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ABSTRACT

Noise in Intensive Care Units (ICUs) is gaining increasing attention as a significant source of stress
and fatigue for nursing staff. Extensive research indicates that hospital noise also has negative
impact on patients. The objective of this study was to analyze noise variations as experienced by
both nursing staff and patients, to gain a better understanding of noise levels and frequencies
observed in ICU settings over extended (week-long) durations, and to implement a low cost
behavior modification program to reduce noise. The results of our study indicate that behavioral
modification alone is not adequate to control excessive noise. There is a need for further research
involving the supportive involvement by clinicians, ICU staff, along with effective medical device
alarm management, and continuous process improvement methods.

Keywords: hospital noise, noise pollution, occupational noise, patient safety, performance
obstacle, occupational stress

1. INTRODUCTION

An Intensive Care Unit (ICU) is a special area designed to treat hospital patients who
are at substantial risk for death. A typical ICU consists of individual patient rooms
containing equipment such as ventilators, patient monitors, infusion pumps, syringe
pumps, humidifiers, nebulizers, suction and dialysis machines—all supported with a
complex arrangement of cables, wires, and tubes that are in turn located on carts,
wall racks, and trays. Such a layout creates an obstacle course for nurses as they
perform their multi-patient duties in different rooms within the ICU. From a
researcher’s perspective, an ICU shares ergonomic considerations with an airplane
pilot’s cockpit. There are times when every motion counts—intelligent layout as
well as timely and accurate processing of the information is vital for high quality
patient care and safety.
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A particularly important consideration is the auditory environment of the ICU. A
typical ICU is bombarded with an array of buzzers, pagers, telephones, alarms, and
beeps. The air is filled also with the conversation of medical professionals, patients and
family. Together, this creates a cacophony that can create a highly unpleasant and
unhealthy work environment for doctors and nurses, not to mention the patients they are
caring for. One study involving 272 nurses from 17 ICUs at seven hospitals found that
46% (nearly 125) of nurses agreed that a noisy work environment is one of the top
performance obstacles for ICU nurses [1]. In a major review study done in 2010,
Choiniere found multiple studies indicating that noise has physiological and
psychological effects on the body, and increasing noise level has the potential to
increase complications in patients [2]. A recent 2012 clinical review study on noise
pollution in hospitals highlighted a number of potentially negative effects of hospital
noise on staff, concluding that “The need for more research in this area is acute,
particularly given that many of the results that do exist raise serious concerns” [3].
Padmakumar et al. concluded that higher noise levels affect the recovery and sleep of
the patients, and also have a negative effect on communication, speech intelligibility
and stress levels of the ICU staff [4].

1.1. Sources of Noise

Research literature suggests that staff conversations and medical equipment alarms
appear to be the most disturbing noise sources in the ICU [5-8]. Noise also arises from
building ventilation systems; closing and opening of doors and drawers; telephones;
mobile phones; pagers; overhead speakers; televisions; closing of metallic dust bins;
squeaking wheels of patient beds or wheel chairs; vacuum cleaners; and the pneumatic
tube systems used for delivery of drugs, documents, and specimens between the
laboratories and ICU [5, 7, 9-21].

Most previous studies related to noise in hospitals have focused on analyzing general
noise (sound) pressure levels rather than on understanding how those sound pressure
levels vary with respect to their frequency components [4, 5, 7, 10, 12, 19-24], despite
the fact that different frequencies have differing effects on people, and a variety of
methods must be used to mitigate the effect of sounds at different frequencies.

Relevant to all this is that the human ear is more sensitive to high- than to low-
frequency sounds. As people age, their sensitivity to higher frequencies decreases [25].
However, low frequency noise can also have negative health effects [26]. It is important
to note that although our audible frequency range is 20 to 20,000 Hz, human ears are
more sensitive to sounds in the range of 1000 to 4000 Hz [27]. It therefore is
particularly important to reduce noise in this frequency range so as to improve speech
intelligibility (a measure of how easily people can have effective verbal
communication). In a 2013 article on hospital noise and hearing, Pope and her
colleagues stated that the impact of increased hospital noise on patient’s “ability to hear,
understand and recall” information conveyed by the clinicians to the patients has not
been adequately researched [28]. Their study results supported the fact that decreasing
the noise levels will increase the speech intelligibility [28]. These findings were echoed
by Ryherd et al. (2013), who concluded that none of the five hospital’s twenty units
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showed a good average speech intelligibility rating. Nursing stations in particular
recorded poor speech intelligibility ratings [29]. These studies clearly indicate the
negative effect of hospital noise on effective communication and its impact on patient
care and safety.

