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Abstract

Purpose—Sound levels in the intensive care unit (ICU) are universally elevated and are believed
to contribute to sleep and circadian disruption. The purpose of this study is to compare overnight
ICU sound levels and peak occurrence on A- versus C-weighted scales.

Materials and Methods—This was a prospective observational study of overnight sound levels
in 59 medical ICU patient rooms. Sound level was recorded every 10 seconds on A- and C-
weighted decibel scales. Equivalent sound level (Leq) and sound peaks were reported for full and
partial night periods.

Results—The overnight A-weighted Leq of 53.6 dBA was well above World Health
Organization (WHO) recommendations; overnight C-weighted Leq was 63.1 dBC (no WHO
recommendations). Peak sound occurrence ranged from 1.8 to 23.3 times per hour. Iliness severity,
mechanical ventilation and delirium were not associated with Leq or peak occurrence. Leq and
peak measures for A- and C-weighted decibel scales were significantly different from each other.

Conclusions—Sound levels in the medical ICU are high throughout the night. Patient factors
were not associated with Leq or peak occurrence. Significant discordance between A- and C-
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weighted values suggests that low frequency sound is a meaningful factor in the medical ICU
environment.
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Introduction

Critically ill patients experience sleep loss, poor sleep quality and circadian misalignment.
Causality is multifactorial and may include physiologic, psychological, and environmental
factors [1-3]. Studies using 24hour polysomnography in medical intensive care unit (MICU,
ICU) patients demonstrate severely reduced overall sleep time, decreased slow wave sleep,
limited rapid eye movement sleep, frequent arousals, and increased sleep during daytime
hours [3-7]. Similar findings have been observed in healthy subjects exposed to recordings
of ICU sounds [8].

Health care providers struggle to balance the urgent needs of critically ill patients with the
empiric observation that ICUs are loud and disruptive. Concerns regarding the impact of the
ICU environment on the cognitive and psychiatric outcomes of patients were raised early in
the inception of ICUs [8-13]. However, critical care units are still characterized by high
sound levels that, in turn, may contribute to sleep deprivation, circadian disruption, and
delirium. There have been improvements in treatment and prevention of delirium and
promotion of sleep [14, 15], but understanding of how characteristics of the ICU
environment, such as sound, impact patient sleep, circadian orientation, and delirium
continues to be incomplete.

Sound has characteristics of amplitude or sound pressure (perceived as loudness, measured
in decibels), frequency (perceived as pitch, measured in Hertz), and time pattern [16].
Decibel (dB) levels are reported on a logarithmic scale that accommodates the large range of
sound intensity in our environment. The threshold for human hearing is set at 0 dB; painful
sound is 140 dB. A change in 3-5 dB is perceptible to the human ear and a change of 10 dB
represents approximate doubling of sound amplitude [16, 17]. Noise is unwanted or
undesirable sound and is subjectively identified by the listener.

The sound level equivalent (Leq) reflects the average amplitude or sound pressure over an
indicated interval. Leq is most commonly reported on either an A-weighted (unit dBA) or C-
weighted (unit dBC) scale. Weighted scales integrate sound levels across varying
frequencies and give higher or lower weights to particular frequencies. For example,
reporting of sound in dBA units gives more weight to the higher frequency tones most
readily heard by the human ear. The C-weighted scale incorporates a wider range of sound
frequency and is weighted equally across low and high frequencies. Discordance between A-
and C-weighted measures indicates the presence of a high proportion of low frequency
sound [18]; low frequency sound is associated with building machine noise such as air
handlers and small machine noise such as the “hum” from computers or televisions [19].
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Studies of patients interviewed post ICU discharge identified lack of sleep and “noise” as
significant stressors and linked “noise” to sleep loss [17, 20-23]. Average ICU sound levels
are typically between 55 to 65 dBA [24-29] despite World Health Organization (WHO)
recommendations for hospital sound averages and maxima of 30 and 40 dBA, respectively
[30]. Maximum sound levels exceed 80 dBA in most studies of acute or critical care
environments [24, 25, 31, 32]. Studies of critically ill patients demonstrate correlations
between sound peaks greater than 75 dBA and polysomnographic arousals from sleep with
approximately 17-18% of nighttime arousals occurring at the time of sound peaks [5, 33].

