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DYNAMIC ALARM SYSTEM FOR
REDUCING ALARM FATIGUE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a non-provisional of and claims benefit
of U.S. Provisional Application No. 62/200,935, filed on
Aug. 4, 2015; U.S. Provisional Application No. 62/326,226,
filed on Apr. 22, 2016; and U.S. Provisional Application No.
62/326,480, filed on Apr. 22, 2016. The contents of these
applications are incorporated herein by reference.

BACKGROUND OF THE INVENTION

The intensive care unit (ICU) is characterized by a
plethora of noise resulting from alarms, doors slamming,
people talking, employees pushing meal carts, and many
other distractions. The main sources of alarms are infusion
pumps, mechanical ventilators, intra-aortic balloon pumps,
and patient monitors. False alarms, a large number of
alarms, and overly loud alarms all contribute to alarm
fatigue in medical staff. Alarm fatigue corresponds to
reduced response to valid alarms, increased stress levels,
hearing loss, and fatigue. In addition, alarm fatigue can
cause medical staff to permanently turn off alarms or set
their triggering parameters outside of realistic ranges.

Current alarms, due to their frequency and poor positive
predictive value (PPV), cause alarm fatigue for clinicians.
Alarms in the operating room (OR) sound frequently but in
85-99% of cases do not require clinical intervention. Alarms
have a PPV of ~27%, and many ‘true’ alarms are clinically
insignificant. Thus, clinicians distrust alarms, losing confi-
dence in their significance. As alarm frequency increases,
clinicians develop ‘alarm fatigue’ resulting in desensitiza-
tion, missed alarms, and delayed responses. Alarm fatigue
can cause clinicians to set alarm parameters outside effective
ranges to decrease alarm occurrence, decrease alarm vol-
umes to inaudible levels, reflexively silence frequently
insignificant alarms, and be unable to distinguish alarm
urgency. Yet, when a ‘true alarm’ that requires clinical
intervention is ignored or inadvertently missed, patient harm
can result. Decreasing the incidence of false alarms will
require improvements in sensors and processing algorithms.
Even with optimal activation, there will always be false and
uninformative alarms (e.g., apnea alarm when the patient is
being intubated), the need for reliable response to true
alarms signifying actionable situations, as well as the need
to reduce noise in clinical settings.

The Occupational Safety and Health Administration
(OSHA) has set legal limits on occupational noise expo-
sure—e.g., no more than 8 hours of 90 dB exposure with the
exposure time halving for every increase of 5 dB (e.g., <4
hours if 95 dB). For reference, a jackhammer at 15 meters
vields 95 dB while a vital signs monitor with a QRS volume
setting of 2 located 3 feet from an anesthesia provider at the
head of the OR bed yields 80 dB. In the OR, the latter noise
adds on top of the ventilator, surgical sounds (e.g., ortho-
pedics drill, suction, clanging instruments), intercom, con-
versations, and other alarms. Since every manufacturer
believes that their device’s ‘emergency condition” is most
important, the accumulating sound creates a vicious positive
feedback loop that may be detrimental to patient safety and
practitioner well-being. As a result, clinicians and patients
are subjected to noise levels that far exceed OSHA recom-
mendations.
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Being exposed to up to 700 alarms per day in most acute
care settings produces alarm fatigue and may precipitate
hearing loss. While the World Health Organization recom-
mends that noise levels be <30 dB at night in hospitals,
current levels are closer to 60 dB. For healthcare providers,
excessive noise causes miscommunication, inattention, loss
of concentration, memory impairment, headaches, burnout,
fatigue, and impaired task performance. These outcomes not
only lead to clinician dissatisfaction but also have negative
consequences on their ability to provide high quality patient
care.

For ICU patients, excessive noise and alarm fatigue can
affect sleep, wound healing, mental state, and immune
function that may lead to increased blood pressure, hemo-
dynamic instability, increased sedation requirements, loss of
sleep, and delirium. More importantly, noise in the ICU can
result in post-traumatic stress disorder (PTSD) for patients.

The Diagnostic and Statistical Manual of Mental Disor-
ders, Fifth Edition (DSM-V), defines PTSD as a potentially
debilitating psychiatric condition, which develops as the
result of being exposed to a traumatic event or events, and
characterizes PTSD by symptoms in three domains: 1)
symptoms of re-experiencing such as intrusive thoughts, 2)
symptoms of avoidance and emotional numbing, and 3)
symptoms of increased arousal. Furthermore, these symp-
toms must meet two criteria to satisfy the diagnostic criteria:
1) they must cause significant impairment in social, occu-
pational, or other important functional domains, and 2) they
must be present for at least one month after exposure to the
traumatic event or events. Studies reported in previous
literature describe a wide range of PTSD prevalence in the
ICU, ranging from 5%-63%. Yet to this date it has never
been studied whether noise in the ICU is an independent
predictor for PTSD.

There is, however, recent data that demonstrates PTSD
symptoms in ICU patients. A study conducted on 382
patients at the BRAIN-ICU at Vanderbilt showed that at 12
months post ICU discharge 7% of patients had PTSD.
However, it is important to point out that these patients had
a 15% incidence of intrusion, a 43% incidence of avoidance,
and a 46% incidence of hyperarousal symptoms; yet unless
all three symptoms were present together, a formal PTSD
diagnosis could not be made even though having just one of
these PTSD symptoms can significantly affect one’s quality
of life.

Furthermore, there is research to indicate that these symp-
toms are elicited by noise from alarms. Research shows that
patients with delusional memories are more likely to
develop PTSD symptoms than patients with factual memo-
ries. Periods of delirium with associated delusions may
predispose patients to PTSD. On the other hand, periods of
alertness, which permit the organization of factual memo-
ries, may serve as a protective role and prevent the devel-
opment of PTSD-related symptoms after discharge. How-
ever, periods of alertness cannot occur if the patient has
excessive daytime sleepiness from poor sleep in the ICU due
to alarm and non-alarm noise.

Alarms that interfere with sleep may also weaken the
immune system by decreasing lymphocyte production. The
Food & Drug Administration’s Maude database contains
numerous voluntary reports of alarm-related injuries includ-
ing 216 deaths over 5 years (2005-10); this likely signifi-
cantly underestimates the incidence of alarm-related harm.

There is a recent national focus on alarm management and
patient safety. The Joint Commission’s (TJC) recent atten-
tion on alarms exemplifies societal concern about this issue.
TIC declared alarm management and safety to be one of
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their 2014 National Patient Safety Goals. They now require
hospitals to prioritize alarm management and to assess the
appropriateness and priority of every alarm in their hospital.
The Emergency Care Research Institute (ECRI) identified
alarm hazards as number one of the “Top 10 Health Tech-
nology Hazards” in 2013. They specifically cited turning
down alarm volumes to inaudible levels as a major safety
issue. The mission of a 2011 Association for the Advance-
ment of Medical Instrumentation (AAMI)-FDA summit on
alarms was “by 2017, no patient will be harmed by adverse
alarm events.”

