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Background Respiratory rate (RR) alarms alert clinicians
to a change in a patient’s condition. However, RR alarms
are common occurrences. To date, no study has examined
RR alarm types and associated patient characteristics,
which could guide alarm management strategies.
Objectives To characterize RR alarms by type, frequency,
duration, and associated patient demographic and
clinical characteristics.

Methods A secondary data analysis of alarms generated
with impedance pneumography in 461 adult patients
admitted to either a cardiac, a medical/surgical, or a
neurological intensive care unit (ICU). The RR alarms
included high parameter limit (>30 breaths/min), low
parameter limit (<5 breaths/min), and apnea (no breath-
ing >20 s). The ICU type; total time monitored; and
alarm type, frequency, and duration were evaluated.
Results Of 159771 RR alarms, parameter limit alarms
(n=140975; 88.2%) were more frequent than apnea
alarms (n=18796; 11.8%). High parameter limit alarms
were most frequent (n=131827; 82.5%). After ICU
monitoring time was controlled for, multivariate analysis
showed that alarm rates were higher in patients in the
cardiac and neurological ICUs (P=.001), patients under-
going mechanical ventilation (P=.005), and patients with-
out a ventricular assist device or pacemaker (P=.02).
Male sex was associated with low parameter limit
(P=.01) and apnea (P=.005) alarms.

Conclusion High parameter limit RR alarms were most
frequent. Factors associated with RR alarms included
monitoring time, ICU type, male sex, and mechanical
ventilation. Although these factors are not modifiable,
these data could be used to guide management strategies.
(American Journal of Critical Care. 2022;31:355-365)
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Respiratory rate (RR)
alarms are common
during bedside ECG
monitoring and may

potentially contribute

to alarm fatigue.

356

n the intensive care unit (ICU), respiratory rate (RR) measurement is an essential compo-
nent of patient monitoring that aids in early recognition of deterioration in a patient's
condition.'? Impedance pneumography (IP) devices allow continuous assessment of RR**
and can generate alarms when the RR falls above or below prespecified parameters or
when no breaths are detected (apnea). Although prior studies show that RR alarms are
common,®’ none have examined the specific types of RR alarms and only one examined

associated patient characteristics.!?

A better understanding of the specific types of RR
alarms and a comprehensive evaluation of associated
patient demographic and/or clinical characteristics
could guide alarm management strategies to reduce
potential alarm fatigue (ie, desensitization and/or
unsafe alarm adjustments) and improve future RR
algorithms used in hospital-based bedside monitors.

To gain a clear understanding of prior research
on RR type alarms, a systematic literature search was
conducted using the following databases: PubMed,
Cumulative Index to Nursing and Allied Health
Literature (CINAHL), Web of Science, and the
Cochrane Library. Keywords used for the database
searches included adult(s), respi-
ration(s), RR measurement, man-
ual, visual, electrocardiogram
(ECG)- or EKG-derived, imped-
ance, thoracic pneumography,
and hospital setting. These
terms were combined in strings
using the Boolean operands OR
and AND to specifically focus
on studies that compared differ-
ent methods to assess RR. Seven
studies evaluated the number and/or types of RR
alarms using IP in adult hospitalized patients.®®13
Two studies reported on apnea alarms,”!* 2 reported
on high and low parameter limit alarms,*’ and 1
reported on both parameter limit and apnea alarms
but did not separate them by parameter limit alarm
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versus apnea alarm.® Of the 7 studies, only one evalu-
ated for associations between patient and clinical char-
acteristics and that study addressed only apnea alarms.!3
That study was done in a postanesthesia care unit for
a mean of 101 minutes, and patient and clinical char-
acteristics were limited to sex and surgery type. There-
fore, it is unknown which demographic and/or clinical
characteristics influence the number and type of
IP-derived RR alarms in an ICU population.

