ISO 12913 circumplex density
distributions for each department, separated by lis-
tener role. Considering the overall pattern across
both staff and patient distributions, the department-
level positions are consistent with the psychoacoustic
profiles: Emergency clusters in the high-eventfulness,
low-pleasantness quadrant; Hematology sits in the
calm region; Oncology shows a broader distribution
that extends toward the pleasant side with moderate
eventfulness rather than a tight pleasant cluster; ICU
sits near-neutral.

The staff-patient divergence in the ICU is particularly
important. Staff distributions cluster toward the vi-
brant quadrant, while ICU patients are distributed
more broadly, extending into the less pleasant regions
of the circumplex. This divergence is expected within
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the ISO soundscape framework, which defines sound-
scape as the acoustic environment as perceived in con-
text [11]. Building on the Methods section, Q5 is the
source-specific annoyance item in the ISO-based ques-
tionnaire, where respondents rated annoyance for nine
sound-source categories. This item complements the
circumplex view by indicating which concrete sources
drive annoyance in each department.
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Figure 3: Role-separated ISO 12913 circumplex density
distributions: patients (top) and staff (bottom). Contours
show kernel density estimates; points show individual re-
sponses. ICU staff (bottom) cluster toward the vibrant
quadrant, whereas ICU patients (top) are more broadly
distributed, extending into less pleasant regions, reflecting
the contextual nature of soundscape perception.

To further interpret these perceptual differences, Fig-

ure 4 shows Q5 source-specific annoyance by depart-
ment.

Mean Sound Source Annoyance by Department (Q5)
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Figure 4: Q5 heatmap of mean source-specific annoy-
ance by department (medical equipment, staff conversa-
tion, footsteps/trolleys, other patients/visitors, telephones,
cleaning/maintenance, doors, outside noise, and other).

3.3. Objective-Subjective Relationships

PA correlated positively with ISO Eventfulness (Spear-
man p = 0.41, p = 9.8 x 1075, significant at p < 0.001)
and negatively with ISO Pleasantness (Spearman
p=—0.22, p = 0.039, significant at p < 0.05). Spear-
man correlation was selected throughout given the
ordinal nature of perception data and non-normal
distributions. Loudness (N5) showed similar direc-
tions. When aggregated to site means (Emergency,
three ICU sites, Oncology, Hematology; n = 6 site
points), the PA-Eventfulness association strengthened
to p ~ 0.77 and the PA-Pleasantness association to
p ~ —0.49.

These site-mean correlations should be interpreted as
exploratory summary patterns rather than inferential
tests, because they are based on only six site points.
Across these site-mean values, both Roughness and
Loudness (N5) correlated with ISO Pleasantness at
p = —0.66, more strongly than PA (p = —0.49). This
suggests that reducing roughness may improve per-
ceived sound quality in addition to reducing overall
level.

Figures 5 and 6 show the response-level relationships
of PA with ISO Eventfulness and ISO Pleasantness,
respectively. The PA-Pleasantness pattern is visibly
weaker than the PA-Eventfulness pattern, consistent
with the correlation coefficients reported above.
Table 1 presents the combined acoustic and perceptual
summary for each department.

Table 1: Department acoustic-perceptual profile summary

(PA = psychoacoustic annoyance; Approp. = perceived
appropriateness, 1-5).
Dept. LAcq (dB(A)) PA  Approp. ISOPL ISOEv.
Emergency 58.65 15.80 2.23 —0.24 0.58
ICU 54.15 12.63 3.08 0.03 0.15
Oncology 54.17 13.78 3.48 0.19 0.17
Hematology 48.12 9.13 3.92 0.23 0.03
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Response-level: Psychoacoustic Annoyance vs ISOEventful
Spearman rho=0.41 (p=9.78e-05), Pearson r=0.40 (p=0.000114)
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Figure 5: Response-level relationship between psychoa-
coustic annoyance (PA) and ISO Eventfulness across re-
sponses.

