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To implement data-driven vital sign parameters to reduce bedside

monitor alarm burden.

Single-center, quality-improvement initiative with historical
controls assessing the impact of age-based, inpatient-derived heart rate
(HR) and respiratory rate (RR) parameters on a 20-bed acute care ward
that serves primarily pediatric cardiology patients. The primary outcome
was the number of alarms per monitored bed day (MBD) with the aim to
decrease the alarms per MBD. Balancing measures included the frequency
of missed rapid response team activations, acute respiratory code events,
and cardiorespiratory arrest events in the unit with the new vital sign

parameters.

The median number of all cardiorespiratory monitor alarms per
MBD decreased by 21% from 52 (baseline period) to 41 (postintervention
period) (P <.001). This included a 17% decrease in the median HR alarms
(9-7.5 per MBD) and a 53% drop in RR alarms (16.8-8.0 per MBD). There
were 57 rapid response team activations, 8 acute respiratory code events,

and no cardiorespiratory arrest events after the implementation of the new
parameters. An evaluation of HRs and RRs recorded at the time of the event

revealed that all patients with HRs and/or RRs out of range per former
default parameters would also be out of range with the new parameters.

Implementation of data-driven HR and iteratively derived RR

parameters safely decreased the total alarm frequency by 21% in a pediatric

acute care unit.

In 2013, the Joint Commission
identified alarm fatigue as a significant
contributor to adverse patient safety
events including death. At this time, it
released National Patient Safety Goal
NPSG.06.01.01, which mandated the
development and implementation

of alarm management safety
policies.1-3 Multiple publications have
confirmed the burden of monitor
alarms throughout various health
care settings and across the age
spectrum.*8 A pediatric hospital
study found 99% of ward clinical

alarms were nonactionable, and
nurse response time increased

as nonactionable alarm exposure
increased, quantifying the concept of
“alarm fatigue.”®

A recent systematic review revealed
a limited but steadily increasing
body of literature relevant to alarm
fatigue, with 24 observational studies
describing alarm characteristics, but
only 8 which describe interventions
to reduce alarm frequency.'® One

of the interventional studies was
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in a pediatric setting, where
standardization of the cardiac
monitor process resulted in a 78%
reduction in alarms per patient

day without an increase in acute
patient decompensation.!! The
individualized modification of
monitor alarm parameters for
patients was a notable contributor
to the alarm reduction in this study.
To date, however, minimal work has
been published that could guide the
optimization of alarm parameters,
particularly in pediatric patients.
Bonafide et al'2 developed percentile
curves for heart rate (HR) and
respiratory rate (RR) in hospitalized
children and found that 12% to
54% of HR observations and 32%

to 40% of RR observations deviated
from commonly accepted vital sign
reference ranges. These percentiles
were not studied or implemented in
a clinical setting, although they were
proposed as a potential means to
tailor physiologic bedside monitor
alarm settings.

Goel et al'3 similarly developed
age-based HR and RR percentile
curves and retrospectively
demonstrated the potential safety of
the implementation of these locally
derived vital sign parameters.

The aim of this study was to assess
whether the implementation of these
data-driven HR and RR parameters
derived by Goel et al3 at our
institution would safely decrease the
number of alarms per monitored bed
day (MBD) in a 20-bed acute care
unit, with a concurrent analysis of
all patient-deterioration events to
ensure the safety of the intervention.

This was a quality-improvement
initiative conducted in 2 phases
by using historical controls on

the cardiac step-down unit at
Lucile Packard Children’s Hospital
Stanford to determine the effect of
using locally derived HR and RR

parameters for pediatric inpatients
on alarms per MBD.

Lucile Packard Children’s Hospital is
a 303-bed, quaternary-care pediatric
hospital with a 20-bed cardiac
step-down unit. This unit houses all
cardiac inpatients outside of the ICUs
as well as some general pediatric
medical and surgical patients.
Typically, there is 85% occupancy,
with cardiology patients accounting
for 80%. Overall, 90% of patients are
connected to bedside monitors that
continuously measure pulse oxygen
saturation (Sp0,), HR and heart
rhythm, and RR (Philips IntelliVue;
Koninklijke Philips N.V., Amsterdam,
Netherlands). Patients have an
average length of stay of 8.6 days and
are typically on monitors throughout
their hospitalization. Monitor alarms
(HR and heart rhythm, RR, Sp0,, and
blood pressure [BP]) on the unit are
frequent, with baseline data revealing
an average of 1350 alarms per day,
or ~1 alarm per minute. Alarms are
audible at the bedside, the central
monitor at the unit’s front desk, and
on the pagers worn by a patient’s
assigned nurse. There is no telemetry
technician to interpret alarms and
notify nurses.

