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Patients in general wards are often exposed to excessive levels of noise and
activity, and high levels of noise have been associated with depression and anxiety.
Previous studies have found that an appropriate acoustic environment is beneficial
to the patient’s therapeutic and treatment process; however, the soundscape is
rarely intentionally designed or operated to improve patient recovery, especially for
psychological rehabilitation. To gain the most accurate, and least variable, estimate of
acoustic environmental stimuli/properties, virtual reality (VR) technology should be used
to ensure that other environmental factors are stable and uniform in order to reduce
the stimulation of other environmental factors. Therefore, this study aims to discuss the
influence of the acoustic environment on patient physiological/psychological indicators
and the mechanism of the effect on recovery using VR technology. A digital three-
dimensional (3D) model of a hospital room was constructed, and experimental subjects
wore VR glasses to visualize a real ward scene. Four typical sound categories were
selected to analyze the effect of the acoustic environment on recovery; physiological
indicators were monitored, and psychological factors were subjectively evaluated. The
results show that music plays an important role in reducing stress as it can aid in
a patient’s physiological (skin conduction levels) and psychological stress recovery.
Furthermore, mechanical and anthropogenic sounds exert negative effects on a patient’s
stress recovery. However, the effect is only limited to psychological stress indicators.
The interaction effects of demographic characteristics and the acoustic environment are
not significant, and future studies could consider the social–economic characteristics of
patients. Based on these findings, we provide evidence that indicates that a hospital’s
acoustic environment is an important influencing factor on the stress recovery of patients
and can serve as a reference for healthcare architects and policy makers.
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INTRODUCTION

The indoor environment as a service carrier is most directly
influenced by mental feelings, which are linked to patient
comfort and mood. Patients stay in the ward almost all day,
highlighting the great importance of providing comfortable
conditions in hospital buildings. The comfort environment is
considered the most important factor influencing patient feelings
(Buckles, 1990). Researchers have measured the noise levels or
studied the sound source of various healthcare environments,
such as critical care wards (Xie et al., 2013), intensive care
units (Xie et al., 2009), and entrance halls (Qin et al., 2011).
As shown in previous studies, the noise levels measured in
the wards frequently exceed the World Health Organization
guideline values (45 dBA) by more than 20 dBA (Berglund
et al., 1999; MacKenzie and Galbrun, 2007). Noise is a major
public health issue, and noise annoyance is the most common
and direct response among people exposed to environmental
noise. Noise has been identified as a major stressor in hospitals
(Farrehi et al., 2016) and will influence an individual’s physical
and mental health.

Literature Review
The documented association with several diseases and the
growing number of exposed persons worldwide (Recio
et al., 2016) indicate negative emotional and attitudinal
reactions to noise (Okokon et al., 2015). Exposure to noise
may interfere with daily activities, feelings, thoughts, rest,
or sleep and may be accompanied by negative emotional
reactions, such as irritability, distress, exhaustion, and other
stress-related symptoms (Beutel et al., 2016). The impacts
of stressors on health depend on the complex interactions
between stressors and individual coping strategies, which are
developed through previous experience, psychology, biology,
social factors, competitive stressors, and personality (Jensen
et al., 2018). Noise-related health problems are growing,
and more severe effects related to cardiovascular morbidity
and mortality have been proposed (Belojevic et al., 2011).
Studies have found that an increase in daily noise levels
of 1 dB(1) resulted in a 6.6% increase in the risk of death
in the elderly (Tobías et al., 2015) and have observed a
significant increase in blood pressure of 2–4 mmHg after
10 min of high-level exposure (Paunović et al., 2014).
Studies have also reported that noise negatively impacts
mental health (Hammersen et al., 2016; Jensen et al., 2018),
which interacts with a wide range of complex elements,
including biological, psychological, social, economic, and
environmental factors (Barry and Friedli, 2010; Aletta et al.,
2017). These factors include not only objectively measured
environmental conditions but also subjective evaluation.
When the noise level can no longer be reduced, people
can still be annoyed by the noise because their subjective
feelings can be affected by other psychoacoustic attributes,
such as sharpness and roughness (Zwicker and Fastl, 1999).
Noise and noise annoyance have non-standard effects on
individuals that might depend on previous experiences
or biological susceptibility. When individuals do not have

control over the noise, as experienced with noise annoyance,
they might suffer from learned helplessness and biological
signatures of chronic stress, including overproduction of cortisol
(Recio et al., 2016).