SUMMARY OF THE INVENTION

Alarms are used in clinical settings to alert medical staff
of the status of patient monitoring and treatment devices. In
general, an alarm will sound when a parameter for a device
exceeds a threshold value. The alarm alerts medical staff to
check the status of the device and take appropriate action. A
clinical setting is characterized by a collection of back-
ground noise sources including alarms, doors slamming,
individuals talking, moving carts, etc. Some current alarms
are designed to be louder than background noise. However,
alarms can contribute to background noise and thereby
create a vicious cycle of alarm competition and reduce the
salience of individual alarms.

Alarms are needed that will result in both quick and
accurate clinical responses, which will in turn limit the noise
contribution due to alarms and minimize negative effects on
patients. A preliminary study was conducted in an anechoic
chamber in which clinicians (n=17) performed a simulated
clinical drug administration task in response to alarms of
varying signal-to-noise ratios (SNR) relative to hospital
background noise at 60 decibels (dB). FIG. 1 shows that
clinical performance accuracy increased as the SNR
increased. However, there was no accuracy gain from -11
dB SNR to +4 dB SNR. FIG. 2 shows that the inverse
efficiency score (IES), which is the response time adjusted
by accuracy, also had no performance gain from -11 dB
SNR to +4 dB SNR. Therefore, salient multisensory alarms
do not need to be louder than background noise.

There are two states to current alarms: volume off (thus
unisensory visual) or volume on (multisensory). There is no
incumbent, stand-alone technology that monitors noise lev-
els in the ICU in order to modulate the signal output by
alarm systems. Current manufactured devices in the ICU
contain alarms that try to “out signal” or “out compete” each
other with a variety of sound patterns; the general trend is
“be louder to be heard.”

Embodiments of the invention relate to a dynamic alarm
system that can assess the background noise in a clinical
environment with sub-minute time sampling and change the
alarm output to a desired signal-to-noise (SNR) ratio shown
to be below ambient noise (negative SNR) to minimize
clinician fatigue and ameliorate deleterious patient out-
comes (sleep deprivation, delirium, hypertension, wound
healing, etc.), while preserving clinician performance.

A novel feature of an embodiment of the invention
includes a monitor to assess background noise and dynami-
cally adjust the psychoacoustic output based on the aural
environment.

Embodiments of the invention relate to a patient monitor
that includes a dB meter to measure the ambient noise level
with time averaging, and adjusts the alarm volume to
provide the optimal SNR while ensuring the auditory output
is above average human hearing threshold.
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Accordingly, embodiments of the invention provide an
alarm system configured to automatically adjust an alarm
volume based on ambient noise conditions in order to reduce
alarm fatigue. Specifically, the dynamic alarm system is
capable of adjusting alarm volume without receiving inputs
from an alarm system operator. The dynamic alarm system
is configured to sense an ambient noise volume and deter-
mine an alarm volume based on a signal-to-noise ratio
(SNR) wherein the signal is the alarm volume and the noise
is the ambient noise volume. The alarm system can be
further configured to emit an alarm with a negative SNR
wherein the signal is less than the noise (i.e., the alarm
volume is quieter than the ambient noise volume).

In particular, one embodiment of the invention provides a
method of automatically adjusting an alarm volume based
on an SNR wherein the signal is the alarm volume and the
noise is the ambient noise volume. The method includes
sensing an ambient noise volume of an area around an alarm
system. The method also includes determining an alarm
volume based on a negative SNR (i.e., the alarm volume is
less than the ambient noise volume).

In one embodiment, the invention provides an alarm
system that automatically adjusts alarm volume. The alarm
system includes a patient monitoring device, a sensor, a
controller, and an alarm emitter. The sensor is configured to
sense an ambient noise volume of an area around the alarm
system. The controller is configured to determine an alarm
volume based on a negative SNR (i.e., the signal is less than
the noise) wherein the signal is the alarm volume and the
noise is the ambient noise volume. The controller is con-
nected to a patient monitoring device and is configured to
control the power supplied to the alarm emitter in order to
control the alarm volume when the controller receives a
triggering signal from the patient monitoring device.

The alarm system can also be configured such that an
alarm volume is determined to sound at a positive SNR. An
operator can adjust settings of the alarm system to increase
or decrease the SNR of an emitted alarm. Additionally, the
alarm system is capable of being connected to a patient
monitoring device in various configurations. For example,
the alarm system can be connected to the patient monitoring
device through a wired connection or a wireless connection.
Furthermore, the alarm system can be located proximal to a
patient monitoring device or in a centralized patient moni-
toring area where patient data from multiple patient moni-
toring devices can be monitored.

Embodiments of the invention cure deficiencies of the
prior art such that alarm fatigue is reduced without a
reduction in the response time or accuracy of clinicians to
respond to alarms.

In one embodiment, the invention provides a method of
automatically adjusting an alarm volume. The method com-
prises sensing an ambient noise volume of an area proximal
to a device emitting an audible alarm; and determining an
alarm volume of the audible alarm emitted from the device
based on a ratio of the alarm volume and the ambient noise
volume; wherein the ratio of the alarm volume and the
ambient noise volume is determined such that the alarm
volume is less than the ambient noise volume.

In another embodiment, the invention provides an alarm
emitting device comprising at least one controller configured
to: sense an ambient noise volume of an area proximal to the
alarm emitting device; and determine an alarm volume of
the alarm emitting device based on a ratio of the alarm
volume and the ambient noise volume; wherein the ratio of



US 9,870,678 B2

5

the alarm volume and the ambient noise volume is deter-
mined such that the alarm volume is less than the ambient
noise volume.

Other aspects of the invention will become apparent by
consideration of the detailed description and accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 graphically illustrates clinical performance accu-
racy results from a preliminary anechoic chamber study.

FIG. 2 graphically illustrates efficiency of clinician
response to all clinical scenarios with varying alarm SNR.

FIG. 3 illustrates a dynamic alarm system according to an
embodiment of the invention.

FIG. 4 illustrates a circuit diagram of an embodiment of
a dynamic alarm system.

FIG. 5A graphically illustrates a non-linear least squares
analysis performed on voltage to dB calibration.

FIG. 5B graphically illustrates a residual analysis dem-
onstrates a 2 dB resolution.

FIG. 6 illustrates duty cycles illustrating an alarms cyclic
connection to a power source.

FIG. 7 illustrates a dynamic alarm system according to an
embodiment of the invention.

FIG. 8 illustrates a partial schematic of an embodiment of
a dynamic alarm system.

FIG. 9 is a graphical illustration of a microphone calibra-
tion curve.

FIG. 10 is a graphical illustration of a dual microphone
residuals plot.

FIG. 11 is a flow chart of a method of operation of a
dynamic alarm system.

