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ABSTRACT

Although there are powerful incentives for
creating alarm management programmes to
reduce ‘alarm fatigue’, they do not provide
guidance on how to reduce the likelihood that
clinicians will disregard critical alarms. The
literature cites numerous phenomena that
contribute to alarm fatigue, although many of
these, including total rate of alarms, are not
supported in the literature as factors that directly
impact alarm response. The contributor that is
most frequently associated with alarm response
is informativeness, which is defined as the
proportion of total alarms that successfully
conveys a specific event, and the extent to which
it is a hazard. Informativeness is low across all
healthcare applications, consistently ranging from
1% to 20%. Because of its likelihood and strong
evidential support, informativeness should be
evaluated before other contributors are
considered. Methods for measuring
informativeness and alarm response are
discussed. Design directions for potential
interventions, as well as design alternatives to
traditional alarms, are also discussed. With the
increased attention and investment in alarm
system management that alarm interventions are
currently receiving, initiatives that focus on
informativeness and the other evidence-based
measures identified will allow us to more
effectively, efficiently and reliably redirect
clinician attention, ultimately improving alarm
response.

INTRODUCTION

Although there is strong consensus on
the importance of implementing inter-
ventions to reduce ‘alarm fatigue’, study
findings are often unclear if a given

intervention impacts the central purpose
of an alarm system, to ‘redirect our atten-
tion from something that is less import-
ant to something that is more
important.”’ A confluence of factors have
created powerful incentives for US hospi-
tals to create clinical alarm management
programmes, including The Joint
Commission’s (TJC) 2014 National
Patient Safety Goal (NPSG) 6,> increased
visibility of the hazards of clinical
alarms,® and the increasing number of
alarm-related deaths reported to the
Food and Drug Administration (FDA)*
and TJC.” However, the alarm fatigue
label subsumes a myriad of potential con-
tributors, and only some have been
shown to adversely affect alarm system
performance in either laboratory or real-
world settings. There is little guidance on
how to determine to what extent each of
these phenomena is contributing to the
observed problems and, therefore, what
the focus of alarm system interventions
should be. After summarising the relevant
literature regarding alarm fatigue, we will
discuss the most commonly reported con-
tributors thought to impact the overall
system’s response to hazardous events,
share common techniques for collecting
data for the most likely contributor,
informativeness, and discuss potential
strategies for designing new interven-
tions. In this way, we aim to produce
guidance on how to effectively diagnose
and treat a specific institution’s alarm
problem, and which measures to use in
order to assess whether or not the health
of the overall system has improved.
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REPORTED CAUSES OF ALARM FATIGUE, AND
RELATIONSHIP TO ALARM RESPONSE

Alarm fatigue is an umbrella term meant to encompass
all phenomena that are responsible for clinicians’
increased response time and decreased response rate
to alarms. It is reported as the cause when clinicians
improperly ignore, override, silence, or mute clinical
alarms that signify critical patient events.® This
decreased response rate to alarms has been associated
with patients’ deaths,’ 7 as well as permanent loss of
function, and prolonged hospitalisation.® However, of
the many phenomena that are thought of as part of
alarm fatigue, only some have been shown to predict
the alarm system’s ability to redirect attention to
emerging hazards and, therefore, improve patient
outcomes.

Contributors unsupported by laboratory or real-world
studies
Much of the healthcare literature includes clinician
motivation, self-discipline and commitment as poten-
tial causes of alarm fatigue.® ° This has led some to
the conclusion that, although it is not technically feas-
ible now, these systems would be safer without human
beings in them.'® Others posit that training to coun-
teract these psychological causes would result in a
better alarm system safety.” A similar belief is that the
clinician alarm response is due, in part, to a type of
apathy or fatigue that sets in due to an overabundance
of alarms that overwhelms and desensitises clini-
cians.6 9 11-13

However, although each hypothesis has high face
validity, no descriptive or comparative studies have
been conducted to determine if these phenomena dir-
ectly impact overall health of the system. Regarding
the clinicians being inherently unsafe, there is exten-
sive evidence across multiple industries to the contrary
showing that humans create safety in complex socio-
technical systems by filling in the inherent safety gaps
in underspecified procedures and brittle technolo-
gies.'* Regarding training and increasing staff commit-
ment, no studies have shown that these types of