The purpose of this paper is to report overnight sound levels (amplitude and peak
occurrence) in MICU patient rooms and to examine associations between sound levels and
patient characteristics. Peak occurrence was measured in absolute and relative terms, and
concurrent measures on A- and C-weighted scales were compared for differences. Patient
characteristics include severity of illness, use of mechanical ventilation, use of vasopressors,
need for contact precautions and presence of delirium. We hypothesized that these factors
were either associated with sound producing machines or may require a higher degree of
bedside presence that would increase sound levels.

Study Design and Setting

This was a prospective observational study investigating sound levels in the rooms of
critically ill patients. The study was conducted in the MICU of a 1,000 bed tertiary hospital.
The MICU was built in 2009 and is rectangular in shape with rooms on all four sides around
a central core of workstations, supply closets, and conference rooms (Figure 1). Every
patient has a private room with 3 solid walls and a hallway wall with a curtain and sliding
clear glass door. There is no central nursing station. There is a main entrance desk that is
continuously staffed by administrative personnel who answer phones and open the locked
unit door. The majority (>70%) of nurses work 12-hour shifts from 07:00 to 19:00 and 19:00
to 07:00. Daytime physician staffing utilizes a traditional academic pyramid of one attending
physician supported by fellows, residents, interns, advanced practice nurses, and physician
assistants who conduct interdisciplinary rounds during the morning and perform work
during the afternoon. Overnight physician staffing includes three intensivists and the on-call
resident and intern who work from 19:00 to 07:00. Visitors are allowed in the unit 24 hours a
day. It is hospital policy that all patients receive a “quiet kit” that includes earplugs, eye
masks, and suggestions for being quiet after 21:00.

Study Patients and Ethical Considerations

MICU study rooms were selected based on presumed average sound qualities with the goal
of excluding rooms that may be extremely noisy or quiet. Therefore, rooms by the main
MICU entrance which were subject to high staff and equipment traffic and corner rooms
with lower traffic were excluded (Figure 1). The sample included patients over the age of 18
years who were admitted to MICU study rooms. Patients were eligible for screening if they
had been admitted within the 48 hours prior to the next sound recording period. Patients
were excluded if they were non-English speaking, expected to die in the next 24 hours,
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receiving comfort care only, undergoing therapeutic hypothermia, or expected to be
transferred from the MICU before completing the overnight sound recording period. All
study procedures were approved by the Institutional Review Board / Human Investigations
Committee. Consent was obtained according to standard procedures.

Clinical Data Collection and Sound Recordings

Patient data was abstracted from the electronic medical record and included need for contact
precautions, mechanical ventilation, vasopressor use, and severity of illness. Delirium was
determined during daily interview via the Confusion Assessment for the ICU (CAM-ICU)
scale [34]. Contact precaution status was considered “yes” if visitors to a patient's room
were required by the hospital to don a protective gown before entering. Mechanical
ventilation was considered positive if the patient was ventilated during the night of
observation. Vasopressor use was positive if norepinephrine, epinephrine, neosynephring,
dopamine, or vasopressin was used for one hour or more during the 24 hours surrounding
the overnight sound monitoring period. Severity of illness was defined by the APACHE |1
score calculated according to the published algorithm [35].

Sound data were obtained with two sound meters per room (HD600, Extech Instruments,
New Hampshire, USA) set to read sound levels every 10 seconds on either an A- or C-
weighted scale. We piloted sampling frequencies of every 2, 5 and 10 seconds. Sampling
frequency did not change Leq; there was a nonsignificant trend suggesting a small decrease
in peaks as the sampling frequency decreased. We selected a 10 second sampling frequency
to allow full overnight monitoring and data storage on our portable devices. The Extech
HD600 Sound Level Meter meets American National Standards Institute and IEC61672-1
Type 2 standards and was calibrated per National Institute of Standards and Technology
(NIST) standards. Sound measurement was continuous and re-calibration occurred between
patients using the Extech NIST Sound Calibrator. The decibel range was set at 30 to 130
decibels and the detector response setting was “Fast” (125 ms) as suggested by the
manufacturer to capture sound peaks. Sound meters were placed at a standard central
location in the patient's room adjacent to the foot of the patient's bed; telemetry monitors and
ventilators were also placed at standard locations adjacent to the head of the patient's bed.
Our sound meter position was optimal in terms of patient safety and for achieving a standard
distance between the sound meters and patient equipment such as the mechanical ventilator,
intravenous medication pumps and telemetry monitor.