FIG. 12 depicts the novel alarm’s predicted effects.

FIG. 13 is a graphical illustration of clinical task accuracy.

FIG. 14 is a graphical illustration of clinical task response
time.

FIG. 15 is a graphical illustration of Coordinate Response
Measure (CRM) task accuracy.

FIG. 16 is a graphical illustration of CRM task response
time.

FIG. 17 illustrates the experimental paradigm developed
for delivering different alarm sounds to clinicians in an
anechoic chamber in a realistically simulated OR sound
etvironment.

FIG. 18 is a schematic illustration of an experimental
volume calibration set up involving placing a sound meter
approximately 1 foot away from the loud speaker.

FIG. 19 is a graphical illustration of potentiometer resis-
tance for different alarm volumes.

FIG. 20 is a graphical illustration of a calibration that was
carried out to test the speaker volume range.

DETAILED DESCRIPTION

Before any embodiments of the invention are explained in
detail, it is to be understood that the invention is not limited
in its application to the details of construction and the
arrangement of components set forth in the following
description or illustrated in the accompanying drawings. As
described in subsequent paragraphs, the specific configura-
tions illustrated in the drawings are intended to exemplify
embodiments of the invention and that other alternative
configurations are possible. The invention is capable of other
embodiments and of being practiced or of being carried out
in various ways.
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Also, it is to be understood that the phraseology and
terminology used herein is for the purpose of description and
should not be regarded as limited. The use of “including,”
“comprising” or “having” and variations thereof herein is
meant to encompass the items listed thereafter and equiva-
lents thereof as well as additional items. The terms
“mounted,” “connected,” and “coupled” are used broadly
and encompass both direct and indirect mounting, connect-
ing and coupling. Further, “connected” and “coupled” are
not restricted to physical or mechanical connections or
couplings, and can include electrical connections or cou-
plings, whether direct or indirect. Also, electronic commu-
nications and notifications may be performed using any
known means including direct connections, wireless con-
nections, etc. It should also be noted that a plurality of
hardware and software based devices, as well as a plurality
of different structural components may be utilized to imple-
ment the invention.

In addition, it should be understood that embodiments of
the invention may include hardware, software, and elec-
tronic components that, for purposes of discussion, may be
illustrated and described as if the majority of the compo-
nents were implemented solely in hardware. However, one
of ordinary skill in the art, and based on a reading of this
detailed description, would recognize that, in at least one
embodiment, the electronic based aspects of the invention
may be implemented in software (e.g., stored on non-
transitory computer-readable memory) and executed by an
electronic processor to perform specific functionality. As
such, it should be noted that a plurality of hardware and
software based devices, as well as a plurality of structural
components may be used to implement embodiments of the
invention.

It will be appreciated that some embodiments may be
comprised of one or more generic or specialized processors
(or “processing devices”) such as microprocessors, digital
signal processors, customized processors and field program-
mable gate arrays (FPGAs) and unique stored program
instructions (including both software and firmware) that
control the one or more processors to implement, in con-
Junction with certain non-processor circuits, some, most, or
all of the functions of the method and/or apparatus described
herein. Alternatively, some or all functions could be imple-
mented by a state machine that has no stored program
instructions, or in one or more application specific integrated
circuits (ASICs), in which each function or some combina-
tions of certain of the functions are implemented as custom
logic. Of course, a combination of the two approaches could
be used.

Moreover, an embodiment can be implemented as a
computer-readable storage medium having computer read-
able code stored thereon for programming a computer (e.g,,
comprising a processor) to perform a method as described
and claimed herein. Examples of such computer-readable
storage mediums include, but are not limited to, a hard disk,
a CD-ROM, an optical storage device, a magnetic storage
device, a ROM (Read Only Memory), a PROM (Program-
mable Read Only Memory), an EPROM (Erasable Program-
mable Read Only Memory), an EEPROM (Electrically
Erasable Programmable Read Only Memory) and a Flash
memory.

FIG. 3 illustrates an embodiment of a dynamic alarm
system 10 that can be incorporated into existing patient
monitors and other medical devices. The dynamic alarm
system 10 includes a dB meter to measure the ambient noise
level with time averaging, and adjusts the alarm volume to
provide the optimal SNR while ensuring the auditory output



US 9,870,678 B2

7

is above average human hearing threshold. One advantage
of the dynamic alarm system 10 is that it has both a dB meter
and alarm functionalities.

In one embodiment, the dynamic alarm system 10 opet-
ates with an input range of 50-90 dB and an output range of
44-81 dB. As illustrated in FIG. 3, the dynamic alarm system
10 is encased in an acrylic case for ease of handling.

FIG. 4 illustrates an embodiment of a schematic diagram
of the dynamic alarm system 10 shown in FIG. 3. The
dynamic alarm system 10 includes a housing 12, a micro-
phone 14, an electronic processor 18 (e.g., a microprocessor,
application-specific integrated circuit (ASIC), or another
suitable electronic device), a non-transitory computer-read-
able medium 20, a speaker 22, a power adapter 26, a voltage
divider circuit 30, a transistor 34, a diode 38, and a display
42. The microphone 14, the electronic processor 18, the
speaker 22, the power adapter 26, the voltage divider circuit
30, the transistor 34, the diode 38, and the display 42
communicate over one or more connections or buses.

The computer-readable medium 20 (e.g., read-only
memory, random-access memory, or combinations thereof)
stores instructions and data. The electronic processor 18
retrieves instructions from the computer-readable medium
20 and executes the instructions to perform a set of functions
including the methods described herein.

In particular, the microphone 14 (e.g., ADMP401 MEMs
Microphone Breakout Board by SparkFun™) continually
senses background noise in the environment. The micro-
phone 14 is connected to an input of the electronic processor
18 (e.g., Arduino UNO R3). The microphone 14 detects
acoustic signals and outputs audio signals to the electronic
processor 18. The electronic processor 18 reads the audio
signals (e.g., background noise) as a dB level in real-time.
Based on the background dB level, the speaker 22 (e.g.,
piezoelectric buzzer) outputs an acoustic signal (i.e., an
alarm) of a specific volume to produce a desired SNR.

The microphone 14 reads the audio signal as a voltage. In
order to convert this voltage to a dB level, a voltage to dB
calibration curve was generated. The calibration curve was
built by playing tones of various sound levels for 15 seconds
and simultaneously recording the voltage read by the micro-
phone 14 on the electronic processor 18 and the dB level
read by a level 2 Amprobe SM-10 sound meter placed next
to each other. A total of 50 data points were recorded to
create a plot of dB v. Voltage. A non-linear least squares
regression analysis was performed to obtain a fit line of the
form dB=(1-e-g*V)*(a+b*In V), demonstrated in FIG. 5A.
The electronic processor 18 is programmed to use the
equation of this fit line to convert the noise sensed by the
microphone 14 to a dB level. A residual plot (FIG. 5B)
demonstrates the difference between the observed and pre-
dicted dB values. With this fit line, a 2 dB resolution is
achieved.

