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Abstract

Background: Intensive care units (ICUs) may disrupt sleep. Quantitative ICU studies of
concurrent and continuous sound and light levels and timings remain sparse in part due to the
lack of ICU equipment that monitors sound and light. Here, we describe sound and light levels
across three adult ICUs in a large urban United States tertiary care hospital using a novel sensor.

Methods: The novel sound and light sensor is composed of a Gravity Sound Level Meter for
sound level measurements and an Adafruit TSL2561 digital luminosity sensor for light levels.
Sound and light levels were continuously monitored in the room of 136 patients (mean age =67.0
(8.7) years, 44.9% female) enrolled in the Investigation of Sleep in the Intensive Care Unit study
(ICU-SLEEP; Clinicaltrials.gov: #NCT03355053), at the Massachusetts General Hospital.

Results: The hours of available sound and light data ranged from 24.0 to 72.2 hours. Average
sound and light levels oscillated throughout the day and night. On average, the loudest hour

was 17:00 and the quietest hour was 02:00. Average light levels were brightest at 09:00 and
dimmest at 04:00. For all participants, average nightly sound levels exceeded the WHO guideline
of <35 decibels. Similarly, mean nightly light levels varied across participants (minimum: 1.00
lux, maximum: 577.05 lux). Sound and light events were more frequent between 08:00 and 20:00
than between 20:00 and 08:00 and were largely similar on weekdays and weekend days. Peaks

in distinct alarm frequencies (Alarm 1) occurred at 01:00, 06:00, and at 20:00. Alarms at other
frequencies (Alarm 2) were relatively consistent throughout the day and night, with a small peak at
20:00.

Conclusions: In conclusion, we present a sound and light data collection method and results
from a cohort of critically ill patients, demonstrating excess sound and light levels across multiple
ICUs in a large tertiary care hospital in the United States.

Registration: ClinicalTrials.gov, #NCT03355053. Registered 28 November 2017, https://
clinicaltrials.gov/ct2/show/NCT03355053

Keywords
Intensive care units; sound; light; devices; critical illness; urban hospitals

Introduction

Sleep is sensitive to sound-induced disruption [1-5] and light [6-10]. There is a substantial
literature describing the adverse effect of environmental sound on sleep, with an overall
effect of shorter, lighter, and fragmented sleep [3, 11-13]. In addition, lights-on sleep is
associated with increased stage 1 sleep (N1), decreased slow-wave sleep (SWS), and an
increased arousal index. In an experimental lights-on sleep condition, spectral analysis
shows that theta power (4-8 Hz) during REM sleep and slow oscillation (< 1 Hz), delta (1-4
Hz), and spindle (10-16 Hz) power during NREM sleep are decreased [10].
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One area of medical care where excess sound and light are ubiquitous is intensive care

units (ICUs) [14-16]. The World Health Organization (WHO) recommends that average
hospital sound levels remain below 35 decibels (dB) at night, as a vital part of recovery

from critical illness [17]. Recent studies have also recommended reducing light pollution

to promote sleep and recovery in ICUs [18]. These recommendations are particularly
important considering that sleep is generally poor among adult ICU patients, with reports
indicating that up to 61% of patients experience frequent sleep disruptions and inadequate
sleep duration [19, 20]. Ambient sound and light are also important environmental cues
affecting the circadian clock, thus monitoring the exposure of ICU patients to these factors is
necessary [18].

Characterizing and quantifying 24-hour sound and light levels in ICUs can determine the
magnitude of future sound and light interventions[21]. Quantitative studies of concurrent
and continuous sound and light levels and timings in the ICU remain limited. The absence
of data is in part due to the lack of ICU equipment that systematically monitors sound and
light. To address this gap, we developed a novel, an inexpensive sound and light sensor to
characterize concurrent 24-hour sound and light levels in a large number of ICU patients.
Here, we describe sound and light levels across three adult ICUs in a large urban United
States tertiary care hospital using a novel sensor.