Since the formulation of eco-effective design (EED) and
evidence-based design, the restorative effects of the environment
have attracted wide attention (Ulrich et al., 2008; Shepley
et al., 2009). As the primary facility for helping people to
recover from illness, hospitals have also begun to focus on
developing a healthy spatial environment utilizing natural forces.
Through studying soundscapes, sounds in the environment
have been regarded as a useful resource, and a favorable and
healthy spatial environment can be created through discussing
human perception and experience (Kang et al., 2016). As
a result of people’s perception of the acoustic environment,
soundscapes can be positive (such as happy, calm) or negative
(such as worry, pressure). The research on the effect of
soundscape restoration is based on the development of attention
restoration theory (ART) proposed by Kaplan and Kaplan
(1989) and stress restoration theory (SRT) proposed by Ulrich
et al. (1991). Weakening negative soundscapes is significantly
related to health status, and increasing positive soundscapes
is significantly related to environmental pressure recovery
(Aletta et al., 2018a,b). A series of previous studies revealed
that design and occupant choices can have positive health
impacts by controlled reduction of noise levels (Evans, 2003;
Von Lindern et al., 2016; Aletta et al., 2018c). It was also
found that the natural environment had a positive effect on
restoration processes (Hartig and Staats, 2003). However, the
restorative effects of soundscapes should be correlated not
only with subjective evaluation data but also with physiological
parameters, including the emotions caused by sound stimulation
(Hume and Ahtamad, 2013; Aletta et al., 2016a). Moreover, the
soundscape is related to other spatial environmental factors.
When people hear a sound, the perceived auditory space
around them may modulate their emotional response to it.
Small rooms are considered to be more pleasant, calmer,
and safer than large rooms, and sounds originating behind
listeners tend to be more arousing and elicit larger physiological
changes than sources in front of the listeners (Tajadura-Jiménez
et al., 2010). In their work on soundscapes in hospitals,
researchers have revealed the relationship between the acoustic
environment, typical sound sources, and geometry form (Xie
and Kang, 2012b). An acoustic environment evaluation system
has also been established (Xie and Kang, 2012a), and it has
been found that the acoustic environment plays a leading
role in the overall environmental evaluation (Wu et al.,
2019). However, the impacts of hospital acoustic soundscapes
on the physiological and psychological indices of patients
require further study.

Perceptual experiences in one modality often depend
on activity from other sensory modalities. The renewed
interest in the topic of cross-modal correspondences that
have emerged in recent years has motivated research that
demonstrated that cross-modal matchings and mappings
exist between most sensory dimensions (Deroy and Spence,
2016). Individuals reliably match different tastes/flavors
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(KnFerle and Spence, 2012), colors (Hamilton-Fletcher et al.,
2016), and shapes (Ozturk et al., 2013) to auditory stimuli.
For example, individuals consistently match high-pitched
sounds to small, bright objects located high up in space
(Spence, 2011). In each experimental module, participants
were experiencing different hospital indoor environments as
the different experimental scenario conditions. Experimental
scenarios can be classified as real or artificial. Due to site
restrictions, it is difficult to effectively control a large number
of irrelevant environmental factors, and it is also difficult
to “add” a new environmental factor to the original indoor
environment. Therefore, the experimental conditions of real
scenarios are limited by their controllability (Stamps, 2007). To
gain the most accurate and least variable estimate of acoustic
environmental stimuli/properties, the stimulation of other
environmental factors should be minimized. With the increasing
maturity of virtual reality (VR) technology in recent years,
VR environments can provide users with a more realistic and
immersive environment (Chamilothori et al., 2019a). Multiple
empirical studies show that the physiological, psychological,
and behavioral feedback of participants in VR scenarios is
similar to those in real scenarios (Heydarian et al., 2015).
Yin et al. (2018) found that, in VR scenarios, the user’s heart
rate, blood pressure, skin conductivity, cognitive ability, and
emotional level were very similar to those in real scenarios.
Therefore, environmental psychologists began to use VR
scenarios for environmental psychology experiments, rather
than real scenarios.

Study Framework
This study aims to determine the following: (1) whether
the acoustic environment can promote recovery in terms
of physiological indicators—we hypothesize that physiological
recovery will increase with music and decrease with artificial
sounds and mechanical sounds; (2) whether sounds can
decrease or increase the psychological function of patients
in hospital wards—we hypothesize that music will be helpful
for the psychological restoration of patients, as artificial and
mechanical sounds will lead to the opposite trend; and (3)
whether demographic factors and other environmental factors
will cause different degrees of impact—we hypothesize that
differences in demographic and environmental factors will
lead to differences in the degree of the effect of soundscape
recovery, as some previous studies indicated that there are
differences between population and other environmental factors
in the subjective evaluation of the acoustic environment.
A digital three-dimensional (3D) model of a room was
constructed, and experimental patients wore VR glasses to
visualize the same ward scene and eliminate other visual
and landscape distractions. Several different approaches were
explored to meet the goals. First, the effect of sound stimuli
on the physiological indices of the patients was examined.
Second, the effect of sound stimuli on an individual’s mental
health was examined. Third, differences in the effects of
sound on different populations and multiple environmental
interactions were observed.