1.2. Physiological Effects of Noise

Noise has adverse cardiovascular and other physiological effects, and psychological
effects such as headaches, anxiety, emotional stress, and burnout [2-4, 16, 30-33]. In her
review study, Choiniere mentioned that nurses spend far more time in ICU’s than
patients, meaning the nursing staff experiences more exposure to excessive noise levels
than patients—yet the long term effect of noise on nursing staff is not well known [2].
Another study by Ryherd et al. (2012) also supported the fact that the hospital noise has
adverse effects on the employee’s stress, satisfaction, psychological environment, job
performance and health [3]. Excessive noise affects not only the work performance of
clinicians and reduces patient safety, but also affects patient’s healing processes and
disturbs the patient’s sleep. Morrison et al. (2003) observed that noise is an important
contributor for increased heart rates, tachycardia, stress and annoyance in nursing staff
[6]. A critical review published supports the fact that ICU’s have become noisy and
states that behavior modification programs with educational sessions are the most
widely practiced and inexpensive interventions for reducing noise levels in the hospitals
[34]. These findings were also supported by Padmakumar and his colleagues completed
at two large teaching hospitals in U.K. [4].

The issue of increased hospital noise and its adverse effects on the patient and staff
has not only been highlighted in scientific journals, but also in the national media. For
example, in the years 2011-2013, The Boston Globe, The Wall Street Journal, The
Washington Post, Fox News, and ABC News have published articles or featured news
stories on hospital noise [35-40]. It is clear that the general public is also aware of this
problem.

1.3. Methods of Noise Control

There are three standard methods for controlling noise: 1) at the source, which is generally
considered the best method, 2) along the path between the source and the receiver, and 3)
at the receiver [41, 42]. Since people and equipment are the major source of noise in the
ICU, we applied the low cost behavioral modification method as an ergonomic intervention
to reduce noise at the source.

It is a difficult and costly affair to apply structural changes in the existing ICU’s, as
suggested with the second method of noise control [42]. For example, in our study, the
Pediatric Intensive Care Unit (PICU) nursing station’s roof has the shape of an arc,
which generates echoes. Unfortunately, the estimated cost to replace the arc with a flat
roof was $20,000 (US)—out of range for this project’s budget.

As far as the receivers go, two studies used the earplugs/earmuffs for patients and
found a 39.0% and 33.7% improvement in the patient’s sleep [43, 44].
Earplugs/earmuffs may be good for patients for short periods, but they are not good for
long term usage. Earplugs/earmuffs may introduce infection control concerns.
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Unfortunately, healthcare providers themselves (e.g., nurses and other staff), cannot use
ear plugs as a method to control the noise at the receiver in hospital ICU settings.
Ultimately, in consideration of all these factors, it is important to control the noise levels
at the source rather than in the path or at the receiver.

1.4. Study Objectives
With this background in mind, we designed a study with the following objectives:

. To quantify noise levels and their variability within a large hospital’s PICU so as
to better understand the noise levels experienced by the patients as well as the
nursing staff.

. To carry out an amplitude and frequency analysis of the noise, and to determine
optimal methods to reduce noise corresponding to the frequencies with highest
sound pressure levels.

. To implement appropriate low- or no-cost sound reduction measures, including
behavioral modification program, to reduce the noise.

. To quantify the change in noise levels within the ICU after implementing sound
reduction measures, thus obtaining a before and after set of measures of the
effectiveness of the behavior modification program.

2. METHODS

2.1. Experimental Design and Study Approval

The study was approved by the Human Investigation Committee of the hospital
(HIC#2011-131) and the Institutional Review Board of the Oakland University (IRB
application # 4764). A detailed information sheet was circulated to all the nursing staff and
a copy was placed on the notice board of the PICU.

The study was conducted in a large teaching hospital in southeast Michigan, which
has an eight-bed PICU with private rooms for each patient. The private room design
of an ICU provides for better noise control as compared to multi-bed rooms (shared
rooms) ICUs [45-47].