Sound and light sensor assembly

The core of the sound and light sensor is an Arduino Uno embedded computing

system (Arduino.cc) with an Adafruit data logging shield for writing timestamped sensor
measurements to .csv files on an SD card. For sound level measurements we used a
Gravity Sound Level Meter with a measuring range of 30—-130dBA, A-weighted frequency
weighting, and a sampling rate of 3.33 Hz. Light levels were measured with an Adafruit
TSL2561 digital luminosity sensor (Adafruit.com) and data were recorded as lux values.
These sensors have a range of 0.1 to 40,000 lux and were set to medium gain for best
performance in both bright and dim light conditions. Integration time was set to 100ms to
balance speed of sampling and resolution of lux sensor output. To protect the device, we
designed a 3D-printed enclosure to hold the Arduino, SD shield, and both sensors. Ports for
the sensor components as well as the SD card and power/USB ports on the Arduino allow
for data collection without any need for disassembly. Details on the design and instructions
to build the sensor are included in the Supplemental Material.

Study Population and Setting

The sound and light sensors were used in the Investigation of Sleep in the Intensive Care
Unit study (ICU-SLEEP; Clinicaltrials.gov: #NCT03355053), at the Massachusetts General
Hospital (MGH), a large urban tertiary care academic teaching hospital in Boston, MA. The
study was carried out in the three Intensive Care Units (ICUs) at MGH, an 18-bed Medical
Intensive Care Unit (MICU), 20-bed Surgical Intensive Care Unit (SICU) and 18-bed mixed
ICU medical and surgical ICU. The aim of the ICU-SLEEP randomized clinical trial is

to determine whether dexmedetomidine reduces delirium by improving sleep in critically
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ill ICU patients. Trial inclusion and exclusion criteria and procedures are provided in the
supplemental material.

ICU-SLEEP enrollment and data collection

We analyzed available sound and light level data in secondary analysis of data collected
from patients enrolled between January through November 2019. Sound and light levels
were continuously monitored in each patient’s room throughout their study enrollment
period. For each patient, recordings began the evening of study enrollment and continued
until ICU discharge. All study participants provided informed consent prior to the start
of study procedures. The study protocol was approved by the Mass General Brigham
Institutional Review Board (protocol # 2017P000090).

Upon enrollment, the sound and light sensor was placed near the patient’s bed up to 5 feet
from the patient: either on a nearby device rack, on a counter by a window, or on a table
next to the bed. The sound and light sensors were positioned upwards. A musical tuner was
used to mark the start time of the recording to the nearest second by creating a notable
square wave visually identifiable in the sound signal. The sensor remained in the room
throughout the ICU admission. Following ICU discharge, the sensor was retrieved, and data
were downloaded.

Sound and light sensor data processing

Sound data were visualized in MATLAB. The pulse from the musical tuner was first
identified and the recorded time was used as the reference point to generate a timestamp
for each signal sample in the file based on the 5 Hz sampling rate of the device. Data files
without a visually identifiable pulse were excluded.

Average sound and light levels for each patient per hour was computed by binning each hour
of signal into mutually exclusive segments, consistent with the change in clock hour (i.e.,
[0:00:00.00 - 0:59:59.99], [1:00:00.00 - 1:59:59.99], etc.). In addition, we computed hourly
sound and light levels for all patients in aggregate.

A sound event was defined as a discrete period starting when the sound level first exceeds 80
dB and ending when the sound falls below 80 dB for at least three seconds. A series of noisy
periods exceeding 80 dB occurring within three seconds of each other were considered as a
single event.