Table 1 Important aspects of alarm systems based on human

factors, engineering, and experimental psychology literature

Aspect Description

Sensory Ability to be detected and discriminated from other sensory
signals and background

Information  Ability to unambiguously convey what was detected in the
world

Attention  Ability to redirect attention, keeping up with the tempo of
the world

Cognitive  Ability to infer what is truly abnormal and/or unexpected

Workload  Sensitivity to current mental workload and ability to support
task prioritisation

Advisory Ability to assess situation and advise or cross-check future

actions

interventions have resulted in sustained improvements
in alarm response. Regarding the overabundance of
alarms, although many studies report the rate of total
alarms and reductions resulting from interventions,
there is nothing in the literature that gives generic or
specific guidance on acceptable or dangerous rates.
Additionally, there is no indication that these alarms,
by themselves, are outside of theoretical safety envel-
opes with respect to sound intensity'® or visual sali-
ence.'® Although it is possible that the reduction of
alarm rate equates to a reduction in false alarms or a
meaningful reduction in mental workload, which have
both been shown to improve alarm response, these
relationships are not explicitly examined. Additionally,
reducing the total rate of alarms without explicitly
measuring the false alarm rate, risks reducing true
positive alarms as well.

Contributors supported by laboratory or real-world

studies

In addition to the reported contributors mentioned
above, there are many contributors to alarm response
that are supported in the literature. The evidence
shows that all alarm systems are prone to a variety of
well-understood and well-studied technical problems.
Many of these issues affect the clinicians working in
these environments, as well as the patients and their
families.®

The most prevalent of these is low informativeness
of a set of alarms. Informativeness is the discrimin-
ation power of an alarm system to detect abnormal-
ities in the world and infer what is worthy of
attention.’” '® It measures the proportion of alarm
signals that successfully convey a specific hazard,'”
which requires a combination of the sensory, informa-
tional, attentional and cognitive aspects described in
table 1. Informativeness drops sharply when alarm
systems increasingly notify clinicians of events that are
not occurring (ie, false alarms'®), and of events that
are occurring but are not hazards (ie, unnecessary
alarms, also called non-actionable or nuisance
alarms® '®). Group alarms also cause informativeness
to drop, when one signal refers to more than one
hazard or more than one hazard severity.'” It has been
shown mathematically,”® and in multiple studies, that
decreased informativeness is associated with a
decreased response rate and increased response time
for all operators, human or otherwise.”! 2* This effect
is attenuated if the operator understands why the
alarm is sounding.* '® This research reframes alarm
fatigue as a necessary calibration by the human oper-
ator to pay decreasing amounts of attention to signals
that do not merit that attention.'”

Increased mental workload has also been associated
with a deterioration in alarm response.” *! Increasing
mental workload decreases the likelihood of attending
to emerging, external stimuli. In high-tempo situations
with increased mental workload, clinicians in high-
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tempo situations regularly ignored alarms that were
regularly attended to in low-tempo situations.”> **
Pilots, during periods of high workload, reduced their
field of vision to preserve performance on tasks dir-
ectly related to flying.”> Drivers, as driving difficulty
increased, also reduced their field of view, ignoring
peripheral signs, alarms and warnings.?® >/

It has also been shown that the acoustical design of
alarms can produce signals that are not detected, or to
induce negative physiological responses. This can
occur due to signals that are overly intense,’” 2®
physiologically unpleasant due to frequency,” start-
ling due to sudden onset,”® masked by other signals in
the intended environment,'” %® 2° or are insufficient
to determine the location of the source® or intended
urgency.”! Finally, these alarms can create memory
burdens, making it difficult to learn and remember
which alarms signify which events.”” 3% 3?

Ultimately, these technical problems make it increas-
ingly difficult for clinicians to effectively detect abnor-
malities requiring their attention and reprioritise their
actions. The evidence shows that it is these technical
problems, and not motivational or volitional issues,
that are the most likely contributors to alarm-related
issues.'” 2% If they are not examined and ruled out
before issues of motivation or volition are posited,
researchers and clinicians risk solving the wrong
problem.