METHODOLOGY

In this study, a combination of physiological measurements and
psychological evaluation was utilized. Four typical sound types
were presented to experimental patients, and their physiological
indicators were monitored by attached detectors. The patients
wore VR glasses to observe the same virtual ward space and
eliminate interference from other environments. The participants
were asked to complete a subjective questionnaire. The obtained
data were analyzed to evaluate the restorative effect of sounds in
hospitals on individuals utilizing statistical methods.

Participants
The participants were all inpatients of the internal medicine
department of the First Hospital of Harbin and the Second
and Fourth Affiliated Hospitals of Harbin Medical University.
Inpatients from internal medicine tend to have more time
to participate in experiments than outpatients, and internal
medicine is mainly related to chronic diseases; this provides an
ideal experimental object that can exclude the psychological and
physiological effects of diseases.

The participants were 70 patients with an average age of 48.2
(SD = 3.42; min = 18; max = 72), including 36 men and 34 women.
The proportions of participants younger than 45, 45–60, and over
60 years old were similar to remove the effects of differences
between participant groups on the experimental results (Zhang
et al., 2016). The number of participants selected in this study
was based on relevant experiments conducted in similar fields
(Alvarsson et al., 2010; Annerstedt et al., 2013).

All participants were required to have clear cognitive
consciousness and sufficient visual, auditory, and behavioral
abilities to ensure that they could complete the physiological
index measurement and questionnaire survey, and
wore comfortable clothing. Additionally, patients with
hyperthyroidism and supraventricular tachycardia were excluded
from this experiment, as autonomic nervous dysfunction would
decrease the accuracy of the measurement and evaluation of
physiological stress indicators. The diet and sleep status of
the participants needed to be stable. Six hours before the test,
the patients did not drink, smoke, or have coffee or other
drinks that would stimulate the sympathetic nervous system
(Li and Kang, 2019).

The study was approved by the professors’ associates in the
School of Architecture at Harbin Institute of Technology. Written
informed consent was obtained from all participants before
the test began. Participants were informed about the goals and
contents of the study, privacy, and data protection and that
their participation in the study was voluntary. Biological samples
were not collected.

Visual Scene
Many studies have been conducted on the influence of audio-
visual factors on noise perception (Collignon et al., 2008; Yost
and Zhong, 2015; Aletta et al., 2016b; Liu and Kang, 2018), and it
has been demonstrated that vision and hearing can influence one
other. Therefore, to prevent other factors influencing the patients’
psychological and physiological indices, participants wore VR
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FIGURE 1 | Virtual reality (VR) device HTC Vive Focus Plus and presenting virtual scene. (A) Virtual scene of the ward. (B) Participant wearing VR.

glasses and observed the same ward scene. A standard single ward
was selected as the experimental scene, as shown in Figure 1A.
The simulated ward was 6.6 × 3.6 × 2.8 m, and the bed size was
2.1 × 0.9 m. A U-shaped rail curtain and 0.45 × 0.45 m bedside
cabinet were set around the bed. Participants experienced the
scene from the perspective of sitting on the bed in the ward and
wore VR headsets, as shown in Figure 1B. The transformation of
the virtual environment was based on the experimental condition
transformation path of basic model construction–experimental
parameter adjustment–virtual scene generation. First, a digital
3D model of the indoor space was established by 3DMAX. Then,
according to the specific experimental goal, some of the design
parameters of the model scenario were adjusted. Finally, the
adjusted model was imported into the HTC Vive VR device.

Selection of Sound Stimuli
Common hospital sound sources can be summarized into four
typical categories: mechanical, artificial, background, and music
(Rashid and Zimring, 2008). Mechanical sounds are produced
by hospital equipment, such as wheelbarrows, ventilators, and
electrocardiograph monitors. Artificial sounds include patient
conversations, children’s crying, phones being answered, and
other behaviors. Background sounds have no clear dominant
source and include mechanical sounds produced by new air
systems, elevator operations, and other equipment, as well as
artificial sounds produced by the conversations and movements
of doctors and patients. Mechanical, artificial, and natural
sounds were recorded in the participants’ hospital. According
to Baker’s classification standard of hospital background noise,
the background should be stable, with its amplitude changing
less than once per minute (<5 dB) (Baker, 1992). “Day and
Night” was selected for the music stimulus, which is a particular
piece of music that has been widely used in sound masking
systems in hospitals (Ferguson et al., 1997; Mlinek and Pierce,
1997), and studies have demonstrated that it is popular among
patients and played a positive role in their well-being, making
them feel less tense, more relaxed, and safe (Thorgaard et al.,
2004). “Day and Night” was favored by most inpatients, with
82% of the patients being very pleased/pleased with the song

and 91% of participants defining the sound environment as
very pleasant/pleasant (Bitten et al., 2017). Light music without
lyrics was selected for this experiment, which avoids experimental
deviation caused by the influence of lyrics on patients and their
mental health (Baker and Bor, 2008).