Response-level: Psychoacoustic Annoyance vs ISOPleasant
Spearman rho=-0.22 (p=0.0385), Pearson r=-0.31 (p=0.00345)
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Figure 6: Response-level relationship between psychoa-
coustic annoyance (PA) and ISO Pleasantness across re-
sponses.

4. Discussion

4.1. Department Type As The Primary Ex-
planatory Factor

The central finding of this study is that departments
sharing similar mean sound levels can produce sub-
stantially different soundscape experiences, and that
the reason lies in their source composition, the mix of
alarms, speech, equipment, and building services that
reflects each department’s clinical function. ICU and
Oncology demonstrate this most clearly: essentially
identical LA.q, but ICU has a harsher alarm-weighted
character, higher roughness, and lower perceived ap-
propriateness.

This matters for hospital acoustic management. A
generic dB reduction target applied uniformly across
a hospital will not address ICU problems, because the
core issue is not only overall level but alarm density,
spectral composition, and contextual interpretability.
Emergency similarly needs communication spillover
control and alarm governance rather than only blanket
level reduction. This matters for recovery: a pattern
of intermittent disruption against quiet allows physio-

logical recovery between events, whereas a uniformly
elevated baseline, as in Emergency, sustains activation
continuously [17].

4.2. Psychoacoustics—Soundscape Assessment
Link

The stronger association of PA with Eventfulness than
with Pleasantness is theoretically coherent. Eventful-
ness is driven primarily by intensity and variability,
which PA encodes well. Pleasantness also depends on
contextual interpretation, whether sound is necessary,
controllable, and meaningful [11], [18]. This contex-
tual mediation explains why PA predicts Eventfulness
more strongly than Pleasantness.

Roughness deserves specific design attention alongside
loudness. Reducing roughness requires alarm tone
redesign, communication zoning, equipment placement
improvements, and mitigation of abrupt transients,
intervention levers that are not directly targeted by
level-based specifications [19)].

4.3. Staff-Patient Divergence And Implications
The ICU staff-patient divergence is clinically signifi-
cant and methodologically important, because it sur-
faces the tension between two occupant groups with
different needs in the same space. Staff perceptions
under-report burden relative to patient perceptions,
because staff interpret alarms as task-relevant while
patients may experience the same sounds as externally
imposed and intrusive [3], [18]. This interpretation
should be treated with caution, however, because re-
spondents were not given a standardised listening task
when completing the questionnaire, so role-related dif-
ferences in how the questions were approached cannot
be ruled out. Collecting direct patient responses in
ICU should therefore be treated as a methodological
priority.

4.4. Strengths and Limitations

A key strength of this study is the simultaneous, paired
collection of psychoacoustic measurements and ISO
12913 questionnaires across four contrasting depart-
ments, including rare direct ICU patient responses.
Limitations remain. Measurements covered daytime
weekdays only. Departments other than ICU were
measured at a single site, so between-department dif-
ferences may include site effects, while the three ICU
sites introduce within-ICU heterogeneity. The dataset
was unbalanced across departments, measurement lo-
cations, and respondent groups: ICU accounted for 62
of 124 acoustic measurements, Hematology for only
14, and the perception dataset was staff-heavy, with
no patient responses in Emergency. Reported rela-
tionships are correlational and do not establish causal
response functions.

5. Conclusions

This research tested the claim that clinical department
type is the primary driver of hospital soundscape qual-
ity, and that this is only visible when psychoacoustic
measurement and ISO 12913 soundscape assessment
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are used together. The evidence supports that claim.
The ICU-Oncology comparison shows most clearly
that similar LA., values can conceal meaningfully
different soundscapes. Source composition deter-
mines psychoacoustic profile, and psychoacoustic pro-
file shapes perceived quality. The practical implica-
tion is clear: hospital acoustic management should
be department-specific rather than uniformly level-
driven.

Psychoacoustic annoyance and ISO 12913 soundscape
assessments together provide a diagnostic framework
to identify and prioritize interventions where they
will have the strongest effect. The goal is acoustic
appropriateness: the right sounds, at the right level,
in the right place, for the people who depend on them.
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