The purpose of this secondary data analysis was
twofold: (1) from a total of 159771 RR alarm occur-
rences, determine the number of each type of alarm
(high parameter limit, low parameter limit, and apnea),
the total number of minutes the patient was in an
alarm condition during the ICU monitoring period,
and the median duration (in seconds) of RR param-
eter limit (<5 breaths/min or >30 breaths/min) and
apnea (no breathing >20 s) alarms (ie, how long the
alarms sounded) and (2) determine if patient demo-
graphics (age, sex, race), clinical characteristics (body
mass index [BMI, calculated as weight in kilograms
divided by height in meters squared], cognitive sta-
tus, body tremor), smoking status, use of supportive
therapies (mechanical ventilation, ventricular assist
device, pacemaker), or ICU type (cardiac, medical/
surgical, neurological) were associated with the num-
ber of RR parameter limit and apnea alarms. Clini-
cal characteristics were selected on the basis of what
we hypothesized might increase the number of RR
alarms generated using the IP method by affecting
the signal quality. For example, higher BMI decreases
chest wall compliance, which could affect IP-derived
RRs.'" Although the IP-derived RR method does not
use ECG waveforms to measure RR, the skin elec-
trodes used for ECG monitoring are also used for
IP-derived RR. We hypothesized that patients who
have agitation from nicotine withdrawal, cognitive
impairment/confusion, or body tremors (eg, Par-
kinson disease, alcohol/nicotine withdrawal, other
neurological conditions, shivering) could have
an increased number of RR alarms as a result of
decreased IP signal quality. We also included devices
known to cause interference and/or artifact during
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ECG monitoring (mechanical ventilation, ventricu-
lar assist device [VAD], pacemaker) that could con-
taminate the signal used for IP-derived RR.3!517

Methods
Study Design

This secondary analysis used data from a com-
prehensive alarm study conducted during a 1-month
period.® The University of California, San Francisco,
Institutional Review Board approved the research
protocol (RB #12-09723).

Sample and Setting

Although the parent study identified the frequency
and types of all alarms from the bedside monitors,®
for this study, we report on only RR alarms. We
included 461 consecutive adult patients (>18 years)
treated in 1 of 3 ICUs: a 16-bed cardiac unit, a 32-bed
medical/surgical unit, or a 29-bed neurological unit.
Our sample included all adult ICU patients treated
at our hospital during the 1-month study period.
Patient data were collected from the electronic health
record by our institution’s Clinical Research Services.
The ICU admission and discharge dates were pro-
vided and relevant data were captured including
patient demographics (age, race, ethnicity, sex) and
clinical characteristics hypothesized to increase the
number of RR alarms by affecting IP signal quality.
The clinical characteristics collected included BMI,
smoking status, cognitive impairment or confusion
(eg, delirium, hypoxia), body tremor (eg, Parkinson
disease, alcohol/nicotine withdrawal, other neuro-
logical conditions, shivering), and devices known
to cause interference and/or artifact (mechanical
ventilation, VAD, pacemaker).®'>'7 We calculated
ICU monitoring time for each patient by eliminat-
ing periods when the patient was detached from
the ICU monitor (eg, surgery, cardiac catheteriza-
tion, non-ICU diagnostic procedure), as evidenced
by flat lines on the 7 ECG leads. Hourly RR alarm
rates were then calculated by dividing the number
of alarms by the patient’s total ICU monitoring time.

Alarm Data Capture System and IP RR

The alarm data capture system is shown in Fig-
ure 1. The bedside monitors recorded RR using the
IP method. Impedance pneumography measures
thoracic changes during respirations by measuring
the difference in alternating current amplitudes from
the ECG limb leads (Figure 2). Although 7 ECG
leads are recorded (I, II, 11, aVR, aVL, aVE and V),
the IP method does not use the ECG waveforms to
determine RR. Instead, the right arm, left arm,
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and/or left leg electrodes are used. Our hospital default
is lead II. However, nurses can change to lead I if the
patient is a chest versus abdominal breather, and some
users change to lead I when frequent alarms occur to
improve the IP signal quality. For this study, RR alarms
were governed by our hospital’s default settings: high
RR (230 breaths/min), low RR (<5 breaths/min), and
apnea (no breathing >20 seconds). Alarms with a
duration exceeding 15 minutes were excluded because
these alarms most likely occurred when a patient was
detached from the monitor (eg, test, surgery).

Data Analysis

Analyses were performed using R version 3.6.1
Descriptive statistics were calculated for demographic
and clinical characteristics, alarm occurrence, the
total number of minutes the patient was in an alarm
condition during the ICU monitoring period, and
the duration of alarms. These data are expressed as
means and standard
deviations, ranges, and
percentages. Although
we present the total num-
ber of parameter limit
and apnea alarms using
descriptive statistics,
because some patients
had frequent RR alarms
while others had only a
few, we also examined RR parameter limit and apnea
alarm counts (total number of RR alarms per patient)
using median and interquartile range (IQR) statistics.
Similarly, medians and IQRs were used to report
alarm counts for ICU monitoring time, the total
number of minutes the patient was in an alarm
condition during the ICU monitoring period, and
the duration of alarms.