Alarm parameters are ordered by
providers within the electronic health
record (EHR) with values that are
autopopulated in order sets for HR,
RR, and BP based on patient age. The
Sp0, parameters are specified on
admission on the basis of expected
saturations for the patient (eg, 75%
to 90% for certain cyanotic cardiac
lesions), with a default of <92%
defined as abnormal. From 2007
through 2014, the vital sign reference
ranges in all local EHR order sets were
based on values published in 2004

by the National Institutes of Health
(NIH) that reflect normal values for
pediatric outpatients.!* Because there
were only 3 preprogrammed default
settings (“neonatal,” “pediatric,”

and “adult”) (Table 1) to use, these

ordered parameters relied on nurses
to reprogram the monitor alarm
limits. During this quality initiative, we
learned that nurses often chose one of
the 3 defaults and did not consistently
reprogram monitors to match ordered
parameters, and patients were
occasionally on bedside monitors
without an order to continuously
monitor. The authors also discovered
that bedside nurses independently
adjusted monitor alarm limits to
reduce nuisance alarms.

Patients were included in this
analysis if they were admitted to

the unit and placed on a continuous
cardiorespiratory monitor between
May 1, 2014 and December 3, 2015.
The preintervention period was
between May 1, 2014 and October
25,2014, and the postintervention
consisted of 2 phases: phase 1 was
between October 26, 2014 and June
19, 2015 and phase 2 was between
June 20, 2015 and December 3, 2015.
The Stanford University institutional
review board approved this study,
which was performed in accordance
with the SQUIRE 2.0 guidelines.1®

The data-driven HR and RR
parameters implemented in

phase 1 were adapted from those
developed by Goel et al'3 at our
institution using vital sign data of
hospitalized children. In accordance
with their study, in which the fifth
and 95th percentile limits were
thoughtfully selected for analysis
and demonstrated to be safe for
implementation, we gained approval
from medical, administrative, and
patient safety leadership to proceed
with pilot testing of these parameters
in the cardiac unit.

In phase 1 of the intervention, the
data-driven HR and RR parameters
(Table 1) were implemented on
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TABLE 1 Data-Driven Vital Sign Parameters for HR and RR Using 10 Age Groups and a Gomparison With Former Default Bedside Monitor Presets With

3 Age Groups

Age HR Parameters RR Parameters

Previous Monitor  Previous Ordered Data-driven Previous Monitor  Previous Ordered Data-driven Revised

Settings? Parameters® Parameters® Settings? Parameters® Parameters® Parameters¢

<1mo 100-200 neonatal 80-160 115-170 30-60 neonatal 30-60 30-60 10-60
1-6 mo 75—160 pediatric 80-160 105-170 10-50 pediatric 24-38 20-55 10-55
6-12 mo 80-150 100-165 20-35 20-45 10-50
1-2y 80-150 90-165 20-35 20-45 10-50
2-3y 80140 85-155 22-30 18-40 10-50
3-5y 60-110 75-155 20-24 16-35 10-50
59y 60-110 70-140 16-25 16-30 10-50
9-12y 60-110 65-130 16-22 14-30 10-50
12-15y 50-110 60-125 12-18 14-30 10-50
>15y 50-120 adult 50-110 60-115 8-40 adult 12-18 13-25 10-50

@ Preprogrammed within bedside monitors from 2007 to October 2014.
b NIH-based vital sign parameters in EHR order sets from 2007 until October 2014.
¢ Locally derived, data-driven parameters were preprogrammed to bedside monitor and in order sets on October 26, 2014 (phase 2 intervention).

d Revised RR parameters were preprogrammed in bedside monitors and in order sets on June 20, 2015 (phase 3 intervention).

October 26, 2014 by: (1) revision

of the unit’s patient care policy to
reflect the new monitor parameters,
(2) revision of local electronic order
sets to default to the new monitor
parameters, and (3) preprogramming
of the 10 age-based alarm parameter
profiles into all 20 bedside monitors
to facilitate an ease of clinical
workflow and alignment with

policy. Education of medical and
nursing staff occurred via staff
meetings, unit-specific posters, and
distribution of vital sign reference
cards to be worn with identification
badges. Phase 2 began on June

19, 2015 and involved further
modification of the RR alarm
parameters based on phase 1 data
analysis. BP parameters, arrhythmia,
and Sp0O, parameters remained the
same during all the phases in this
study.