Data analysis

Data analyses were performed with SAS software V9.3 (SAS Institute, North Carolina,
USA). Continuous clinical variables were described by mean and standard deviation (SD) or
by median and interquartile range (IQR). For each set of sound measurements (A- and C-
weighted), mean Leq was calculated for the entire overnight period (20:00 to 08:00) as well
as beginning (20:00 to 23:59), middle (00:00 to 03:59) and end of the night (04:00 to 08:00)
periods. Average sound extremes were calculated by taking the highest/lowest sound level
during the entire period under evaluation and calculating the mean across all patients.
“LAF90” is the sound level exceeded for 90% of the measurement period indicated. By
definition, LAF90 is calculated only in the A-weighted scale. Sound peaks were identified
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via the following criteria: 1) absolute A-weighted sound level greater than 60 dBA or
absolute C-weighted sound level greater than 70 dBC and 2) relative sound level greater than
10 decibels above local mean sound level (A- or C-weighted) as determined for the 5
minutes during which the peak occurred. Frequencies and percentages were used to describe
the categorical data. Differences in frequencies or percentages between groups were tested
with a chi-square statistic; differences in means were tested with an unpaired Student's t-test
or one-way ANOVA; and differences in medians were tested with the Wilcoxon Two Sample
statistic. For significant differences detected with ANOVA, post-hoc comparisons were made
with the Tukey-Kramer test that simultaneously tests all pairs of means while adjusting for
multiple comparisons. Statistical significance was defined as a p-value < 0.05.

Patient characteristics

Of 266 screened patients, 134 were eligible, and 59 were enrolled (Figure 2). Baseline
demographic, medical, and severity of illness characteristics of the enrolled participants are
described in Table 1. Patients' mean age was 63 years (SD) and they had an average length
of MICU stay of 5.0 days. Reasons for MICU admission were diverse, but the most frequent
included sepsis (n=18/59) or respiratory failure (n=17/59). The mean APACHE I score was
19.4; 21/59 (35.6%) of patients requiring mechanical ventilation. Delirium was present in
23/59 (39.0%) of patients during the 24-hour period during which patients were monitored.

Sound level equivalents and sound extremes in MICU patient rooms

The mean Leq (sound level equivalent) from 20:00 to 08:00 was 53.5 dBA and 63.1 dBC.
The means of sound maxima from all patients in the overnight period (20:00 to 08:00) were
80.0 dBA and 84.9 dBC. The means for the sound minima were 46.5 dBA and 57.5 dBC.
Within each set of A- and C-weighted measures, there were no statistically significant
differences between mean equivalent sound levels, mean of sound maxima, or mean of
sound minima. This was true for the full overnight period and each of the three designated
four-hour blocks representing the beginning (20:00 to 23:59), middle (00:00 to 03:59) and
end of night (04:00 to 08:00) periods. In contrast, when comparing A-weighted versus C-
weighted measures, mean Leq and mean of sound minima on the C-weighted scale was
approximately 10 decibels (a sound doubling) higher during all periods of comparison; these
differences are statistically significant (Table 2). LAF90, the sound level exceeded for 90%
of the measurement period, was 49.5 dBA for the overnight period (Table 2).