The electronic processor 18 is powered by a 12V DC
power adapter 26. One pin of the electronic processor 18, the
controlling pin, outputs 5V DC. The electronic processor 18
is programmed so that it causes the controlling pin to be
turned on and off at a frequency of 2 kHz (this is the
frequency at which the buzzer sounds) such that it produces
a 5V, 2 kHz square wave. The output of this controlling pin
is connected to a voltage divider 30 such that when it is in
its ‘on’ phase, 2.5V is fed into the base of the NPN transistor
34, and when it is in its ‘off” phase, 0V is fed into the base
of the NPN transistor 34. The transistor 34 is connected to
one side of the speaker 22, which is wired in parallel with
a diode 38 to allow the current from the transistor 34 to flow
in one direction only. This is necessary because the speaker
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22 has effectively unlimited resistance and will not allow the
passage of current. When there is current applied to the base
of an NPN transistor, the transistor is turned on and current
flows to the load connected to it. When there is no current
applied to the base of an NPN transistor, the transistor is
turned off and no current flows to the load connected to. The
other side of the speaker 22 is connected to a different 5V
DC output of the electronic processor 18 so that the square
wave applied to the transistor 34 controls this 5V DC
output’s ability to provide voltage to the speaker 22. When
the controlling pin of the electronic processor 18 is in the
‘off” phase, no current passes through the transistor 34 so no
voltage is delivered to the speaker 22 and no sound is
produced. When the controlling pin is in the ‘on’ phase,
current passes through the transistor 34 so voltage is applied
to the speaker 22 and sound is produced.

Thus, a 2 kHz, 5V square wave is created to power the
speaker 22 by switching the controlling pin between the ‘on’
and ‘off” states. The volume of the speaker 22 is controlled
by modulating the duty cycle of this square wave. As
illustrated in FIG. 6, the duty cycle characterizes the length
of the “on” and “off” states. A duty cycle of 0% represents
a flat OV signal, and a duty cycle of 100% represents a flat
5V signal. Therefore, as the duty cycle of the speaker 22
increases from 0%, the volume of the speaker increases.

In order to calibrate the speaker 22 to produce desired dB
levels, the speaker was activated at various duty cycle
settings (n=40) and the sound meter was used to record the
dB level that each duty cycle corresponds to. The electronic
processor 18 was programmed to match duty cycles with dB
levels. With this speaker configuration, an alarm output
range of 44-81 dB was achieved.

The display 42 (e.g., LCD) is programmed to display the
following: 1) a background noise dB reading, 2) an adjust-
able dB SNR setting, 3) a continuous five second alarm
mode, 4) an intermittent 10 second beeping alarm mode, and
5) an average dB reading over time. The dB SNR setting
allows the user to choose any positive or negative integer
which corresponds to the number of dB above or below the
ambient noise level the user wishes the alarm to sound. Once
the desired SNR is set, the user can choose to activate one
of two alarm modes. One button (right arrow in FIG. 3)
produces a continuous 5 second tone based on the chosen
SNR, relative to the background dB level when the user
pressed the button. Another button (left arrow in FIG. 3)
produces 10 half-second tones at the desired SNR, relative
to the background dB level read between each alarm tone so
that the volume of the tones changes as the background noise
changes. The user can press another button (long horizontal
button in FIG. 3) to display how long the system has been
running and the average dB level over that time.

FIG. 7 illustrates a dynamic alarm system 100 according
to another embodiment of the invention. The dynamic alarm
system 100 can be a standalone system or incorporated into
existing patient monitors and other medical devices. The
dynamic alarm system 100 includes a dB meter to measure
the ambient noise level with time averaging, and adjusts the
alarm volume to provide the optimal SNR while ensuring
the auditory output is above average human hearing thresh-
old. One advantage of the dynamic alarm system 100 is that
it has both a dB meter and alarm functionalities.

As illustrated in FIG. 7, the dynamic alarm system 100
includes a housing 104 and a user interface 108. The user
interface 108 (illustrated in FIG. 7 as mechanical buttons)
allows a user to provide input to the system 100 on how the
system 100 should provide output. For example, the user
interface 108 can include such items as a keyboard, a



US 9,870,678 B2

9

pointing device (e.g., a mouse), buttons on a touch screen,
a scroll ball, mechanical buttons, and the like. In some
embodiments, output may be audible and/or may be pro-
vided within a graphical user interface (“GUI”) (e.g., gen-
erated by an electronic processor executing instructions and
data stored in the memory and presented on a touch screen
or other display) that enables a user to interact with the
system 100. The dynamic alarm system 100 operates with an
input range of 50-90 dB and an output range of 44-81 dB.
In other constructions, the dynamic alarm system 100 opet-
ates with an output range of 33-81 dB.

As illustrated in FIGS. 13-16, while the output range was
designed to encompass 44 to 81 dB, an auditory presentation
below 44 dB was tested. FIGS. 13-16 show testing results to
27 dB below background noise at 60 dB. In other words,
while the design shows an output range of 44-81 dB (which
goes with consistent performance since 11 dB below 60 is
49, and that is within that range), there is still near-threshold
of hearing data at 27 dB below 60 dB, or at 33 dB. The 33
dB is a function of the lowest alarm level presented based on
the results of the near-threshold of hearing assessment
during the experimental paradigm. That is, =27 was used for
all participants based on those results, and 27 dB below 60
dB (background noise) is 33 dB.

The dynamic alarm system 100 also includes a port 109
on the housing 104 configured to receive a plug/cable
connected to a sensor 124, such as an ECG electrode, a
pulse/heart rate sensor, a pulse oximetry sensor, a blood
pressure sensor/cuff, temperature sensor, and the like. The
sensor 124 is coupled to a patient and detects signals or
senses physiological data from contact with the patient.

FIG. 8 illustrates an embodiment of a schematic diagram
of the dynamic alarm system 100 shown in FIG. 7. The
dynamic alarm system 100 includes a microphone 110, 114,
an electronic processor 118 (e.g., a microprocessor, appli-
cation-specific integrated circuit (ASIC), or another suitable
electronic device), a non-transitory computer-readable
medium 120, a speaker 122, a power adapter 126, a voltage
divider circuit 130, a transistor 134, a diode 138, and a
display 142. The microphones 110, 114, the electronic
processor 118, the speaker 122, the power adapter 216, the
voltage divider circuit 130, the transistor 134, the diode 138,
and the display 412 communicate over one or more con-
nections or buses.

The computer-readable medium 120 (e.g., read-only
memory, random-access memory, or combinations thereof)
stores instructions and data. The electronic processor 118
retrieves instructions from the computer-readable medium
120 and executes the instructions to perform a set of
functions including the methods described herein.