The primary outcome measure was
cardiorespiratory monitor alarms per
MBD. An alarm was defined as the
audible alert sounded by a bedside
monitor when a vital sign was out

of range of the monitor’s preset
thresholds. For this study, all alarm
data (including HR, RR, Sp0O, BP, and
arrhythmia alarms) were collected
and analyzed from the clinical data
warehouse. Patients were considered

to have an MBD if they produced

at least one cardiorespiratory
monitor alarm of any type during the
24-hour day.

Compliance to the intervention

was established by using random
convenience sampling of patients

to determine if the monitor orders
in the EHR aligned with the RR and
HR parameters set on each patient’s
monitor. If the selected age-based
monitor alarm profile matched the
orders, the situation was considered
“compliant.” This was performed
every 1 to 2 weeks with immediate
feedback delivered to individual
nurses, and more broadly, during
nursing huddles to reinforce
education. We did not solicit nursing,
patient, or family feedback in a
formal way.

Evaluation of each of acute
respiratory code (ARC),
cardiorespiratory arrest (CRA),

and rapid response team (RRT)
activation event was performed to
determine whether any unintended
patient safety consequences resulted
from these interventions. The EHR-
charted vital signs that corresponded
with the time of the event and the
documented reason for clinical
concern (eg, respiratory distress,
hypoxia, and tachyarrhythmia) were
collected by chart review.

The primary analysis compared

the number of cardiorespiratory
monitor alarms per MBD in the

unit preintervention versus
postimplementation by using a ¢t test
with Benjamini-Hochberg correction
for multiple comparisons to control
for false discovery. Compliance to
the intervention was analyzed by
using simple percentages. Using
vital sign data recorded at the time
of each ARC, CRA, and RRT event,
we compared the new HR and final
RR parameters with former bedside
monitor preset parameters to
identify out-of-range vitals.

After the implementation of phase

1, analysis of the first 3 months of
alarm data revealed that although
the median number of HR alarms per
MBD fell by 17%, the median number
of RR alarms per MBD increased by
75%. Overall, the implementation

of data-driven alarm limits had
increased the total number of alarms
per MBD by 33%. Specifically, the
median total number of HR alarms
per MBD was 8.0 (a decrease from
9.0 per MBD), and median total

RR alarms per MBD was 29.3 (an
increase from 16.8 per MBD). After
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FIGURE 1

The total alarms (HR, RR, Sp0,, and BP) per
MBD. A gray line is drawn at the median for
each phase of the project, and a red line shows
the contributions by HR and RR alarms. Phase
0 (baseline alarm data), phase 1 (initial data-
driven HR and RR parameters implementation),
and phase 2 (implementation of the same HR
parameters and expanded RR parameters) are
shown.

widening RR parameters in

phase 2, the frequency of RR

alarms fell considerably. Overall, the
median number of all monitor alarms
per MBD decreased from 52 in the
preintervention period to 41 at the
end of phase 2, which included the 6
months after the final intervention
(P<.001, Fig1). There wasa 17%
decrease in median HR alarms
(9-7.5 per MBD) and a 53% decrease
in RR alarms (16.8-8.0 per MBD).
The decrease in alarm frequency

for both high and low HR (Fig 2)
and high and low RR (Fig 3) were
statistically significant (Table

2). Combined, HR and RR alarms

fell by 40%. Most of the total
cardiorespiratory alarms after
phase 2 were from out-of-range
Sp0,.

Compliance audits that assessed the
percentage of patients on continuous
monitors with orders accurately
corresponding to bedside monitor
settings were conducted but not
recorded systematically during
phase 1. After the completion of
phase 2 (from January to March
2016), 6 audits were performed

and revealed an average of 80% of
bedside monitors were programmed
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FIGURE 2

The HR alarms per MBD. A line is drawn at the
median for each phase of the project. Baseline
HR data were from May 2014 to October
26, 2014. Phases 1 and 2 both implemented
identical data-driven HR parameters.
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FIGURE 3

The RR alarms per MBD. A line is drawn at
the median for each phase of the project.
Phase 0 (baseline), phase 1 (initial data-driven
RR parameters implemented), and phase 2
(widening of RR parameters) are shown.