To identify signatures of ICU alarms, we first automatically detected candidate alarms

by computing the spectral power of the signal and identifying candidate segments with
frequencies that match the alarms. To do so, we first smoothed the signal using a sixth-order
Butterworth low-pass filter with upper frequency cutoff of 2 Hz. Next, we calculated the
signal spectrogram with a segment length of 20 seconds and overlap of five seconds,
returning a time series of power spectral densities with magnitude dB/Hz. Based on prior
visual inspection of alarm signals, we determined that the characteristic frequency of Alarm
1 is exactly 0.2 Hz, and the frequency of Alarm 2 is 0.5 Hz. We determined that an
appropriate spectral density threshold was 150 dB/Hz for Alarm 1, and 125 dB/Hz for Alarm
2. Using these thresholds, we identified candidate segments of possible alarms.
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Next, we used a graphical user interface to display each candidate alarm and surrounding
signal [size of time window], and these were confirmed or rejected as alarms based on visual
inspection of waveform shape and the signal strength compared to background sound.

Light measures were smoothed with a one-second moving average. Following smoothing,
we identified light events based on a relative change. For time t;, we calculated the
relative change in light signal L at tj and L a distance At away, and compared this to a
pre-determined threshold T:

L(t + A t) — L(t)|/(min(L(t; + A t),L(t))+ 1) <T,

where |¢| is absolute value and min(e) + 1 takes the minimum value of the signals, with

an extra additive term to prevent unstable division by very small values. Thus, for each
period At, we examined for a significant relative change (increase or decrease) in the light
signal that occurred within the period that exceeded the relative threshold T. This approach
identifies abrupt changes in light levels occurring within At, such as a light being turned

on or off. The thresholding of relative changes in light level rather than absolute change is
based on Weber’s Law of human perception, where the minimum change in a signal that will
cause a change in perception is proportional to the baseline level of the stimulus.

We set At = 5 seconds, T = 0.5, and only counted light events if at least one of L(t ;) and L(t
+ At) exceeded 10 flux, i.e. we did not count large relative changes in light as an event if the
overall light level was consistently very low.

Sound and light sensor validation

To validate the performance of our sensor assembly in recording sound levels, recorded

dB levels were compared between our sensor and a REED R8050 sound level meter. The
Reed was set to A-weighted dB curve and fast sampling. Recordings of ambient sound
levels were taken at 3 locations with different environmental sound levels. These were taken
simultaneously, with devices placed next to one another to best accommodate changes in
background sound. The sensors were powered on, and samples from the Reed meter were
collected at 3 points during the recordings. The mean and standard deviation for the Reed
sensor samples were calculated for each location. For all device recordings, 500 samples
were used to calculate the mean and standard deviation of dB levels in each location. To test
differences in frequency response, we also recorded sound levels from speakers generating
a pure sine wave tone at 5 different frequencies within the human hearing spectrum (250,
500, 1000, 2000, 4000, and 8000 Hz). Sine wave tones were generated using an online tone
generator (https://www.szynalski.com/tone-generator/) and constant gain on our speakers
(Logitech Z130). Three samples were taken with the Reed meter at each frequency and
averaged. Three windows of 16 samples were taken for the device recordings at each
frequency and averaged. The mean and SD of the Reed meter and the mean of the window
averages were calculated at each frequency.

To validate the lux data recorded by our sensors, readings were compared to data from an
Extech Instruments LED Light Meter. The multiplication factor for our user calibration was
set to 1x. The sensor enclosure and the sensor dome for the Extech were placed side by side
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in 3 different lighting conditions. To synchronize the devices, the lux sensor on the sensor
was covered to “zero” the start time between sensors. The average mode on the Extech
sensor was enabled and collected samples for 30 seconds. The displayed value was recorded,
and the sensor data was downloaded to a computer via SD card reader for averaging over the
same period. The start of the period was defined as the first value after removal of the finger
and the mean of the 100 subsequent lux samples were taken to get a 30 second average. This
process was repeated five times for each device under each lighting condition. Mean and SD
of the averages are reported for 2 devices and the Extech for each condition.