The PICU is structured in the shape of the letter “H.” The nursing station is
located centrally between the two parallel walkways. The floor of the walkways and
the nursing station is covered with carpet, which is good for sound absorption, but
keeping the carpets clean requires frequent use of a noisy vacuum cleaner. The
patient rooms, on the other hand, have tiled floors, that are not good for sound
absorption, but allow for keeping the floor clean and infection free.

The PICU has two shifts per day with twelve hours per shift: a day shift (7:00 AM
to 7:00 PM) and a night shift (7:00 PM to 7:00 AM). Noise levels in three stationary
and two mobile locations within the PICU were assessed by noise level meters: (a)
two patient rooms (stationary); (b) the nursing station (stationary); and (c)
throughout the PICU as experienced by two Registered Nurses (RNs). Due to space
constraints, the noise level meter at the nursing station was kept on a tripod below
the nursing desk, about 2.5 feet above the floor. The two patient rooms were selected
by the assistant nurse manager depending on the patient’s condition (e.g., highly
critical patient rooms were not selected) and the family members’ permission to
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place the sound level meters. The same rooms were used for the entire week of data
collection, unless the patient in the room was discharged from the PICU and no
subsequent patient was immediately placed in that room. Therefore, the sound level
meters were never left for recording in a no-patient room. The noise meters were
placed on tripod and were close to the patient’s head level. The noise meters were
moved between the patient rooms in consultation with the nursing staff.

The data from these five locations/personnel were gathered to understand the
variation in the noise characteristics and to determine whether observed noise levels
would exceed World Health Organization (WHO) and the United States Environmental
Protection Agency (EPA) recommended limits for hospitals. We simultaneously
conducted a frequency analysis of the noise in the PICU to determine which frequencies
were associated with higher sound pressure levels, measured in decibels.

In our study, we followed the classification of frequencies as stated by Berglund
et al. (1996), and interpreted low frequencies as ranging from 20 to 250 Hz, while
high frequencies ranging from 251 to 20,000 Hz.

2.2. Data Collection Process

Data were collected in three separate one-week time frames from August, 2011 to
February 2012. During each time frame, data were collected for seven consecutive
days per week for 3 separate weeks, with a total of 504 hours (24 hrs/day x 7
days/wk x 3 wk = 504 hours).

1) Baseline data (first set of data): The first set of data was collected in the last
week of August, 2011, to estimate the noise levels in the PICU before intervention.

2)  Second set of data: The second set of data was collected seven weeks after noise
reduction techniques (i.e., behavior modification) had been implemented so as to
estimate effect of those techniques.

3) Third set of data: Fifteen weeks after noise reduction techniques were
implemented, a third set of data was collected to estimate the longer term effect
of the noise reduction techniques.

2.3. Instruments and Measurements

Our objective was to estimate the noise levels as experienced by the nursing staff as
well as patients, and the variation of noise levels during the 12 hours day/night shifts,
in order to compare the variation of noise levels in these shifts and throughout the week.
Data collection from the stationary locations in the PICU was accomplished using the
Optimus Red Class-2 Integrating Sound Level Meters (ISLM’s) (CR:162C) with data
logging and octave-band filters from Cirrus Research plc (United Kingdom). These
devices are classified as Type 2 under IEC61672-1:2002 standard. These class-2 sound
level meters have an accuracy of +2 dBA. The sound level meters were heavy and
needed a continuous power supply; hence we placed them on a tripod at the height of
patient’s head, approximately one meter above the ground. DoseBadge Noise
Dosimeters (CR:110A, Cirrus Research plc) were used to collect the noise levels
experienced by the two voluntary Registered Nurses (RNs) on duty in each shift. Each
RN wore the dose badge on a shoulder and near an ear.
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The software package “noisetools” (version 1.4.3.1629) was used for data analysis
from the sound level meters, while the “dBlink” package (version 3.3) was used for data
analysis from the doseBadge noise dosimeters. Before every measurement, both the
sound level meters and dosimeters were calibrated using the calibrators provided by
Cirrus Research plc.

The equivalent continuous noise level L., was measured during the data collection
period. This is the average exposure level over the run time. The L.q measured in dBA
is denoted as Lacq. If it is measured over a period of “T” hours, it is denoted as Lacq -
In this study, we measured the L.q over 12 hour periods, annotated as Lacqi2n. The
peak sound levels were also measured and are denoted in our study as Lcpeak. When
sound is measured with an A-weighting filter, it is denoted as dBA, whereas if it is
measured with C-weighting filters, it is denoted as dBC. The WHO and the EPA have
established noise level guidelines for the hospital environment in dimensional units of
L acq,1; therefore it is important to measure the noise levels in Laeq 1 [30, 48, 49].