The samples used in the experiments were recorded by
SQuadriga II with BHS I, and the type of all four sound source
samples can be clearly identified. A 5 min sample without
dominant sound sources and only ambient noise was recorded
for the control group. Five minutes of representative footage
from each recording was used as the stimulation material for
the experiment, as prolonged use of a VR headset would cause
the subjects to become uncomfortable and interfere with the
experimental results (Li and Kang, 2019). The 5 min equivalent
sound pressure level (SPL) was adjusted to 50 dB(A) (Liu and
Kang, 2018) for each audio frequency by AuditionCS6 to remove
differences in volume during the stimulation of the four sounds.
To ensure that the participants listened to the four auditory
stimulus sounds under similar playback SPL conditions, the LAeq
of the audio stimuli had been normalized by an artificial head to
50 dB(A) before the experiments to exclude the effect on arousal
due to loudness. The background noise was below 45 dB(A)
during the acoustic stimulation experiment, and nobody spoke
in the room. Subjective loudness evaluation was carried out
simultaneously; the results show that the loudness levels of
different groups are significantly different due to the difference
of their dominant source frequencies, but the loudness levels of
different participants in the same group can be ignored.

Measurements
By using VR glasses to observe the 3D virtual hospital ward
environment created by virtual simulation and headphones to
listen to the four types of sound, participants can experience a
more realistic hospital environment. The physiological recovery
indices include heart rate and skin conductance, which were
measured using the Empatica E4 physiological information
monitoring equipment. Information regarding psychological
recovery was obtained using a questionnaire. The scale is
composed of two parts. The first is psychological feedback,
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including the anxiety state and perceived environmental
restorativeness of the subjects. The anxiety states of participants
were measured by using STAI-Y6 with eight questions to
indicate their anxiety level (Zijlstra et al., 2017). Perceived
restorativeness score (PRS) was adopted to evaluate the subjects’
perceived restorativeness (Hartig et al., 1997). The second
part refers to environmental appraisal. Perceived environmental
quality index (PEQI) was used to describe the participants’
perceived environmental quality (Fisher, 1974). The scale
consists of a set of bipolar adjectives rated on a seven-point
Likert scale, ranging from 1 (extreme negative perception
of the environment) to 7 (extreme positive perception of
the environment).

Procedure
The participants were asked to sit comfortably on a bed.
The investigator explained the entire experimental procedure
and asked the participants about their physical and mental
states. After the subjects understood and agreed to all the
terms, the investigator connected the HTC Vive Focus Plus
VR device and Empatica E4. The experiment was started after
the completion of the connection process and calibration of
the physiological signal. The experimental process is shown
in Figure 2. First, stress was induced in the subjects using
the PASAT (packed audit serial addition task) program. The
subjects then received a sound clip (one of the four types of
sound sources), and the indoor scene was displayed by the
VR equipment. After receiving one experimental condition,
the subjects temporarily removed the VR equipment and
completed the psychological recovery questionnaire, which took
approximately 2 min. The subjects then rested for 2 min,
accepted the next sound clip, and followed the process until
the four experimental conditions were completed. The sequence
of the four experimental conditions in the experiment followed
a Latin square design (Morsbach et al., 1986). The Empatica
E4 equipment continuously recorded the physiological recovery
index data of the participants.

Data Analysis
Regarding physiological data transformation, the heart rate and
skin conductance, which are the basic physiological indices
of the human body, are easily affected by the physical
differences between patients. For example, some individuals
may have a relatively high basal heart rate or exhibit more
intense physiological responses under the PASAT. Therefore,
the physiological stress recovery level of participants cannot
be compared by the mean values of physiological indices.
In this study, we used the standardized physiological stress
recovery rate (R) to estimate the influence of the acoustic
environment on the individuals’ physiological indices to reduce
the potential experimental error caused by physical difference
(Payne, 2013; Medvedev et al., 2015; Watts et al., 2016).
As shown in formula (1), the R-value can be obtained by
dividing the stress recovery level (the difference between the
mean values of F1 and F2) by the stress arousal level (the
difference between the mean values of F1 and F0). RHR and
RSCL represent the stress recovery of the heart rate and skin

conductance level, respectively. A higher R-value indicates that,
under the experimental conditions, the subjects recover from
physiological stress faster.