Sound peaks occur frequently across all portions of the overnight period

We analyzed the occurrence of the sound peaks in absolute and relative terms. For A-
weighted sound measures, during the entire overnight period there was a median of 23.3
absolute peaks per hour and 5.6 relative peaks per hour. Neither absolute nor relative peak
frequency varied significantly between the entire overnight period versus beginning, middle
and end of night periods; however, the median values were lower and the interquartile range
was narrowed during the middle of the night period (Table 3).
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For C-weighted sound measures, peaks were defined similarly. For the entire overnight
period there was a median of 7.9 absolute peaks per hour and 1.8 relative peaks per hour.
Peak occurrence did not vary significantly between the entire overnight period versus
beginning, middle and end of night periods. Similar to the dBA peak measurements, there
were trends that suggested a decreased number of absolute peaks during the middle of the
night (Table 3). Comparison of frequency of A- versus C-weighted peaks reveals significant
differences between the two measures. The A- and C-weighted relative peak measures were
defined identically and dBA measurements revealed significantly more frequent dBA peaks
when compared to relative C-weighted peaks (Table 3).

Equivalent sound levels do not adequately reflect peak burden

Evaluation of raw A-weighted sound plots for overall sound patterns demonstrates that Leq
does not adequately reflect variations in sound level that occur over time. Figure 3 displays
four representative overnight sound plots; brief clinical summaries are included in the figure
legend. Plot A shows the sound profile for a patient with overall low Leq (48.3 dBA) versus
the total patient sample; however, the sound profile has a high relative peak burden with a
mean of 8.3 relative peaks per hour across the overnight period. Plots B and C show sound
profiles for two patients with virtually equivalent (54.5 and 54.3 dBA) Leq levels which are
similar to the mean Leq for the overall patient sample. Despite having a similar Leq, the
frequency of peak occurrence in plot B is very low at 4.1 relative peaks per hour, and the
frequency of peak occurrence in plot C is much higher at 10.1 relative peaks per hour.
Finally, D shows a subject with a high mean Leq (59.8) versus the overall patient sample;
this patient's sound profile has a very low peak burden of 0.8 relative peaks per hour.
Analysis over the whole sample demonstrates that Leq and the mean number of relative
peaks were poorly correlated (correlation coefficient of -0.186 and R? of 0.0345).

Sound level and sound peak occurrence are not associated with patient characteristics

We evaluated the associations between patient clinical characteristics (severity of illness,
delirium, need for contact precautions, vasopressor use, and mechanical ventilation) and
equivalent sound levels and sound peak frequency. There were no associations between
overnight Leq (A- or C-weighted measures) and any of the patient characteristics listed
(Supplementary Material, Table S1, S2). The frequency of absolute and relative peaks was
also not significantly associated with any of the patient characteristics.

Discussion

Our study is the first to describe the discrepancy between A- and C-weighted mean Leq
measures in the ICU. In addition, the C-weighted mean of sound minima is approximately
10 decibels (a sound doubling) above that of A-weighted mean of sound minima during all
measurement periods. These findings are important because they indicate that there is a high
level of constant low frequency sound present in the ICU; this may be important in
understanding the impact of sound levels on ICU patient outcomes. In contrast, A-weighted
levels can be quite low, as indicated by the mean sound minima on the A-weighted scale. C-
weighted sound peaks occur at a significantly lower frequency than A-weighted peaks. This
suggests less C-weighted variability. Consistent with prior studies, mean A-weighted Leq
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over the full night period and in four-hour intervals during the night were elevated over the
levels recommended by the WHO [24-29].

ICU-based sources of low frequency sound includes air handling systems, climate control
mechanisms, mechanical ventilation machinery and small machine “hum” such as that
produced by mobile computer workstations, medical beds or televisions. The implications of
the difference between A-weighted and C-weighted findings are not clear. From a clinical
perspective, it is not known whether prolonged elevated levels or sporadic peak elevations of
sound are more important to sleep disruption. Polysomnography studies attribute about one-
fifth of electrophysiological arousals from sleep to sound peaks in the ICU [5, 33]. Studies
of the effects of low frequency sounds and perceived noise from wind turbines demonstrated
negative effects on sleep, although the mechanism through which low frequency sound
affects human health and sleep are not understood [36].

Precise comparison of our findings with previous studies is limited by the variations in
methods used to record and report sound characteristics. For example, there is no established
definition of peak sounds, and there is considerable uncertainty regarding the characteristics
of sound that are most relevant to health-related outcomes. Leq is the predominant metric
reported. However, Leq obscures important considerations such as variations in sound over
time, the distribution of peaks, the relevance of a particular peak versus the underlying
background sound, and how sound relates to the type of care and the severity of illness of
the patient. In addition, the use of only an A-weighted scale has ignored the possible
contribution of low frequency sound to patient well-being.