In one embodiment, the first microphone 110 (e.g.,
ADMP401 MEMs Microphone Breakout Board by Spark-
Fun™) and the second microphone 114 (e.g., ADMP401
MEMs Microphone Breakout Board by SparkFun™) con-
tinually sense background noise in the environment. The
microphones 110, 114 are connected to an input of the
electronic processor 118 (e.g., Arduino Mega 3560 by
Arduino™). The microphones 110, 114 detect acoustic sig-
nals and outputs audio signals to the electronic processor
118. The electronic processor 118 reads the background
noise as a dB level in real-time. Based on the background dB
level, the speaker 122 outputs an acoustic signal (i.e., an
alarm) of a specific volume to produce a desired SNR. The
electronic processor 118 is also electrically connected to the
sensor 124 via the port 109 and plug/cable.

The microphones 110, 114 read sound as a voltage. In
order to convert this voltage to a dB level, a voltage to dB
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calibration curve was generated as illustrated in FIG. 9. The
calibration curve was built by playing tones of various sound
levels for 15 seconds and simultaneously recording the
voltage read by the microphones 110, 114 on the electronic
processor 118 and the dB level read by a level 2 Amprobe
SM-10 sound meter placed next to each other. A total of 50
data points were recorded to create a plot of dB v. Voltage.
A non-linear least squares regression analysis was pet-
formed to obtain a fit line of the form dB=(1-e-g*V)*(a+
b*In V), demonstrated in FIG. 9. The electronic processor
118 was programmed to use the equation of this fit line to
convert the noise sensed by the microphones 110, 114 to a
dB level. A residual plot (FIG. 10) was created to demon-
strate the difference between the observed and predicted dB
values. With this fit line, a 2 dB resolution was achieved.

With continued reference to FIG. 8, the electronic pro-
cessor 118 is powered by a 12V DC power supply 126. One
pin of the electronic processor 118, the controlling pin,
outputs 5V DC. The electronic processor 118 is programmed
so that it causes the controlling pin to be turned on and off
at a frequency of 2 kHz (this is the frequency at which the
speaker 122 outputs sounds) such that it produces a 5V, 2
kHz square wave. The output of this controlling pin is
connected to a voltage divider such that when it is in its ‘on’
phase, 2.5V is fed into the base of the NPN transistor 134,
and when it is in its ‘off” phase, 0V is fed into the base of the
NPN transistor 134. The transistor 134 is connected to one
side of the speaker 122, which is wired in parallel with a
diode to allow the current from the transistor 134 to flow in
one direction only. This is necessary because the speaker
122 has effectively unlimited resistance and will not allow
the passage of current. When there is current applied to the
base of an NPN transistor 134, the transistor is turned on and
current flows to the load connected to it. When there is no
current applied to the base of an NPN transistor, the tran-
sistor is turned off and no current flows to the load connected
to it. The other side of the speaker 122 is connected to a
different 5V DC output of the electronic processor 118 so
that the square wave applied to the transistor 134 controls
this 5V DC output’s ability to provide voltage to the speaker
122. When the controlling pin of the electronic processor
118 is in the ‘off” phase, no current passes through the
transistor 134 so no voltage is delivered to the speaker 122
and no sound is produced. When the controlling pin is in the
‘on’ phase, current passes through the transistor 134 so
voltage is applied to the speaker 122 and sound is produced.

Thus, a 2 kHz, 5V square wave is created to power the
speaker 122 by switching the controlling pin between the
‘on’ and ‘off” states. The volume of the speaker 122 is
controlled by modulating the duty cycle of this square wave.
As illustrated in FIG. 6, the duty cycle characterizes the
length of the “on” and “off” states. A duty cycle of 0%
represents a flat OV signal, and a duty cycle of 100%
represents a flat 5V signal. Therefore, as the duty cycle of the
speaker 122 increases from 0%, the volume of the speaker
increases.

In order to calibrate the speaker 122 to produce desired dB
levels, the speaker was activated at various duty cycle
settings (n=40) and the sound meter was used to record the
dB level that each duty cycle corresponds to. The electronic
processor 118 was programmed to match duty cycles with
dB levels. With this speaker configuration, an alarm output
range of 44-81 dB was achieved.

Additionally, as illustrated in FIG. 8, the dynamic alarm
system 100 includes a wave shield 146 (e.g., Wave Shield
for Arduino Kit [v1.1] by Adafruit™), a digital potentiom-
eter 150 (Digital Potentiometer-10K COM-10613 by Spark-
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Fun™), and an audio amplifier 154 (e.g., Mono Audio Amp
Breakout Board-TPA2005D1by SparkFun™). The wave
shield 146 and associated microSD (8 GB Class 10 SD/Mi-
croSD Memory Card by Sandisk) were integrated into the
circuitry to enable audio files, that possessed the conven-
tional and novel alarm sounds, to be played on the system
100. The audio amplifier 154 is electrically connected
between the wave shield 146 and the speaker 122. The audio
amplifier 154 is configured to increase the output alarm
volume range and to allow volume control using the digital
potentiometer 150.

In order to determine the volume range of the speaker 122
and to calibrate the digital potentiometer 150, an experiment
(see FIG. 18) was carried out to measure alarm volume using
a sound-meter placed approximately 1 ft from the speaker
122. The dB value was measured for each volume incre-
ment. Using an equation from the digital potentiometer data
sheet, the step resistance of each increment was calculated.
The obtained data were fitted to a polynomial curve in order
to create the Arduino code that would allow the user to select
the SNR. See FIG. 19.

For validation of the volume range of the speaker 122,
once incorporated into the device, a similar experimental
setup was implemented as illustrated in FIG. 1. The dB
values were measured for each volume increment and the
data were fitted to a polynomial curve that gave an R* value
of 0.99 (FIG. 20). An alarm volume range of 42.8 dB to 72
dB was derived using this methodology. The average change
in alarm volume per software volume setting being 6.67 dB
while using the conventional alarm file. This method dem-
onstrated the ability of the system 100 to provide dynamic
control.