2.4. Behavioral Modification Program and Noise Reduction Methods

In the behavioral modification program, we used a noise warning device, the
“SoundEar,” that measures the noise in the area and gives a visual signal when the noise
exceeds a set limit. Using this device, the nurses and other staff were trained to try to
reduce controllable noise levels whenever they saw a high noise signal on the noise
warning sign. Three SoundEar devices were used. The SoundEar operates as follows:
Yellow indicators light up once the noise level reaches 45 dBA, while red indicators
light at 50 dBA. These warning signs remain “ON” unless and until the noise level falls
below 45 dBA. One SoundEar was placed on the wall at the nursing station, while the
other two were placed on the walls of the walkways on either side of the nursing station.
This ensured that everyone in the H-shaped PICU could easily see these devices at all
times.

The behavior modification intervention included increasing staff awareness about
the potentially negative impact of noise on patients and staff. Nursing staff were
educated directly with a Power Point presentation, a poster that summarized the
main ideas of the Power Point Presentation, and/or an email to nursing staff with the
Power Point presentation attached, which covered the off-shift staff and varying-
schedules ICU nurses. In these training outreach efforts, suggestions were made to
reduce noise levels using techniques such as reducing the volume level of telephone
ringers and televisions; keeping the mobile phones and pagers in vibrating mode;
trying to minimize conversation near bed sides and the nursing station;
implementing quiet periods during each shift; and holding clinical discussions and
shift reporting in the conference room which is located at a distance from the patient
rooms and the nursing station.

The poster was kept in the conference room. The thirty-minute presentation was
given to a committee of six nursing staff, including the nurse manager and associate
nurse manager of PICU. There was a brief discussion after the presentation. These
interactions ensured that the nursing staff was involved in the design and
implementation of the study.
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3. RESULTS
3.1. Amplitude Analysis of Noise
To better understand noise level variation within the PICU, we compared noise
levels from the nursing station (NS), the two patient rooms (PR 1 & PR 2) and as
experienced by two Registered Nurse (RN1 & RN2) staff.

From Tables 1, 2 and 3, it is clear that the nursing staff experiences excessive
noise (Lacq,12n). The overall variation of the noise levels (Lacq) Was in the range of
47 dBA (Night-Minimum in PR 1) to 77 dBA (Day-Maximum for RN 1) during the

Table 1. Equivalent continuous noise Lacq,12n measured for 7 days at baseline
(All data in dBA)

Baseline Day-Min Day-Max Night-Min Night-Max
Location RN 1 63 77 58 70
RN 2 60 72 61 70
PR 1 60 69 47 62
PR 2 52 60 48 57
NS 56 59 52 55

(RN - Registered Nurse, PR- Patient Room, NS - Nurse Station, Day-Min - the minimum value of Leg,12n in
the day shift. Day-Max - the maximum value of Laeg,12n in the day shift, Night-Min - the minimum value of
Lacq,12n in the night shift, Night-Max - the maximum value of Lacq12n in the night shift.)

Table 2. Equivalent continuous noise Lcq,12n measured for 7 days, 7 weeks after
the beginning of intervention (All data in dBA)

After 7 weeks Day-Min Day-Max Night-Min Night-Max
Location RN 1 68 81 67 73
RN 2 70 77 67 74
PR 1 54 58 52 54
PR 2 51 58 49 57
NS 54 58 52 55

(RN — Registered Nurse, PR- Patient Room, NS- Nurse Station)

Table 3. Equivalent continuous noise Lacq,12n measured for 7 days, 15 weeks after
the beginning of the intervention (All data in dBA)

After-15 weeks-3rd Set Day-Min Day-Max Night-Min  Night-Max
Location RN 1 69 74 70 74
RN 2 68 73 68 74

(RN — Registered Nurse)
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baseline measurement. Seven weeks after the implementation of the intervention, the
noise levels were between 49 dBA (Night-Min in PR 2) and 81 dBA (Day-Max for
RN 1), and 15 weeks after the beginning of the intervention, levels were between 68
(Day-Min) and 74 dBA (Night-Max). The data for patient room 1, patient room 2,
and nurse station in Table 3 are unavailable due to a technical issue. Overall, the
noise (Laeq) varied between 47 dBA (Night-Min) and 81 dBA (Day-Max). As
expected, day shifts generally had higher noise levels than night shifts.