WHERE TO START? INFORMATIVENESS
Although there are many potential contributors to a
specific alarm response problem, it is likely that
informativeness plays a prominent role. Across all
healthcare settings, informativeness consistently
ranges from 1% to 20%.° Across multiple studies of
electronic health records, alerts’ informativeness
ranged from 1% to 12%.>*° In separate studies of
haemodynamical and ventilator and pulse oximetry
alarms, informativeness was 20%°7 and 23%,%®
respectively. In a national survey performed in 2005-
2006, 78% respondents stated that alarms were often
overridden due to distrust.”” Using findings from
Bliss,”> these rates predict the high proportion of
alarms that are overridden or ignored.”® *¢ ** These
levels of informativeness are well beneath the tentative
theoretical threshold of 71% that Wickens and
Dixon®® suggested that alarms need in order to be
more helpful than harmful to the overall system.
Collecting data to measure informativeness requires
more data, and is, therefore, more labour intensive
than some of the other measures. Besides knowing the
event that the alarm is signifying, context of the alarm
and of the patient immediately preceding and follow-
ing the alarm must also be known. The waveform rep-
resentation of the sensor data that is used to generate
the alarm can be used to determine the presence of
artefact and, therefore, false alarms.*' Additionally,
video footage or direct observation of patients can be

used to determine if the event signified by the alarm
is occurring.** Clinical experts are used to determin-
ing whether the alarm was clinically relevant (ie, not
unnecessary) based on the patient’s recent activity and
history.**™ Informativeness is most often measured
as positive predictive value (PPV), which measures the
proportion of true positives out of all positive
responses,® 7 but have also been measured by nega-
tive predictive value, sensitivity and specificity,* and
could be measured by any measure of discrimination
power. Most studies calculate PPV based only on the
traditional definition of false alarms, but there is
recent awareness that requiring that true positives be
neither false nor unnecessary may be a better pre-
dictor of alarm response in some settings.'® *°

Although improving informativeness will likely
improve alarm response, it is possible that other con-
tributors in the setting are the more substantial contri-
butors. It is prudent to consider the likelihood of the
other evidence-based factors as well, many of which
are noted above. Being aware of these other factors
and the current evidence-based guidance for each,
where applicable, may reveal potential contributors
that otherwise would have been obscured. Finally, it is
also prudent to assess response time and response rate
directly, to ensure that the current alarm response
requires intervention, and that the intervention results
in response times and rates within acceptable safety
boundaries. Alarm response can sometimes be mea-
sured without direct observation if it can be discerned
from the technology, for example, when it requires
clinicians to explicitly override guidance and give a
reason.’® Most often, though, the machine data that is
available will not contain sufficient context to make a
determination. In these cases, direct observation of
the clinician or unit is necessary, recording whether
each alarm was attended to or not, and if corrective
action was taken. A good example is given by Seagull
and Sanderson.*?

In our institution, the alarm management team uses
a triangulation of three measures to determine the
relative priority of multiple competing needs for inter-
vention. Response times to the most important alarm
signals, as were determined per TJC NPSG 6, are
collected electronically via a Secondary Alarm
Notification System, which also serves as an alarm
aggregator. From these data, units are selected for
direct observation, both to measure informativeness
and alarm response with the necessary context.
Analysis of these data and consideration of potential
other contributors all drive the ultimate design of
interventions. Based on this analysis, the intervention
may be to change default alarm thresholds, allow
more clinician discretion in setting thresholds for a
given patient, procure sensors with better discrimin-
ation power, or procure software that can use data
from multiple parameters, trends over time, and signal
quality to reduce false alarms. Direct observation is
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then conducted to determine if informativeness and Provenance and peer review Not commissioned; externally

alarm response have improved.

ALTERNATIVES WHEN TRADITIONAL ALARMS

ARE INSUFFICIENT

In addition to improving these evidence-based mea-
sures on existing alarm systems, the literature offers

peer reviewed.
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