R =
F1 − F2

F1 − F0
(1)

For statistical analysis, IBM SPSS 25.0 was used to construct
a database containing the final results (Meng et al., 2018; Ba
and Kang, 2019). The data were analyzed by the following
methods: (1) The differences between the physiological and
psychological indicators measured at different times and for
different sound source types were determined by repeated
analysis of variance measurements, and the level of significance
was set at p < 0.05. (2) Least significant difference (LSD) post hoc
tests were conducted for pairwise comparisons. The effect sizes
(partial η2) were regarded as minimum, intermediate, and high
at thresholds of 0.01, 0.06, and 0.14, respectively.

RESULTS

Effects of the Acoustic Environment on
Physiological Stress Recovery
The results showed that the patient’s mean heart rate recovery
rates (RHR) under the ambient noise, mechanical sound, artificial
sound, and music conditions were 0.66 (SD = 0.11), 0.64
(SD = 0.11), 0.63 (SD = 0.12), and 0.68 (SD = 0.12), respectively.
As shown in Figure 3, the patients’ heart rates tended to recover
faster under the music soundscape than the others. However,
the repeated measures ANOVA results indicated that the main
effect of the soundscape on heart rate recovery was not significant
(F = 1.35, p = 0.26, partial η2 = 0.04).

As assumed, the highest skin conductance level recovery rate
(RSCL; M = 0.73, SD = 0.14) was observed when the patients
were exposed to the music soundscape condition. In contrast,
the RSCL of patients decreased by 2.5 and 4.6% under the
mechanical and artificial noise conditions, respectively, when
compared to the control group (ambient noise). The main
effect of the soundscape on RSCL was statistically significant
(F = 3.37, p = 0.02), indicating that there was a significant
difference in RSCL during exposure to various experimental
conditions. Additionally, according to the effect size exhibited
by partial η2(0.10), the soundscape could exert a substantial
impact on RSCL. In the multiple comparisons, a Bonferroni
correction is applied. Given there are six sub-groups, 0.0083
is used as a corrected significance threshold. As shown in
Table 1, the results of the LSD post hoc test confirmed that
the recovery of the skin conductance level was faster under
the music soundscape than under the mechanical (MD = 0.07)
and artificial (MD = 0.08) noise conditions. Finally, although
exposure to mechanical and artificial noise may lead to
slower skin conductance level recovery than ambient noise,
the difference was not significant. Combining the results of
RHR and RSCL partly confirms our first hypothesis; i.e., the
healthcare soundscape could impact the physiological stress
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FIGURE 2 | Experimental process.

FIGURE 3 | The mean value of patients’ physiological stress recovery indicators under exposure to different healthcare soundscapes. Error bars depict 95%
confidence interval. ∗Significant at the 0.05 level. ∗∗Significant at the 0.01 level.

recovery response of patients but only in the case of skin
conductance level.

Effects of the Acoustic Environment on
Psychological Stress Recovery
The repeated measures ANOVA results suggested that the main
effect of healthcare soundscapes on the anxiety state of patients
was statistically significant (F = 10.95, p = 0.00, partial η2 = 0.26).
Music soundscapes could effectively reduce the patients’ anxiety
state. After experiencing the music soundscape, the anxiety states

of the participants were 16.7, 14.4, and 24.5% lower than those
under the ambient, mechanical, and artificial noise conditions,
respectively. The LSD post hoc test indicated that these differences
all reached statistical significance (p < 0.008). Additionally,
artificial noise could cause patients to feel more anxious than the
other three soundscapes. As shown in Table 2, the LSD post hoc
test revealed that the difference in the anxiety score between
mechanical noise and artificial noise was significant (p = 0.007),
but that between the mechanical and control groups was not
(p = 0.0027).
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TABLE 1 | Pairwise comparison of physiological stress recovery levels in patients.

Heart rate recovery rate Skin conductance level recovery rate

MD 95% CI for difference Sig MD 95% CI for difference Sig

Lower bound Upper bound Lower bound Upper bound

Ambient sounds–mechanical sounds 0.02 −0.03 0.06 0.48 0.02 −0.02 0.06 0.40

Ambient sounds–artificial sounds 0.03 −0.02 0.07 0.27 0.03 −0.02 0.07 0.24

Ambient sounds–music sound −0.02 −0.08 0.03 0.42 −0.05 −0.09 0.01 0.07

Mechanical sounds–artificial sounds 0.01 −0.04 0.05 0.70 0.01 −0.03 0.05 0.59

Mechanical sounds–music sound −0.04 −0.10 0.02 0.19 −0.07 −0.12 −0.01 0.03(*)

Artificial sounds–music sound −0.05 −0.10 0.01 0.09 −0.08 −0.14 −0.01 0.03(*)

*The mean difference is significant at the 0.05 level.

TABLE 2 | Pairwise comparison of psychological stress recovery levels in patients.