The nursing station showed noise levels in the range of 52 dBA (Night-Min) to
59 dBA (Day-Max) for the baseline measurement, and between 52 dBA (Night-Min)
and 58 dBA (Day-Max) seven weeks after the implementation of the intervention.
There is not much variation in the pre-and post-intervention values. There was a
small room next to nursing station for the nurses to sit and relax. The noise levels at
the nursing station might have been reduced because of the existence of that room.

3.2. Patient Rooms

Figures 1 and 2 reveal that the Leq,1on noise levels in patient rooms 1 and 2 varied
approximately between 47 dBA and 69 dBA, while Lcpeak varied between 100 dBC and
124 dBC. The octave band frequency analysis presented in Figure 3 for patient room 1
shows that pre- and post-intervention measurements are similar across frequencies from
31.5 to 4,000 Hz, however, at higher frequencies of 8,000 and 16,000 Hz, post-
intervention noise levels increased. Figure 4 shows the frequency analysis of the noise
in patient room 2.

130

:fgzxﬁ.@f\/ N\ pu_

O 100
m
S 90
(o)
% 80 ——L,... (dBO) before
= Leyea. (dBO) after
3 60 —a—L,,, 1., (dBA) before
$ 50 —¢L,. . (dBA) after
o eq, 12h
S 40

> B > B >\ B > F >\ B > B > E

T| SIS (85|35 |35 3|S5

(=] (=] (=] (2] (o] (=] (o]
o > o > o > o > o > o > o >

Mon | Tue | Wed | Thu Fri Sat Su
Day/Night shift

=}

Figure 1. Variation of noise levels in patient room # 1 before and after the 7-week
intervention.
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Figure 3. Octave band frequency analysis of the noise in patient room # 1 over a

week before and after the 7-week intervention. Noise level data are
unweighted, referenced to 20 micropascals.
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Figure 4. Octave band frequency analysis of the noise in patient room # 2 over a
week before and after the 7-week intervention. Noise level data are
unweighted, referenced to 20 micropascals.
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Figure 5. Noise experienced by RN 1 before and after 7-week intervention.

3.3. Nursing Staff
Figures 5 and 6 show that the nursing staff (RN 1 and RN 2) experienced Lacg,12n noise
levels approximately between 58 dBA and 81 dBA, and the maximum values of Lcpeak

varied between 115 dBC and 146 dBC. (DoseBadge meters do not provide frequency
analysis of these data.)
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Figure 7. Noise levels at the nursing station before and after the 7-week intervention.

3.4. Nursing Station

The nursing station recorded Laeq,12n noise levels between 50 dBA and 60 dBA, as
indicated in the Figure 7, whereas the peaks Lcpeak varied between 108 dBC and 128
dBC. The frequency analysis (Figure 8) reveals no significant variation between low

and high frequencies.

We carried out an octave band frequency analysis of the noise from the patient
rooms and the nursing station. The frequency spectrum of two patient rooms
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Figure 8. Octave band frequency analysis of the noise at nursing station over a
week before and after the 7-week intervention. Noise level data are
unweighted, referenced to 20 micropascals.

(Figures 3 and 4) reveals that the noise levels between 31.5 -125 Hz were between
48 and 52 dB, and were almost constant. The octave bands of 500 to 8,000 Hz were
above 45 dB and noise levels in the frequency range 1,000 Hz and 2,000 Hz were
between 50 and 60 dB. For the nursing station, as indicated in Figure 8, noise levels
were between 50 and 57 dB in the frequency range of 31.5 — 16,000 Hz.

4. DISCUSSION

The noise amplitude and frequency analysis of the PICU environment supported
previous findings that hospital nursing staff and patients generally experience
excessive noise (Laeq > 50 dBA). The frequency analysis quantitatively supported
previous assertions that the sources of ICU noise most prominently include false
medical device alarms, noise generated by conversation of the staff and visitors, and
the low frequency noise generated by ventilation system.