For both A-weighted and C-weighted scales, the mean Leq did not vary significantly across
the entire night or over the beginning, middle and end of night periods. LAF90, an
alternative measure of background sound, also demonstrates consistently high sound levels.
However, the raw A-weighted sound level plots during single patient overnight observation
periods demonstrate significant local variation in sound levels that is not reflected in Leq or
LAF90 measures. Both low and high average Leq's can been associated with varying relative
peak burdens. We therefore conclude that the Leq value can obscure significant sound
characteristics such as peak occurrence, and local variations in sound may have a significant
influence on sleep and circadian rhythms.

The ICU sound literature has inconsistently defined peaks while consistently reporting
maxima greater than 80 dBA [24, 25, 31, 32]. Recently, Nannapaneni et al. [28] defined the
concept of sound “defects” (aka peaks) as sound events greater than 60 dBA. Their sound
reduction intervention did not change Leq, but decreased the number of defects / peaks [28].
In order to better understand sound variation, we examined the occurrence of sound peaks in
detail. We included both relative and absolute peak definitions in order to capture both
variation of sound levels relative to the local temporal sound background as well as capture
all significantly loud sounds. In our study, absolute peak definitions of 60 dBA and 70 dBC
directly contribute to and correlate well with the overall Leq. However, relative peak
frequency did not correlate with overall A-weighted Leq. These findings underscore our
conclusion that Leq may have limited utility as an ICU sound measure and should be
interpreted with caution.
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We did not demonstrate an association between patient characteristics such as severity of
illness, mechanical ventilation, vasopressor use, delirium, contact precaution status and
sound amplitude or hourly sound peaks. While this challenges our hypothesis that high
levels of ICU sound are directly related to the need to provide more intensive in-room care
to critically ill patients, given the small size of the sample, we are unable to draw firm
conclusions. Future research on the associations between noise, intensity of patient care and
clinical outcomes is needed. Our findings regarding the high levels of low frequency sound
associated with machinery suggest that certain aspects of elevated sound in the ICU may not
be modifiable except with structural unit redesign. Other ICU sound investigators have
suggested that WHO recommendations for sound levels can only be achieved in side rooms
with equipment turned off [32].

Study Limitations

Limitations of this study include the small sample size with sound data collected in a single
intensive care unit. We did not have adequate power to detect differences in sound levels by
patient clinical characteristics. We also did not perform spectral analysis of the ICU sounds,
which would have more precisely defined the range and amplitude of individual sound
frequencies. Inclusion of spectral analysis will be important to include in future work on
sound in the ICU. It is possible that 10 second sampling rate and the location of the meters at
the foot rather than the head of the bed may have resulted in a subtle loss of information on
sound peaks. Loud sounds occurring for shorter than 10 seconds or sounds at the absolute
peak threshold may not have been detected. However, pilot studies conducted to optimize
sound meter settings suggest that these differences are non-significant. Finally, we did not
measure sleep in our study and cannot therefore make statements regarding associations
between sound levels in this study and patient sleep.

Conclusions

This work demonstrates significant discordances between A- and C-weighted sound
measures. These results suggest that high levels of continuous low frequency sound may be
a significant and disruptive source of ICU sound. Moreover, Leq and LAF90 measures
obscure important sound level variability and should be interpreted with caution. Sound level
variability can be described with frequency of absolute and relative peaks, which may
improve our understanding of ICU sound patterns and allow future research examining the
impact of sound on health outcomes in critically ill patients. An important direction for
future research is the clarification of the relative harm of high levels of continuous low
frequency sound (C-weighted sounds) versus highly variable sounds with frequent peaks (A-
weighted sounds) as they relate to disruption of patient sleep.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Sound level exceeded for 90% of the measurement period
Equivalent Sound Level
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Standard Deviation

World Health Organization
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Highlights

. Sound levels in the intensive care unit (ICU) are severely elevated and
are believed to contribute to sleep and circadian disruption.