FIG. 11 illustrates a flow chart of a method of operation
of the dynamic alarm system 100 according to an embodi-
ment. As illustrated, a medical device, such as a pulse sensor
is applied to a patient’s finger and connected to the port 109
on the housing. The system 100 is turned on, and at step 2,
the display 142 displays and dynamically updates a reading
of the background noise of the environment. The display 142
is programmed to display (but is not limited to) the follow-
ing: 1) a background noise dB reading, 2) an adjustable dB
SNR setting, 3) a continuous five second alarm mode, 4) an
intermittent 10 second beeping alarm mode, 5) an average
dB reading over time, and 6) a physiological parameter
measurement (e.g., a heart rate measurement). At step 3 in
FIG. 11, the user selects a desirable SNR for the alarm. The
dB SNR setting allows the user to choose any positive or
negative integer which corresponds to the number of dB
above or below the ambient noise level the user wishes the
alarm to sound. Once the desired SNR is set, the user can
choose to activate one of two alarm modes. At step 4, in FIG.
11, the user is able to activate and hear the available alarm
options, and in step 5 select the desirable alarm option. One
button on the user interface 108 produces a continuous 5
second tone based on the chosen SNR, relative to the
background dB level when the user presses the button.
Another button on the user interface 108 produces 10
half-second tones at the desired SNR, relative to the back-
ground dB level read between each alarm tone so that the
volume of the tones changes as the background noise
changes. Other types of alarm tones are also contemplated.
In step 6, the patient data is displayed and if the data exceeds
a threshold value, then an alarm will sound in accordance
with the user settings (e.g., the selected SNR) of the system
100. The user may also set an upper threshold and a lower
threshold at which the alarm is activated. For example, a
sensor measurement of the patient’s heart rate that is below
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the lower threshold may indicate bradycardia thereby acti-
vating the alarm or a sensor measurement that is above the
upper threshold may indicate tachycardia thereby activating
the alarm. Additionally, the user can press another button on
the user interface 108 to display how long the system has
been running and the average dB level over that time.

Below is an embodiment of a portion of the software code
used to program the electronic processor 18 and 118:

while (milis( ) - startMillis < sampleWindow)

sample = analogRead(Al);
inp=analogRead(0);
if(inp>140 && inp<150)
{
diff++;
led.begin(16,2);
led.print(lasttotal );
led.print(“decibels™);
led.setCursor(0, 2);
led.print(*Volume: *);
led.print(diff);
delay(500);

}
if(inp==329)

diff--;
led.begin(16,2);
led.print(lasttotal );
led.print(“decibels™);
led.setCursor(0, 2);
led.print(*Volume: *);
led.print(diff);
delay(500);

If(inp==0)

In particular, this software code 1) checks the ambient
decibel level, 2) checks to see if the dB offset has been
adjusted by the user and updates the display, and 3) checks
to see if the alarm has been activated by the user. If so, an
alarm is triggered to sound at a specified dB offset for a
desired period of time.

As noted above, several objectives of an embodiment of
the invention are to improve hospital rooms (e.g., operating
room (OR)) alarm design, improve clinician performance,
and minimize alarm fatigue. A premise of embodiments of
the invention is that better use of audible and visual signals
will facilitate responses to alarms. A new experimental
paradigm based on combined use of visual and audible
information is developed and validated. National entities
have identified alarms as a top health technology hazard due
to failure of staff to respond to valid alarm conditions in a
timely manner or to take appropriate action in response to
the alarm. Yet, false alarms, too many alarms, and overly
loud audible alarms all contribute to alarm fatigue that
reduces response to valid alarms (i.e., “cry wolf” syndrome),
worsens clinicians’ stress, hearing loss, and fatigue, and can
adversely affect patients’ sleep, wound healing, mental state,
and immune function. Current alarms are designed to be
louder than background noise. However, multiple alarms
raise the background noise thereby creating a vicious cycle
of alarm competition and reducing the salience of individual
alarms. In well-established neuroscience literature, behav-
ioral facilitation can actually be greater when multisensory
(i.e., auditory and visual) targets are embedded in noise,
such as the gains that are achieved by watching the mouth
movements of a speaker in a noisy room. Several proof-of-
concept pilot studies support this finding. Further, both
response time and accuracy improve with the combined use
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of auditory and visual (i.e., multisensory) stimuli. In this
project, a unique experimental model is employed to study,
in a rigorous empirical manner, the effects of integrated
auditory and visual alarm design on clinician detection and
decision-making.

Specific Aim 1: To determine the stimulus-response (S-R)
relationship between alarm sound level and performance in
clinical decompensation events of varying complexity, while
concurrently attending to a distracting audiovisual (AV)
secondary task. Participants’ near-threshold auditory per-
ception of alarms and performance (response time (RT) and
accuracy) for selection of the correct therapeutic interven-
tion will be measured and the S-R curve shift will be
analyzed across complexity of clinical events.

Hypothesis 1A: The dynamic auditory alarm range (en-
compassing 90% of the overall change in response time and
accuracy) will be between -20 and -10 dB below ambient
OR noise at 60 dB.

Hypothesis 1B: Efficiency (RT/Accuracy) will be equiva-
lent across clinical complexities at negative signal-to-noise
ratios (SNRs) because non-fatiguing alarms will not hinder
clinical decision-making.

In Experiment 1, a novel experimental paradigm was used
to present alarms during simple and difficult clinical sce-
narios to determine the S-R relationships for changes in
auditory alarm intensity, spanning negative to positive
SNRs, while performing an AV secondary task designed to
tax attentional and decisional resources. The result was an
S-R curve in dB above ambient noise.

Specific Aim 2: To determine the most salient psychoa-
coustic alarm qualities (pitch, direction, timbre) within the
dynamic range found in Experiment 1 that improves pet-
formance and ascertain how these qualities interact with
visual factors (centrally versus peripherally presented visual
alarms).

Hypothesis 2A: The largest performance gain will be with
alarms that are informative (pitch direction concordant with
vital sign direction, interval difference, and rhythm) and that
correlate with clinical status.

Hypothesis 2B: Novel auditory alarms will be more
salient when visual alarms are presented in the peripheral
versus the central visual field since a weakened visual
stimulus (common in clinical settings) will afford multisen-
sory enhancement.

Experiment 2 will employ Experiment 1’s paradigm to
study novel alarm sounds and integrate audible and visual
cues to create an effective multisensory alarm.

Preliminary Studies

Multisensory input leads to facilitation and improved
response time and accuracy. Dr. Wallace, amongst many
other neuroscience labs, has shown that integration of infor-
mation across multiple senses (i.e., audition and vision)
improves detection, accuracy, and response time. Multisen-
sory integration can be modulated by attention and sensory
training protocols enhance performance. A significant foun-
dation of psychological, neuroscience, and human factors
research has informed applied studies to examine how
divided attention abilities might be improved. For example,
training focused on the combined use of visual and auditory
(multisensory) cues has been shown to significantly increase
sensory performance and perception.

Multisensory training can improve attentional load pro-
cessing and performance on pulse oximetry tasks. An anes-
thesiologist must remain vigilant in an environment rife with
multisensory information. The relevant data must be dis-
cerned and assimilated while irrelevant data disregarded.
Dividing attention and triaging events is imperative, and this
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challenge is worse when attentional resources are at or
beyond capacity. Dr. Schlesinger, working in Dr. Wallace’s
lab, found a substantial (17%) performance decrement in
clinicians’ aural perception of subtle changes in pulse oxi-
metry in an attentionally demanding environment with OR
background noise. Increasing degrees of visual attentional
load resulted in deficits in both response time and accuracy
to detect a change in oxygen saturation. Using the same
paradigm, only 2 hours of multisensory perceptual training
over a 2-day period helped anesthesiologists improve in
absolute clinical accuracy and in relative response time in a
noisy OR environment during high attentional load condi-
tions. Given that auditory response times are in the hundreds
of milliseconds range, subsecond performance improvement
confers a dramatic difference. These pilot data demonstrate
that optimal multisensory stimuli can improve clinicians’
response during patient monitoring.