Most published studies involving the measurement of acoustical levels in hospital
ICUs measured noise levels from stationary sound level meters; they also measured
the noise levels for much shorter periods of time than our study (for example, the
measurements were for a few hours to a day or, at most, two to three days). Only a
few studies have measured the noise experienced by nursing staff wearing noise
dosimeters. Among the other unique aspects of our study is that it was conducted in
a private room style ICU, which provides better noise control as compared to multi-
bed rooms (shared room) ICUs. Moreover, noise levels were measured from five
locations/personnel (from patient’s rooms; in the central nursing station; and finally,
on the mobile nursing staff themselves, using doseBadge noise dosimeters) to
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understand the variation in the noise characteristics in PICU. Also unique in our
study is that we measured the noise levels in three different phases over an extended
period of time to evaluate the long term effectiveness of the intervention. In each
phase, noise levels were recorded continuously for 7 days (24 hours x 7 days) and
the time sampling rate for each integrating sound level meter (ISLM) was set as one
second. (The “time sampling rate” means that the noise was recorded as an integral
over one second of time. In this sense, the ISLM is similar to the dosimeter—it
determines equivalent sound levels over a measurement period by supplying a single
reading of a given noise, even if the actual sound level of the noise changes
continually.)

In patient rooms, the noise level varied between 47 dBA (Night-Min) and 69 dBA
(Day—Max) during the baseline noise level recordings. Seven weeks after the beginning
of intervention, the noise levels were in the range of 49 dBA (Night-Min) to 58 dBA
(Day-Max). The maximum day time noise level decreased by 10 dBA compared to
baseline. The PICU has private rooms for each patient, which makes it less noisy than
a shared-bed ICU[47]. Lawson and her colleagues state that the L4 values were higher
a patient room’s door open as compared to closed [10]. Perhaps for this reason, the
minimum noise levels in the patient rooms involved in our study were 47 to 48 dBA -
very close to the EPA guideline of 45 dBA for hospital environments. We have not taken
any formal feedback, but virtually every nurse mentioned that the SoundEar was
“always on.” The above results support the fact that the noise levels were well above
the recommended noise levels for hospital settings. Nursing staff are clearly
experiencing excessive noise. Ryherd et al. measured noise levels using a dosimeter for
5 days and found that the nursing staff had experienced noise (Lacq) in the range of 65
to 71 dBA, which accords with our observations. Our data also support their findings
that the doseBadge dosimeters have measured higher Lacq and Lepeak noise levels than
those made by the integrating sound level meters [50]. Padmakumar and his colleagues
studied the noise levels in two ICUs of two large teaching hospitals in the UK. They
found that noise level for one unit varied between 36.6 to 80 dBA and for another unit,
noise level varied between 40.6 and 86.2 dBA [4]. These results support our findings
that ICUs are noisy and the noise levels are well above the recommended levels.

Unfortunately, behavioral modification only is effective if it is reinforced over a
significant period of time and if those involved in the study believe it will work [51].
However, it is evident from our study that attempts at behavior modification alone do
not appear to be effective in reducing noise levels. These observations are reinforced by
those of critical care nurse Maurene Harvey, who noted in a recent editorial article: “In
my 45-year career as a critical care nurse, ICU noise is one of the few things that, rather
than improving, is getting worse” [51]. Harvey strongly supports “making sound
reduction a high priority, starting a noise reduction process improvement team, and
applying process improvement skills [to] create a quieter ICU environment” [S1].
Moreover, a 2009 study [52], “Staff Solutions for Noise Reduction in the Workplace,”
found that “It is essential to involve committed, energized bedside staff if success is to
be achieved” [52]. The positive involvement of patient’s families and hospital
administrators was shown to be critical in the reduction in noise levels. Our findings
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also supported previous results indicating that endorsement by supervisors is key as to
whether an intervention is adopted by medical service workers [53].

In our study, noise levels may have increased in some instances because the number
of patients in the unit increased after the intervention began as compared with baseline,
implying more medical devices, more visitors, and more clinicians. Levels may have
increased as well as a result of the Hawthorne effect; i.e., nurses were quieter during the
initial assessment of noise because they knew we were monitoring the noise levels prior
to giving information to them regarding how to reduce the levels.