Statistical Analysis

Results

Patients with multiple days and nights available for the same hour contributed more to the
hourly average, proportional to the number of signals available for that hour, allowing for
maximal use of all available data. In addition, sound and light levels at night, between

the hours of 20:00 to 08:00, were examined. To determine whether sound and light levels
were related, we examined correlations between the sound and light data. Similarly, for
patients with multiple days of sound and light events and for ICU alarms data, values were
averaged across the number of days with available data. In sensitivity analyses, sound and
light events from weekdays and weekend days were analyzed separately. Population-level
summary statistics of these variables are presented as mean (SD). Analyses were conducted
using MATLAB R2018a and Python 3.6.7.

Subject characteristics

A total of 165 patients were enrolled between January and November 2019 across 3 adult
ICUs (Figure 1). Of these, sound data were available for 136 participants, of which 127 had
available light data (Table 1). The patients spanned 3 ICUs. Mean age was 67.0 (8.7) years,
44.9% of participants were female, 85.3% were White, and 92.6% were non-Hispanic. The
median ICU and hospital length-of-stay were 5.0 and 11.0 days, respectively. The hours of
available sound and light data ranged from 24.0 to 72.2 hours per participant. In aggregate,
there were 458 days of sound recording (weekday/weekend days = 405/53) and 378 days of
light recording (weekday/weekend days = 329/49).

Sound and light levels

Hourly sound and light levels across 24 hours are presented in Figure 1. Average sound and
light levels oscillated throughout the day and night. On average, the loudest hour was 17:00
and the quietest hour was 02:00. Average light levels were brightest at 09:00 and dimmest

at 04:00. ICUs were generally quieter and dimmer between 20:00 and 08:00, and louder and
brighter between 08:00 to 20:00. Average hourly sound levels were consistently above 50 dB
throughout the day. Light levels were below 10 lux between midnight and 4:00.

Sound levels at night (i.e., 20:00 to 08:00) varied across participants (Figure 2): the quietest
hospital night was on average 42.67 dB while the loudest hospital stay was on average
62.79 dB. For all participants, average nightly sound levels exceeded the WHO guideline
of <35 dB. Similarly, mean nightly light levels varied across participants (minimum: 1.00
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lux, maximum: 577.05 lux). We found no significant correlations between nightly sound and
light averages (Pearson correlation = —-0.13; p = 0.12).

We computed the hourly frequency of alarms throughout a 24-hour period (Figure 3). On
average, there were fewer than one alarm per hour across all hours. Peaks in distinct alarm
frequencies (Alarm 1) occurred at 01:00, 06:00, and at 20:00. Alarms at other frequencies
(Alarm 2) were relatively consistent throughout the day and night, with a small peak at
20:00.

Sound and light events

We calculated the hourly frequency of sound and light events (Figure 4). Sound and light
events were more frequent between 08:00 and 20:00 than between 20:00 and 08:00. On
average, there were more than one sound and light event per hour at every hour of the day.
The frequency of events was highest at 17:00 and 15:00 for sound and light, respectively.
Whereas the patterns of sound and light events were similar on weekdays and weekend days,
events were generally fewer on weekend days compared to weekdays (Figure 4).

Validation of sound and light sensors

Our validation tests showed our devices can reliably record ambient dB levels in multiple
environments (Table 2). Sine wave tests showed a discrepancy in power at specific
frequencies, either due to a difference in the A-weighting of the sensor or frequency-specific
filtering of the enclosure. Broadband recordings - the devices’ intended use — were accurate.
Lux sensors showed less-reliable absolute values when compared to commercial sensors
(Table 3). Values were consistent between sensors; therefore, the dynamics of the light levels
are still reflected in these data and can be compared between sound and light sensors.

Discussion

Our study characterizes patterns of sound and light variations across three ICUs in a

large tertiary care hospital. Sound and light levels showed systematic patterns of variation
according to time of day, varied from patient to patient, but were not strongly correlated.
Sound levels consistently exceeded recommended sound thresholds established by the
WHO. Light levels showed a relatively clear but shortened scotoperiod and thus an elevated
photoperiod. Light and sound events with disruptive potential were frequent.