Novel experimental paradigm: the experimental paradigm
was fully developed for delivering different alarm sounds to
clinicians in an anechoic chamber in a realistically simulated
OR sound environment. Pilot data (n=17 attending anesthe-
siologists) from Experiment 1 and Hypothesis 1B, supports
the hypotheses that clinician performance/efliciency to
alarms at -11 dB below ambient OR noise levels is similar
to the same alarm sounds at +4 dB (FIG. 2).

Experimental Design and Methods

Study Population: Anesthesiology resident physicians
were recruited by electronic mail to attain 30 participants for
each of the two experiments. Participants may complete
both experiments.

Measurements. The independent variables were: alarm
volume (dB above ambient OR background noise) (Aim 1),
clinical complexity (Aim 1), monitor location (Aim 2), and
alarm psychoacoustic qualities (Aim 2). The dependent
variables were: response time for a therapeutic choice (mil-
liseconds), accuracy of audiovisual distracting task (to
ensure attention is divided amongst all tasks), and therapeu-
tic choice accuracy (percent correct).

Paradigm Methods are illustrated in FIG. 17.

Pre-study assessment: After written consent, participants
were presented a list of 8 drugs. The participants completed
a matching test to ensure that they are familiar with each
drug’s indications.

Primary task—Auditory Stimulus and Visual Display:
The primary task included two “easy” scenarios: isolated
tachycardia (correct intervention: esmolol) and isolated bra-
dycardia (correct intervention: atropine); and two different
“difficult” clinical scenarios: hypotension and bradycardia
(correct intervention: ephedrine) and hypotension and tachy-
cardia (correct intervention: phenylephrine). The auditory
alarm stimulus mimicked the high priority tone on the
Philips© MP70 patient monitor (Philips Medical, Andover,
Mass., USA). The amplitude was varied, but matched the
pitch (frequency=1050 Hz) and the timing of the alarm
(sounds every 1.05 sec.). The monitor will be a 4 quadrant
“big numbers” profile without waveforms.

Experimental Setting: Fieldwork in the OR presents dif-
ficulties in controlling for confounding variables. All of our
experiments will be performed in an anechoic chamber to
allow for precise control over alarm and noise level. The
anechoic chamber is ideal for conducting experiments on
alarms and monitoring because it is a quiet, controlled
acoustic setting enabling the presentation of multiple precise
auditory signals.

Secondary Tasks to Adjust Attentional Load. Auditory
Task: The Coordinate Response Measure (CRM) is a vali-
dated speech paradigm consisting of three different male



US 9,870,678 B2

15

talkers and 256 unique sentences per talker. The construction
of each sentence follows the formula, “Ready [call-sign], go
to [color]-[number], now.” As multiple sentences are pre-
sented simultaneously, the auditory system struggles to
isolate a single talker. Such effortful listening is ideal for this
project because the participant must devote considerable
attention to this task and it mimics clinical situations in
which there are competing talkers. Visual Task: The partici-
pant must respond via key press when a yellow LED light
becomes non-illuminated. This is a non-alerting visual atten-
tion task that thematically simulates focused attention (e.g.,
on the surgical field or monitor).

Experiment 1: Hypothesis 1A: The dynamic auditory
alarm range (encompassing 90% of the overall change in
response time and accuracy) will be between =20 and -10
dB below ambient OR noise at 60 dB. Hypothesis 1B:
Efficiency (RT/Accuracy) will be equivalent across clinical
complexities at negative SNRs. Pilot data has informed our
methodology. For each participant, we will first determine
their near-threshold hearing by using a 7-min. 3 down 1 up
staircase function with 8 reversals. The primary/clinical task
will utilize two “easy” and two “difficult” clinical scenarios.
Accuracy will be based on the correct medication selections
for each clinical scenario with demerit for abandonment of
the secondary task. To generate an individual amplitude-
response curve, each participant will spend about 67 minutes
responding to five 13.3-min. blocks containing five different
randomly allocated alarm volumes (near-threshold, —20 dB,
-11 dB, -2 dB, and +4 dB from 60 dB OR background
noise) for a total of 20 trials at each alarm level and clinical
event type (easy and difficult). A 5-min. break will be offered
after every block. Throughout, the participant will hear
actual OR background noise that does not incorporate other
alarms or monitor beeping, and will perform the CRM and
visual tasks to assure a sufficient attentionally demanding
load. Total contact time will average 103 minutes.

Experiment 2: Hypothesis 2A: The largest performance
gain will be with alarms that are informative and correlate
with clinical status. Hypothesis 2B: Novel auditory alarms
will be more salient when visual alarms are presented in the
peripheral visual field. Starting with the same paradigm and
scenarios described in Experiment 1, each of the 30 (cross-
over allowed) participants will spend ~80 minutes respond-
ing to six 13.3-min. trials with the three alarm volumes
found in Experiment 1 to cover the dynamic performance
range, an equal number of traditional versus novel alarms,
and two different visual monitor locations (0° and 45° off
forward). A 5-min. break will be offered after every block.
We anticipate that the novel tachycardia alarm will be a
1-sec. duration, major-7% intervallic sweep, ascending from
1050 Hz (C%) (red alarm) to 1982 Hz (B®). The novel
bradycardia alarm will be a 1-sec. duration, major-7th inter-
vallic sweep, descending from 1050 Hz to 556 Hz (C*%). The
novel hypotension alarm will be a 1-sec. duration, major-7%
intervallic pattern, descending from 1050 Hz (one Y4 note
over 500 ms) to 556 Hz (two % notes over 500 ms). Total
contact time will average 110 minutes.

Statistical Analysis

Power Analysis: Based on our pilot data from experiment
one, we calculated that 30 participants are needed to detect
a difference of 1000 ms with 95% power. Therefore, with
two covariates, we plan to study 30 participants in each
experiment.

Data Analysis and Interpretation: Data from each indi-
vidual will be captured and analyzed using MATLAB®
(MathWorks). The proposed experiments will generate psy-
chometric data that can be modeled as a sigmoid function
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(FIGS. 2 and 12). In these figures, we show actual stimulus
(alarm volume)—response (response time/accuracy) (Ex-
periment 1) and example type of alarm (Experiment 2).
Aggregate average curves for multiple participants would
also show 95% confidence intervals. ED,,’s can be calcu-
lated and compared.