Self-reported anxiety state Perceived restorativeness score

MD 95% CI for difference Sig MD 95% CI for difference Sig

Lower bound Upper bound Lower bound Upper bound

Ambient sounds–mechanical sounds 0.25 −0.55 1.05 0.530 2.09 0.28 3.91 0.04(*)

Ambient sounds–artificial sounds −0.97 −1.82 −0.12 0.027(*) 0.78 −1.04 2.60 0.35

Ambient sounds–music sound 1.56 0.52 2.61 0.01(**) −2.69 −4.51 −0.87 0.00(**)

Mechanical sounds–artificial sounds −1.22 −2.08 −0.36 0.01(**) −1.32 −3.13 0.51 0.20

Mechanical sounds–music sound 1.31 0.46 2.17 0.00(**) −4.78 −6.60 −2.96 0.00(**)

Artificial sounds–music sound 2.53 1.52 3.54 0.00(**) −3.46 −5.29 −1.65 0.00(**)

*The mean difference is significant at the 0.05 level. **The mean difference is significant at the 0.01 level. Values in bold represent the family-wise error rate corrected
significant.

FIGURE 4 | The mean value of patients’ psychological stress recovery indicators under exposure to different healthcare soundscapes. Error bars depict 95%
confidence interval. *Significant at the 0.05 level. **Significant at the 0.01 level.

The environmental restorativeness scores given by patients
significantly differed (F = 9.39, Sig = 0.00) under the ambient
noise, mechanical noise, artificial, and music soundscape
conditions. The effect size (partial η2 = 0.23) suggested the

substantial effect of the healthcare acoustic environment on
the perceived environmental restorativeness scores. As shown
in Figure 4, consistent with the anxiety result, when the
music soundscape was broadcast, patients tended to perceive

Frontiers in Psychology | www.frontiersin.org 7 July 2020 | Volume 11 | Article 1600

https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-11-01600 July 18, 2020 Time: 19:18 # 8

Zhou et al. Acoustic Environment in Hospital Wards

FIGURE 5 | Patients’ bipolar adjective environmental appraisal scores in
different healthcare acoustic environments.

the surrounding environment as “restorative.” The percentage
of improvement in the restorativeness scores, i, was used
to estimate the benefit that certain soundscapes could bring
to the participants, which can be calculated as follows:
imusic = (PRSmusic − PRSnoise)/PRSnoise, where imusic is
the percentage of improvement in the restorativeness scores
from the music to the noise soundscape conditions, PRSmusic
is the mean PRS under music soundscape conditions, and
PRSnoise is the mean PRS under noise soundscape conditions.
The restorativeness scores given to the music condition were
7.9, 15.0, and 10.5% higher than those given to the ambient,
mechanical, and artificial noise conditions, respectively. The

LSD post hoc test indicated that the restorativeness differences
between music and the other three conditions were all significant
(p < 0.008). In contrast, participants regarded mechanical noise
as the least restorative soundscape (M = 31.81, SD = 4.20), but
the difference between mechanical noise and the control group
was insignificant.

The repeated measures ANOVA results showed that the main
effects of healthcare soundscapes on the three environmental
appraisal indices, i.e., sense of order, comfort, and stimulation,
were significant. Under the music experimental condition,
patients perceived the virtual environment as more orderly,
comfortable, and stimulating (Figure 5). In contrast, participants
experiencing the mechanical noise condition were more
likely to use negative adjectives to describe the sound than
under the control conditions. Specifically, when patients were
exposed to mechanical noise, they evaluated the surrounding
environment as narrower, closed, uncomfortable, artificial, and
unlively. However, the difference was not significant in any of
the environmental appraisal indices. Additionally, healthcare
soundscapes may influence some visual environmental appraisal
parameters. For example, the results indicated that patients
considered the space to be more dull and narrow under artificial
and mechanical noise, respectively.

Interaction Effects of the Acoustic
Environment and Demographic Factors
on Stress Recovery
As shown in Figure 6, mechanical noise appeared to exert a
more negative impact on physiological stress recovery in female
patients. Under the mechanical noise condition, the mean RHR
and RSCL values of female patients were 1.68 and 3.09% lower

FIGURE 6 | (A) The interaction effects of gender and acoustic environment on patients’ stress recovery. (B) The interaction effects of age and acoustic environment
on patients’ stress recovery.
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TABLE 3 | MANOVA results for main and interaction effects on physiological and psychological recovery.

Physiological stress recovery Psychological stress recovery

RHR RSCL STAI PRS

F Sig F Sig F Sig F Sig

Gender 0.01 0.94 0.30 0.59 0.01 0.91 0.91 0.34

Gender*soundtype 0.04 0.99 0.05 0.99 0.57 0.64 0.26 0.86

Age 0.23 0.79 2.00 0.19 0.28 0.73 0.82 0.45

Age*soundtype 0.36 0.91 1.07 0.36 1.78 0.10 2.14 0.05

than those of male patients. However, the ANOVA results
showed that the main effects of gender on RHR, RSCL, anxiety
state, and perceived restorativeness state were not significant
(p < 0.05). In addition, there was no significant interaction effect
between gender and healthcare soundscape on physiological and
psychological stress recovery, indicating that the street recovery
outcomes of male and female patients in response to various
healthcare soundscapes were similar.