TABLE 2 Comparison of Median Number Alarms With MBD by Alarm Type

After All Interventions Adjusted P

(Benjamini-Hochberg)

Before Any
Intervention
Alarm type

Low HR 1.5
High HR 73
Total HR 9.1
Low RR 5.1
High RR 10.0
Total RR 16.8
Total® low alarms 28.3
Total® high alarms 23.7
Total® alarms 51.5

22 <.0001
4.8 <.0001
7.5 <.0001
26 <.0001
45 <.0001
8.0 <.0001
26.7 4
13.4 <.0001
41.0 <.0001

Low, alarm below set parameter; High, alarm above set parameter.
aTotal = HR + RR + Sp0, + all rhythm disturbances + noninvasive BP measurements.

correctly based on patient age and
entered order (range 56-92%).

There were zero CRAs, 8 ARCs, and

57 RRT events in the period after

the phase 1 intervention through 6
months after the initiation of phase

2 (November 2014 until December
2015). Analysis of HRs and RRs
recorded in the EHR within 2 hours
before the event when compared with
previous bedside monitor default
parameters revealed that 18 patients
(28%) would have had HR and/or RR
out-of-range. When these documented
HRs and RRs were compared with
intervention parameters after phase
2,27 patients (42%) had HRs and/

or RRs out-of-range (including all 18
patients who were determined out-
of-range with the previous defaults)
and an additional 9 patients with HRs

exceeding the new parameters. The
38 patients whose HRs and RRs were
within both old and new parameters
had other reasons for clinical
concern, the most common being low
Sp0,, acute neurologic events, and
hypotension.

To our knowledge, this is the

first study to demonstrate a
significant drop in alarm burden

in a pediatric acute care unit after
the implementation of HR and RR
alarm parameters derived from an
inpatient population. Employment
of the data-driven HR and iteratively
derived RR parameters resulted in
a 21% decrease in total alarms from
a median of 52 alarms per MBD
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to a median of 41 per MBD. This
represents a decrease from 1150
to 840 alarms per 24 hours, or ~13
fewer alarms in the unit per hour.

Our immediate and sustained
decrease in HR alarms is consistent
with the 12% to 54% decline in
out-of-range HR values that was
predicted by Bonafide et al'? in
their theoretical model comparing
their percentile curves with typical
pediatric reference ranges. We did
not see this predicted decline in

RR alarms during phase 1 because
substantial disparities existed
between policy and actual nursing
practice at the bedside. Although the
data-driven RR ranges were wider
than the NIH parameters (Table 1),
we discovered that the nurses had
typically kept the monitor preset

RR parameters of 10 to 50 breaths
per minute regardless of the order-
specified parameters. Thus, despite
widening the “notify house officer”
orders, the new preprogrammed RR
parameters were much narrower
than the previous monitor defaults.
Reassuringly, there were no patient
safety concerns specific to bedside
monitor RR parameters during either
the preintervention era (2007-2014)
or in our safety analysis of our data-
driven parameters.!3 Our decision
to widen the upper RR limits was
further informed by the experience
in a pediatric institution in which
elevating the upper RR alarm limit
significantly (to 200 breaths per
minute) contributed to decreased
alarm frequency without untoward
patient safety consequences.!! Hence,
we felt comfortable implementing
widened RR alarm limits in phase 2.

The 21% total decrease in alarm
burden because of HR, RR, BP, and
Sp0, alarms is less than the 43%
decrease in HR and arrhythmia
alarms seen in the John Hopkins
experience in adult patients® and
the 56% decrease in HR and RR
alarms predicted by Goel et al'3
using these parameters compared
with the former NIH-based ranges.

However, when HR and RR alarms
were isolated from total alarms
(specifically, when SpO,, arrhythmia,
and BP alarms are removed), we did
witness a 40% decrease (from 25.8

to 15.5 alarms per MBD) in alarm
burden, a magnitude that is similar to
that predicted by Goel et al'3 and is
comparable with the adult experience,1®
both of which excluded SpO, alarms.
The baseline alarm burden also was
already lower than what would have
been recorded if the NIH-based orders
had been consistently programed at
each admission.