We found that sound and light levels indicated that disturbances from environmental
disruptors occurs at all hours in the ICU. Generally, daytime hours between 08:00 and
20:00 were louder and brighter than nighttime hours between 20:00 and 08:00. Sound levels
were on average 15 dB higher than the threshold established by the WHO throughout the
day and night. The loudest detected hour of 17:00 coincides with a known time of day of
increased clinical activities, including shift changes and ICU discharge. Light levels in the
ICU were brightest at 09:00, at a time when likely both natural and artificial light exposure
may peak. The weak correlations between sound and light levels suggest that the sources of
sound and light disruptors are unrelated.
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Two distinct alarm signatures, based on volume and frequency, were detected in the ICUs.
Alarm 1, which peaked at 01:00, 06:00, and 20:00, coincided with the times of study-
related drug administration. Alarm 2, which was generally evenly distributed throughout all
hours of the day and night, may be related to sound emitted from medications, pressors,
and antibiotics on pumps, alarms outside the room, alarm signals resulting from cardiac
arrythmias or other irregularities in vital signs. Closer analysis of ICU alarm data may
provide insights into alarm management solutions that may reduce the frequency and
duration of sound disruptors throughout the ICU [22].

While trends in sound and light levels were generally comparable across patients, the
magnitude of the exposure to these environmental disruptors varied from patient to patient.
Variability in exposure may be related to the relative location of the room within the ICU,
for example proximity to the ICU entrance (relevant for ICU admissions and discharges),
other patient rooms, or nurse station, the design and size of the ICU room, for example
number and placement of windows, the placement of the sound and light sensor within the
room, which varied across patients, or the severity of patient illness which would directly
impact the number of medical devices supporting the patient and the frequency of patient
contact by the medical team. The contribution of each of these factors impacting sound
and light variability in patient rooms cannot be elucidated from this study. Careful future
examination of these factors may help disentangle their relative contribution to sound and
light.

Excess sound or light in the ICU is known to affect sleep quality in critically ill patients.

Up to 61% of adults in the ICU experience a lack of sleep or sleep disruptions [20]. Sleep
disturbance is particularly common after surgery [23], as well as in critically ill patients

on mechanical ventilation [19]. Preliminary evidence suggests that prioritizing sleep in the
ICU may improve delirium-related outcomes, which could reduce ICU length-of-stay [24].
Impaired circadian rhythms have also been reported in ICU patients and may be due to
exposure to consistently low lighting during the day and bright light at night [25]. Thus, the
24-hour consideration of both sound and light levels, and not only nighttime, is necessary for
critically ill patients.

Modern ICU environments and operations remains suboptimal to support good quality sleep.
Several simple and practical steps may be employed to limit environmental sound and

light disruptors. Interventions, such as the application of earplugs or eye masks together
with relaxing music have been reported to promote sleep in a cardiac surgical ICU patient
population [26]. Similarly, the use of self-initiated patient-directed music or noise-cancelling
headphones in critically ill patients receiving ventilatory support reduced anxiety and
sedation intensity compared with usual care[27]. Limiting patient disturbances during the
night, whenever possible, or the strategic placement of patients in certain ICU rooms based
on traffic, may also provide additional opportunities for controlling overall sound and light
exposure [28]. Upgrading room and bed lightening, orienting patients towards or away

from windows, and utilizing solar shades can also provide contrast between bright daytime
lighting and dim nighttime light levels, which may promote robust circadian rhythms [29,
30]. Although many patients in the ICU may have their eyes closed, bright light can still be a
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potent entrainer of circadian rhythms [18]. Reducing overall noise in the ICU may also limit
stress levels and improve well-being among staff members.