Aim 1: Nonlinear mixed effects regression will be used to
estimate the symmetric stimulus boundaries (denoted ES,
and ES, ) that include 90% of the dynamic range in response
time. The S-R relationship will be modeled using a four- or
five-parameter logistic curve. The five-parameter curve will
be used if there is evidence of asymmetry in the S-R
relationship. Each logistic curve parameter will have a
random effect indexed by participant. This approach simul-
taneously accounts for between-participant heterogeneity in
the S-R relationship, and within-participant correlation
among repeated measurements. The ES; and ESys will be
summarized using a point estimate and 95% confidence
interval.

Aim 2: Response times and accuracy will be evaluated
using linear and generalized linear mixed effects models,
respectively, adjusting for scenario difficulty (“easy” vs.
“difficult”), and alarm volume. The within-participant cor-
relation in response time and accuracy measurements will be
accommodated using a random intercept indexed by partici-
pant. The conditional effects of each adjustment factor on
mean response time and accuracy, and the relevant contrasts
will be summarized using 95% confidence intervals. Inter-
vals that fail to cover the appropriate null value will be
considered statistically significant.

Based on the staircase function to ascertain participants’
near-threshold of hearing discussed above, all participants
were within 1 dB of each other from -27 to -28 dB below
background noise at 60 dB. Thus, the lowest/softest alarm
presentation was at =27 dB below background noise at 60
dB, equating to 33 dB. Anechoic laboratory data was col-
lected and analyzed. FIGS. 13 and 14 illustrate the results of
mixed-effects logistic and linear regression, adjusting for
alarm signal-to-noise ratio (three knot natural spline), and
the concurrence of either a CRM or vigilance task (True/
False). The three independent variables were assessed for
pairwise interactions. However, there was no significant
evidence of interactions (using a likelihood ratio test), and
thus the interaction terms were omitted. A random intercept,
indexed by participant, was used to account for correlation
among responses arising from the same session and partici-
pant. The bands in the figures are pointwise 95% confidence
bands that were generated using a parametric bootstrap
method. The associations between alarm signal-to-noise
ratio and each outcome (likelihood that emergency was
addressed, addressed correctly, and the response time) were
all statistically significant (Wald-test p-value <0.001 for
each outcome). For each outcome, concurrence of the CRM
task was significantly associated with poorer performance
(even though the corresponding confidence bands may over-
lap). Specifically, the odds of correctly addressing the clini-
cal task were smaller by 30% (95% CI: 18, 39) when there
was a concurrent CRM task. Similarly, response time was
larger by 0.81 s (95% CI: 0.76, 0.87), on average. There was
no significant evidence that concurrence of the vigilance
task impacted any of the clinical task outcomes. The figures
do not depict the raw data, but rather the model-fitted values.

FIGS. 15 and 16 illustrate the results of mixed-effects
logistic and linear regression, adjusting for the concurrence
of an unaddressed clinical task (with alarm), alarm signal-
to-noise ratio (three knot natural spline), and concurrence of
a vigilance task (True/False). The likelihood of addressing
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the CRM task (either correctly or incorrectly) was signifi-
cantly less when there was a concurrent clinical task (OR:
0.68; 95% CT: 0.57, 0.80) or vigilance task (OR: 0.58; 95%
CI: 0.49, 0.70). There was no evidence of an interaction
between the effects of the clinical and vigilance tasks
(p=0.475). Nor was there evidence (p=0.600) of an effect of
alarm volume on the likelihood of addressing the CRM task.
However, there was significant evidence that alarm level
affects the likelihood of correctly addressing the CRM task
(p<0.001) and response time (p=0.031). Specifically, alarm
level had little effect on the odds of correctly addressing the
CRM task for negative SNR, but was associated with a drop
in the odds for positive SNR. Alarm level was positively
correlated with response time across all alarm levels. In
addition, when there was a co-occurring unaddressed vigi-
lance task, the odds of correctly addressing the CRM task
were further reduced by 10% (OR: 0.90; 95% CI: 0.82,
0.98). In contrast, adjusting for the effect of co-occurring
clinical task, the co-occurrence of a vigilance task was
associated with slightly shorter (but statistically significant)
response time (0.03 s; 95% CI: 0.00, 0.06; p=0.033). There
was no evidence of an interaction between co-occurring
vigilance and clinical tasks in their effects on response time.

The present disclosure described herein and representa-

tive embodiments, are exemplary, and are not intended as
limitations on the scope of the invention. Changes therein
and other uses will occur to those skilled in the art which are
encompassed within the spirit of the invention as defined by
the scope of the claims.

What is claimed is:

1. A dynamic alarm system comprising:

a housing;

an electronic processor;

a microphone electronically coupled to the electronic
processor, the microphone configured to sense an ambi-
ent noise level proximal to the housing;

a user interface on the housing and electronically coupled
to the electronic processor, the user interface config-
ured to allow a user to select a signal-to-noise ratio
based on the ambient noise level; and

a speaker electronically coupled to the electronic proces-
sor, the speaker configured to output an audible tone
according to the selected signal-to-noise ratio when a
physiological parameter detected by a sensor coupled
to a patient exceeds a preselected threshold for that
physiological parameter.
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2. The system of claim 1, wherein the housing includes a
port configured to receive data from the sensor.

3. The system of claim 1, wherein the physiological
parameter is blood pressure, heart rate, electrocardiogram
signal, or blood oxygen saturation.

4. The system of claim 1, wherein the electronic processor
is configured to control power to the speaker to control an
alarm volume based on the selected signal-to-noise-ratio.

5. The system of claim 4, wherein the alarm volume is less
than the ambient noise level.

6. The system of claim 4, wherein the alarm volume is
greater than the ambient noise level.

7. The system of claim 1, wherein the signal-to-noise-
ratio is between -11 dB and +4 dB.

8. The system of claim 1, wherein the speaker output is
between 33 dB and 81 dB.

9. The system of claim 8, wherein the microphone input
is between 50 dB and 90 dB.

10. A dynamic alarm system comprising;

a microphone configured to sense an ambient noise vol-

ume of an area around the alarm system;

a speaker; and

an electronic processor configured to

determine an alarm volume based on a negative signal-
to-noise-ratio wherein the signal is the alarm volume
and the noise is the ambient noise volume, and

control power supplied to the speaker to control the
alarm volume when the electronic processor receives
a triggering signal from a sensor coupled to a patient,
wherein the triggering signal indicates that a physi-
ological parameter has exceeded a preselected
threshold.

11. The system of claim 10, further comprising a user
interface configured to receive input to adjust settings of the
alarm system to increase or decrease the signal-to-noise-
ratio of an emitted alarm.

12. The system of claim 10, wherein the speaker output is
between 33 dB and 81 dB.

13. The system of claim 12, wherein the microphone input
is between 50 dB and 90 dB.

14. The system of claim 10, wherein the physiological
parameter is blood pressure, heart rate, electrocardiogram
signal, or blood oxygen saturation.
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