In the absence of evidence-based
vital sign parameters for the care of
hospitalized children, data-driven,
age-based HR and RR parameters
derived from inpatient populations
were a reasonable foundation for

a quality-improvement initiative

to decrease alarm burden on an
acute care unit. Furthermore,
iterative modifications to the RR
parameters allowed us to safely
reduce RR alarm frequency. Similar
modifications to the HR parameters
were not made because we saw a
decline in HR alarm frequency after
phase 1; however, this could also

be considered in the future. We
learned that in conjunction with our
single-intervention points (order

set implementation and monitor
changes), ongoing nursing education
and iterative modification of
parameters were important to safely
decrease alarm burden. We gained a
better understanding of local nursing
practice and facilitated a better
alignment of orders with monitor
settings. Schondelmeyer et al'’
recently published a study of alarm
frequency in a children’s hospital
demonstrating that the largest
proportion of clinical, nontechnical
alarms are due to low Sp0,. Similarly,
we found most of our residual alarms
after these adjustments to HR and RR
were from out-of-range SpO,. Thus,
future alarm reduction efforts may be
more impactful if focused on safely
reducing saturation alarms.

In addition to demonstrating that
iterative adjustments to HR and RR
alarm parameters decreases alarm
burden in the clinical setting, we

have shown that this can be done
safely, which is consistent with

our retrospective safety analysis.!3
Despite widening and shifting HR

and RR parameters and employing
more specific, preprogramed monitor
profiles, 50% more patients who

had RRT or ARC events had out-of-
range HRs at the time of the event
when compared with old, preset
parameters. All patients with HRs and
RRs in range at the time of clinical
concern had other reasons prompting
the call for additional resources. This
is the first study to address HR- and
RR-based alarm burden that has
concurrently demonstrated the safety
of such an intervention in an inpatient
pediatric setting.

There are several limitations to this
study. First, most patients admitted
to the cardiology acute care ward are
transferred from the cardiovascular
ICU. However, patients who had spent
time in any ICU were excluded in the
analysis performed by Goel et al'3

to create the new alarm parameters.
This could bias the results in an
unknown direction. The creation

of alarm parameters specific to the
pediatric cardiac population may help
to further decrease alarm burden on
this type of step-down unit. Second,
although we conducted process
audits for improvement purposes,

we did not record the alignment

of orders with monitor settings
(compliance) until after the phase

2 intervention. Compliance data

after phase 2 revealed a suboptimal
average compliance of 80% and likely
limited the impact of the intervention
on total alarm burden. Third, specific
patients and clinical encounter dates
could not be directly linked to bedside
monitor data. Thus, our safety analysis
relied on vital signs recorded in the
EHR at the time of RRT or ARCs and
could not be derived directly from

the monitor alarm data warehouse.
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With an average compliance of 80%,
the monitors for these patients at
the time of the event may not have
been programmed to trigger alarms
using the new alarm limits. Also,

a cardiorespiratory monitor that
produced at least 1 alarm of any type
during a 24-hour day counted as an
MBD even if that patient was not
monitored for the full 24 hours. This
would likely bias the results toward
the null. Finally, generalizability may
be limited, because this was a single
time-series study in a quaternary
children’s hospital unit that cares
predominantly for cardiology patients.

Implementation of these HR and RR
parameters in a children’s hospital
acute care unit with predominantly

cardiology patients safely decreased
total alarm frequency by 21%. Future
opportunities to minimize alarm
burden in this population include
altering SpO, alarm ranges, daily
discussions and tailoring settings

for each patient to reflect actionable
thresholds, and discontinuation of
monitoring as soon as medically
appropriate.l”

We thank all the nurses on the
cardiac acute care unit at Lucile
Packard Children’s Hospital
Stanford, patient care managers
Patria Eustaquio, BSN, RN and

Piper Church, RN, the unit’s local
improvement team, Eric Helfenbein
from Phillips, Glen Jones from
Stanford Bioengineering and Clinical

Technology, and our hospital’s alarm
fatigue task force members (Jonathan
Palma, MD; Natalie Pageler, MD;
Terry Platchek, MD; and Amy
Chapman, MSN, RN, CNS) for their
assistance.

ARC: acute respiratory code

BP: blood pressure

CRA: cardiorespiratory arrest

EHR: electronic health record

HR: heart rate

MBD: monitored bed day

NIH: National Institutes of
Health

RR: respiratory rate

RRT: rapid response team

Sp0,: pulse oxygen saturation
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