A strength of this study is the multiple-day concurrent assessment of sound and light in a
large, heterogeneous critically ill patient cohort across several ICUs in a large urban hospital
in the United States. However, important limitations should be considered. The placement
of the sensors varied across patients, thus the measured ambient sound and light may not
reflect the exact levels perceived by the patients, especially in special circumstances when
patients temporarily leave the room, for example for radiology. As the present study focuses
on characterizing sound and light levels in the ICU, their impact on clinically relevant
outcomes, such as risk of delirium, and patients’ perception of the sound and light levels,
including possible annoyance and intolerance, in this cohort remains unknown. In addition,
the source of the sound and light exposures such as events and alarms cannot be elucidated.
Thus, it remains unclear what efforts are necessary to mitigate environmental disruptors in
large urban hospital ICUs. Alarm determination from careful visual inspection of waveform
shape and the signal strength is prone to various errors, and thus results pertaining to the
alarms should be interpreted cautiously. Lastly, as the study focused on a single large urban
hospital in the United States, similar characterization of sound and light levels in other
hospitals is necessary for external validity of these findings.

Conclusion

In summary, we present a light and sound data collection method and results from a cohort
of critically ill patients, demonstrating likely excessive sound and light levels across multiple
ICUs in a large tertiary care hospital in the United States. Continued efforts to mitigate
environmental disruptors, including sound and light, in clinical settings are necessary.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Hourly averages of sound and light levels across 24 hours in three adult ICUs.
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Figure 2:
Distribution of average night (i.e., 20:00 to 08:00) sound against light levels in three adult

ICUs. Scatterplot and regression line show the linear correlations between nightly sound and
light levels by participant. Green and yellow histograms show nightly sound and light levels
by participant, respectively.
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Hourly averages of two alarm types across 24 hours in three adult ICUs.
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Hourly averages of sound and light events across 24 hours in three adult ICUs and stratified
by weekdays and weekend days.
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Table 1:
Characteristics of patients enrolled in the ICU-SLEEP study.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Overall

n 136
Age, mean (SD) 67.0 (8.7)
Gender, n (%)

Female 61 (44.9)

Male 75 (55.1)
Hispanic, n (%)

Unknown 3(2.2)

No 126 (92.6)

Yes 7(5.1)
Race, n (%)

Asian 4 (2.9)

Black 5(3.7)

Unknown 9 (6.6)

Other 2(15)

White 116 (85.3)
ICU Site, n (%)

Blake 12 57 (41.9)

Blake 7 30 (22.1)

Ellison 4 49 (36.0)
ICU length-of-stay, median (IQR) 5.0 (4.0, 7.0)

Hospital length-of-stay, median (Q1,Q3)
Total hours of data, median (Q1,Q3)
Nightly hours of data (20:00 to 8:00), median (Q1,Q3)

11.0 (7.8, 22.20)
465 (24.0,72.2)
24.0 (12.0, 36.0)
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Validation data from Reed dB meter and sound and light sensors. Data presented as mean dB = std.

Test Reed dB meter Sensor A Sensor B
Location A 49.5+0.170 49.3+0.691 49.8+0.767
Location B 59.5+0.374 56.7+0.713 59.4 +0.828
Location C 47.2£0.245 43.8+0.754 46.9 +0.832
250Hz Sine 67.9 £0.330 65.2+0.315 54.9+4.047
500Hz Sine 57.3+0.386 65.9+0.203 54.8 +2.569
1000Hz Sine 60.9 + 1.372 53.2+1.407 52.0+0.626
2000Hz Sine 64.6 = 1.080 66.5+0.242 57.1+4.220
4000Hz Sine 60.1 + 3.065 61.5+1.670 52.3+0.969
8000Hz Sine 51.6 + 1.147 56.7+0.384 51.8+1.320
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Table 3:

Validation data from Extech light meter and sound and light sensors. Data presented as mean lux + std.

Test Extech light meter Sensor A Sensor B

Location A 3156.2 + 106.1 1232.8+92.6 1241.5+93.2
Location B 11.8+3.8 1.0+£01 1.0+0.1
Location C 683.8 +29.6 371.1+185 3755+228
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