As suggested by Figure 6, patients of different age groups
tended to respond to different healthcare soundscapes similarly,
although patients aged between 45 and 60 appeared to
physiologically recover slightly faster than those in the other
age groups. A two-way repeated measures ANOVA was
conducted to examine the influence of age on the participants’
physiological and psychological stress recovery parameters, and
the results indicated that neither the main effect of the patients’
age nor the interaction effect between age and soundscape
condition was significant (p < 0.05), as shown in Table 3.
The interaction effect between age and soundscape on the
perceived restorativeness was almost significant (p = 0.05). Senior
patients were less sensitive to the three types of healthcare
noise, and young people (less than 45 years old) perceived
the environment as less restorative under the mechanical
noise condition.

The results showed that there was no significant interaction
effect between soundscape and demographic characteristics
on the participants’ restoration; therefore, hypothesis (3) is
rejected. Although we failed to identify any significant interaction
effects, certain groups of participants exhibited some particular
environmental feedback tendencies. For example, the restorative
outcome of elderly people appeared to be less sensitive to
acoustical conditions. Participants aged between 45 and 60 years
tended to withstand negative sounds better than those in the
other age groups. In future studies, we could consider the
patients’ socioeconomic characteristics in analysis to explore the
potential interaction effects.

DISCUSSION

The results obtained from the skin conductance level partly
support the theory that the healthcare soundscape could affect
physiological stress recovery. The music soundscape has a
restorative effect on healthcare. The results showed that the
recovery rate of participants’ SCL under the music condition was

faster than that under the ambient, mechanical, and artificial
sound conditions. However, none of these differences reached
significance, indicating that the restorative effects of music are
limited in the aspect of physiological stress.

Some previous studies observed a stronger restorative
effect of music than this study (Medvedev et al., 2015). The
experimental setting we adopted may cause different results,
as VR conditions could draw the patients’ attention to visual
stimuli and weaken the restorative effect of soundscapes.
Another possible explanation may be that the music used in
this study was not self-selected. Researchers have confirmed that
a participant’s sense of control could improve restorative
effects (Heitz et al., 1992). Additionally, the different
musical tastes of patients could affect the restorative impact
(Watts et al., 2016).

No significant impact of soundscape on the patients’ RHR
was observed here, which is consistent with the results of
some previous studies (Aletta et al., 2018a; Yu et al., 2018).
This may be attributed to the special characteristics of heart
rate, which is highly sensitive to the mode of information
processing (Ulrich et al., 1991; Meehan et al., 2005). A person’s
heart rate accelerates dramatically if experimental conditions
involve information processing, such as mental counting
(Lacey and Lacey, 1974). This study involved no information
storage, retrieval, or manipulation under any of the four
soundscapes, which may have resulted in an insignificant effect
on heart rate. Additionally, although the skin conductance
level and heart rate are both indicators of sympathetic nervous
system activity, their sensitivities when testing various built
environmental stimuli may differ (Cacioppo et al., 2007).
Studies have found that skin conductance is sensitive to
changes in the luminous environment (Izso et al., 2009) and
that heart rate is more responsive to the facade pattern
(Chamilothori et al., 2019a).

The second hypothesis was confirmed by the significant
effects of soundscape on the participants’ anxiety level and
perceived restorativeness state. Artificial sound induced higher
anxiety than the mechanical experimental conditions in the
study. A potential explanation for this result is that artificial
sound contains more transient noise (Allaouchiche et al., 2002),
which may negatively impact psychological recovery. However,
the anxiety level of the participants experiencing the mechanical
sound was not significantly higher than that of the participants
in the control group. Although this is the first study in this
area, the influence of the participants’ acoustic expectations may
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explain this result. The potential function of space (such as
socializing and working) could influence a user’s environmental
expectations and evaluations (Chamilothori et al., 2019b). In
this study, healthcare was chosen as the research context, and
participants may anticipate certain kinds of mechanical noise
before being subjected to the experimental conditions. Thus, its
negative impact on recovery could be relieved.

The perceived restorativeness state was also significantly
influenced by healthcare soundscapes. Mechanical noise was
perceived as the least restorative condition in the study, which
was inconsistent with the anxiety state data. This might be due to
the different assessment weights between the two psychological
recovery indicators. The anxiety state assesses the participants’
mental state. For example, the scale we used included items
such as “I feel upset” (Marteau and Bekker, 1992). However, the
perceived restorativeness state reflects the external environment
appraisal. In this study, both parameters may partly reflect
the impact of the soundscape on the patients’ psychological
states, but more work should be conducted to determine
the mechanisms and pathways of the effects of healthcare
soundscapes on psychological stress recovery.