4.1. Frequency Analysis of the Noise

The convention in the acoustical community is to report un-weighted (dB) octave
band sound levels in frequency analyses; therefore, the sound pressure levels
discussed in this section are in dB referenced to 20 micropascals. Using an octave
band filter for frequency analysis, we found that the PICU has noise in high audio
frequencies. The frequency range of 31.5 to 16,000 Hz (octave bands) had sound
pressure levels ranging from 50 to 60 dB, with highest peaks (around 60 dB) from
1000 to 4000 Hz. The sources of the low frequency noise in the ICU settings are
believed to be airborne, i.c., arising from the ventilation systems [54]. According to
Berglund et al. [26], the low-frequency noise has two sources: natural or artificial. For
example, air turbulence, wind and thunder are natural sources, whereas heating and
air-conditioning systems, along with loudspeakers, are artificial sources. Thus, we
conclude that the major sources of low frequency noise in the PICU are the
ventilating systems and loudspeaker systems.

In an effort to characterize the sound spectrum of a Neurological ICU, Ryherd and
colleagues [50] considered frequencies below 500 Hz as low frequencies;
frequencies between 1000 Hz and 8000 Hz as high frequencies; and the frequency
range of 125 Hz to 500 Hz as midfrequencies. They concluded that the Neurological
ICU is dominated by high frequency noise [50]. In their study in a Neonatal ICU,
Livera et al. also concluded that the Neonatal ICU was dominated by high frequency
noise in the range from 1000 to 8000 Hz [55]. In our study, we found that patient
rooms were dominated by high frequency components, whereas the central nursing
station was dominated by mix of low and high frequency components. Research
literature suggests that medical device alarms, mobile medical equipment and high
velocity air flow in heating and cooling systems could be sources of high frequency
noise [54]. Livera et al. carried out a frequency analysis of the noise generated by
the medical equipment in a Neonatal Intensive Care Unit, and concluded that
average noise levels between1000 to 8000 Hz frequencies were around 69 dB, and
that the ventilators and incubators with alarms were the highest noise generators
[55]. In a 2012 clinical review article by Ryherd et al., the researchers found that
medical device alarms had a frequency range of 250 to 8000 Hz, with sound pressure
levels ranging from 54 to 84 dBA [3]. Human speech energy is primarily
concentrated in the 300 to 3000 Hz frequency range [30, 56]. These findings support
indications that the major sources of high frequency noise are medical devices
alarms, ventilating systems and human speech. Because medical device alarms and
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natural conversations occur more frequently, they are considered to be the primary
sources of noise.

Our findings are somewhat similar to the results of Busch-Vishniac et al.’s study
[54], where the noise levels in the frequency range of 63 -1000 Hz were found using an
octave band filter to be between 50 to 60 dB. Busch-Vishniac also noticed that the noise
level was higher than 60 dB for frequencies of 63 Hz and lower. For frequencies
between 1000 and 16000 Hz, the noise levels decreased below 50 dB [54]. We see that
noises in PICU appear to be predominantly composed of high frequency components.
There is clearly a need to compare noise levels between different types of ICUs. Even
more importantly, there is an urgent need for implementing effective strategies to
reduce the noise (for example, reduction of number of false alarms).

4.2. Limitations of the Study and Future Work

This study has several important limitations. Patient rooms in which data were
collected were not identical. Although the room layout was identical, the numbers
and types of equipment varied from patient to patient. Patient census was higher
during the follow-up phase of the study. More patients in the room would imply
more unit activity and more noise. The study was not designed to capture exactly
what generated noise or frequencies of particular noise ‘generators’; therefore, we
can only provide educated guesses on what is contributing the most noise and
particular frequencies.

The study was designed to measure average noise levels over extended periods of
time, not to measure the proportion of time decibel levels that were above a certain
level. Carrying out analysis of such data may have been helpful in determining what
was generating noise, and whether the ‘topography’ of the noise was characterized by
very noisy versus very quiet times, or flatter, more constant noise levels.

In the course of implementing this study, we discovered the importance of
minimizing the number of medical devices’ false alarms. In our future work, we are
planning to control the noise levels through a combined program of behavior
modification coupled with medical device alarm management. It appears that
customizing medical device alarms according to individual patient’s condition may be
a viable approach to reducing the number of false alarms. This suggests that future
research should focus on development of smart alarms [57]. We would also like to
develop a linear model for prediction of noise levels in an ICU, which could be useful
in designing new ICUs.

5. CONCLUSIONS

We conclude that behavior modification programs are not effective in reducing noise
levels. To efficiently reduce the noise levels, it is likely that a combined effective program
to control the noise from the major sources, humans and machines, along with a continuous
process improvement plan to reduce the noise, is required. We suggest that future new ICU
designs should include considerations regarding engineering noise control and
architectural design strategies to mitigate excessive noise levels.
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