. In this work we compare average sound levels and peak occurrence of
overnight ICU sound on A- versus C-weighted scales.

. The overnight A-weighted Leq of 53.6 dBA was well above World
Health Organization recommendations, and overnight C-weighted Leq
was 63.1 dBC.

. Discordance between A- and C-weighted values suggests that low
frequency sound is a significant factor contributing to overall ICU
sound.
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Figure 1.
Medical intensive care unit floor plan. Patient rooms are indicated by sequential even

numbers; grey-lined rooms were excluded from the study. Staff work areas were either
enclosed (grey) or open (white with dashed borders).
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266 Screened

134 Eligible

Ineligible (132):
Anticipated Transfer (94),

Comfort Care (7),
Therapeutic Hypothermia
(5), Other (26)

59 Enrolled

Eligible, Not Enrolled (75)

Consent Denied (40)
No Surrogate (21)
Transferred (14)

Figure 2.
Study consort diagram.
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Figure 3.
Single patient sound plots across the 20:00 to 08:00 overnight period. Leq and relative peaks

are indicated in the upper left of each panel. Absolute dBA value every 10 seconds is
indicated by black bars. Clock time is on the x-axis and decibels on the y-axis. Local mean
is indicated by the horizontal grey line. Relative peaks are any values (black bars) that cross
the local mean (horizontal grey line). Clinical vignettes with age rounded to the nearest
decade are as follows: A. 80 year old with a history of stroke, atrial fibrillation and colon
cancer who was admitted to the MICU for urosepsis. B. 50 year old with a history of end
stage renal disease and peripheral vascular disease who was admitted to the MICU for sepsis
related to a skin wound. C. 50 year old with end stage liver disease from hepatitis C virus
who was admitted to the MICU for poor mental status in the setting of hepatic
encephalopathy. D. 70 year old with chronic obstructive pulmonary disease and acute
myeloid leukemia who was admitted to the MICU for hypoxemia in the setting of blast
crisis.
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Clinical and demographic characteristics of enrolled study participants (N=59)

Table 1

Baseline Demographics

Age in years: mean (SD) 63.1(16.8)
Male gender: n (%) 31 (52.5%)
Race, non-white: n (%) 13 (22.0%)
MICU length of stay in days: mean (SD) 5.0(2.8)

Hours from admission to study enrollment: mean (SD)  31:45 (7:03)

Reason for MICU Admission: n (%)

Delirium, n (%)

Infection, sepsis: n (%) 18 (30.5%)
Respiratory failure: n (%) 17 (28.8%)
Gastrointestinal bleed: n (%) 6 (10.2%)
Liver disease: n (%) 2 (3.4%)

Pulmonary embolism: n (%) 2 (3.4%)

Heart failure: n (%) 1(1.7%)

Other disease: n (%) 13 (22.0%)
Severity of lllness Parameters

APACHE Il score: mean (SD) 19.4 (5.9)
Mechanical ventilation: n (%) 21 (35.6%)

23 (39.0%)

Abbreviation: SD, standard deviation
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Table 3

Occurrence of Overnight MICU Sound Peaks

Time Period

Overnight:
20:00 - 08:00

20:00 - 23:59

Middle of night:
24:00 - 3:59

End of night:
04:00 - 08:00

Median Peaks per Hour [Q1, Q3]

Absolute Peaks Relative Peaks

dBA

23.3[12.1,47.7]

dBC dBA dBC

7.9[2.3,16.0] | 5.6[2.9,10.1]2 | 1.8[1.0,2.9]7

Beginning of night:

32.0[15.3, 68.3]

9.8[3.3,23.8] | 6.3[3.8,10.0] | 1.6[0.8, 3.8]

12.8[6.8, 33.8]

48[13,158] | 4.0[2.0,88) | 1.3[05,3.0]

21.3[10.0, 43.3]

6.0[25,19.0] | 53[3.0,93] | 15[08,3.3]

dBA n=53

dBC n=46

4 < 0.0001

Abbreviations: dBA, A-weighted decibel unit; dBC, C-weighted decibel unit; Q1 and Q3 indicate first (25%) and third (75%) quartiles
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