This research assessed the effects of the acoustic environment
on patients’ environmental appraisal in a healthcare facility,
and the data show that healthcare soundscapes may have
affected the participants’ environmental appraisal. The music
condition was perceived as being more positive than the
three other experimental conditions for nine of the 11
evaluation dimensions and could significantly improve the
patients’ environmental perception in terms of the order,
comfort, and stimulation. However, no significant difference was
observed between the evaluation of mechanical, artificial, and
ambient noise. Overall, the soundscape has less of an impact
on patients’ environmental appraisal than visual information,
such as color, lighting, and spatial layout (Leather et al.,
2003). The smaller effect may indicate that visual stimulation
is a dominating factor affecting environmental appraisal in
healthcare settings.

This study found that the soundscape could alter the
patients’ visual impression of the environment, such
as their sense of light, order, and scale. This could be
because people holistically perceive the environment,
and audio and visual stimuli could drive multisensory
environmental perception (Viollon et al., 2002; Pheasant
et al., 2010). Attractive or meaningful visual contexts
tend to increase people’s tolerance to noise, causing less
irritation in similar noisy acoustic environments (Bangjun
et al., 2003; Iachini et al., 2012). However, studies have also
observed a high correlation between audio information and
an individual’s visual experience and preference. In this
study, the participants tended to regard the surrounding
environment as orderly, comfortable, and stimulating under
the music condition, which may be because the sound
stimuli altered the participants’ visual cognitive processing
(Ren and Kang, 2015).

Generally, the objective data were relatively consistent with
the subjective ratings (anxiety, perceived restorativeness state,
and environmental appraisal), which could verify the validity

of the method used in the study. However, when faced with
audio stimuli, the psychological stress recovery indicator tended
to be more sensitive than physiological parameters. The effect
size also indicates that the soundscape could exert a greater
effect on the outcome of psychological factors, supporting the
results of previous studies. This may be because physiological
stress recovery parameters, such as heart rate, skin conduction
levels, or blood pressure, are indices of sympathetic arousal
and cannot reflect the valence of emotion (Ward and Marsden,
2003). Therefore, physiological data cannot detect mild arousal
responses coupled with positive emotional reactions. Therefore,
interpreting a person’s stress level using physiological data alone
is insufficient, especially considering the stress reaction, and
recovery is a complex process involving cognition and reflection
(Bartlett, 1998).

CONCLUSION

Inpatients are more prone to anxiety and stress than
healthy individuals; therefore, hospital wards must provide
suitable acoustic environments to help them to relax and
recover. The restorative effects of soundscapes have been
investigated, but few studies have been conducted on patients
and hospital environments. This study mainly explores
and analyzes the influence of the acoustic environment
on physiological/psychological stress indicators of patients
in hospital wards.

The impact of soundscape on patients’ physiological stress
parameters was relatively modest. In this study, sounds did
not significantly impact the patients’ heart rate recovery rates
(RHR). However, the results demonstrate that the soundscape
could significantly influence the patients’ skin conductance level
recovery rate (RSCL). The recovery rate was faster under music
than the mechanical or artificial noise conditions, though the
difference fails to reach significance.

The acoustic environment could exert profound effects on the
patients’ psychological stress indicators, with both the patients’
self-reported anxiety state and PRS significantly affected by
the healthcare soundscapes. Patients continuously reported less
anxiety and higher perceived restorativeness for the music
soundscape than the ambient, mechanical, and artificial noise
soundscapes. The reported anxiety levels were highest under the
artificial sounds, and mechanical sounds were regarded as the
least restorative. For the environmental appraisal of psychological
parameters, the music condition was described as significantly
more ordered, comfortable, and stimulating than the three other
experimental conditions. There was no statistically significant
difference between the environmental appraisal of mechanical,
artificial, and ambient sounds. However, it was found that the
acoustic environment could alter the patients’ visual impression
of the environment.

The interaction effects of gender, age, and acoustic
environment were not significant. However, there were
some environmental feedback tendencies for certain groups of
participants, and future studies may consider the patients’ social–
economic characteristics. Hospital spaces are rather diverse;
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thus, it would be interesting to consider other spaces, such as
outpatient halls, waiting rooms, double beds, and dormitory
bed wards, in future studies. While this study indicated that
the acoustic environment of hospital wards influences the
physiological and psychological indices of patients, and also
demonstrated that VR is an effective method of analyzing the
relative influences of different dominant sound sources, in future
work, the absolute influence of the acoustic environment on the
psychological and physiological indicators of patients could be
examined in realistic environments.
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