Associations between demographic (age, sex,
race), clinical characteristics (BMI, smoking status,
impaired cognitive status/confusion, tremor), ICU
type (cardiac, medical/surgical, neurological), use of
supportive therapies (mechanical ventilation, VAD,
pacemaker), and alarm rates were evaluated with
regression models that specified a negative binomial
distribution. To further describe these relationships,
we used multivariate regression models to examine
the number of each type of alarm, controlling for
ICU monitoring time. Prior to modeling, BMI and
age were transformed into categorical variables. Age
was categorized in units of 10 years, and BMI was
dichotomized into BMI 25-30 and BMI >30. Results
from the multivariate regression models are reported
as incidence rate ratios with 95% ClIs for each
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or clinical characteristics
or devices used in the
intensive care unit?
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Figure 1 Hospital infrastructure used to capture and store all physiologic monitor waveform and alarm data automati-
cally.® Each of the 77 bedside monitors was connected to a CARESCAPE Gateway (GE Healthcare). This system cap-
tured all of the physiological waveforms (ie, electrocardiogram, arterial blood pressure, pulse oximetry, respiration),
numeric vital signs, and alarm parameter limit settings, as well as all audible and inaudible alarms. Physiological data
were stored with BedMasterEx software (Excel Medical Electronics, Inc) and extracted into Extensible Markup Lan-
guage (XML) files.

Abbreviations: ICU, intensive care unit; UCSF, University of California, San Francisco; VPN, virtual private network.

Reprinted from Drew et al.? ©2014 Drew et al. Permission to use figure granted by the open access publisher.? doi:10.1371/journal.pone.0110274.g002
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Figure 2 Impedance pneumography respiratory waveform (RESP) generated during a 10-second time frame. Note the
upward flag on the inspiratory waveform and the downward flag on the expiratory waveform used by the manufacturer
to denote a single breath. In addition to the waveform, a numeric respiratory rate is displayed on the bedside monitor.

candidate covariate with the rating period defined as Results
the ICU monitoring time. Statistical significance was Characteristics of the Sample

defined as a P value less than .05 and 2-tailed tests As shown in Table 1, of the 461 ICU patients,
were used for all analyses. 54.2% were male, 61.0% were White, and 43.0%
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Table 1
Demographics, clinical characteristics, intensive
care unit type, and number of respiratory type

had cognitive impairment. Mean (SD) age was 59.6 alarms (parameter high/low and apnea) in 461

(17.0) years and mean (SD) BMI was 28.1 (8.2). The
largest percentage of the patients (42.7%) were admit-
ted to the neurological ICU. Of the sample, 38.6%

required mechanical ventilation and 7.4% had a VAD

intensive care unit patients

Characteristic Value®

Demographics

and/or pacemaker. The mean (SD) for total moni- S, mEan (B, v SR8 (il
. . Body mass index,” mean (SD) 28.1 (8.2)
toring time for the sample was 45499 (121) hours. Sex
Male 250 (54.2)
Number, Type, Duration, and Characteristics Female 211 (45.8)
of RR Alarms Race 65
: I Asian 76 (16.5
RR Furmg the 43_‘1194190};(;?58?;0“0“%%& 159771 Black/African American 35 (76)
a ?Hr.ls occurred, (88.2%) were RR param- Native Hawaiian or Pacific Islander 8(1.7)
eter limit alarms and 18796 (11.8%) were apnea White 281 (61.0)
alarms. On the basis of the total number of ICU moni- Patient unable to state or not recorded in 61 (13.2)
toring hours, there were 3.5 RR alarms per hour. Of electronic health record
the 140975 RR parameter limit alarms, 131827 (82.5% Factors hypothesized to influence respiratory alarms
of total alarms) were high parameter limit alarms. Current smoker 71 (15.4)
Table 2 shows comparisons of demographic and ?ocume”ted GRS I{REIRNSE 193?3 ((A;Qg;))
clinical characteristics by RR alarm type. Owing to remor i
variability in the number of RR alarms, the median Type of intensive care unit
values are reported and were used in the statistical Gaeliae (18 b s s
. .. R Medical/surgical (32 beds) 181 (39.3)
analyses. On the l?a31s of the unlvarla.te analy51.s, Neurological (29 beds) 197 (42.7)
tremor and smoking status were not included in Use of Hive th
o . se of supportive therapy
the multivariate model because the associations Mechanical ventilation 178 (38.6)
were weak (P>.15). Ventricular assist device or pacemaker 34 (7.4)
High Parameter Limit Alarms. Of the 461 patients,
. L. Monitoring time, median (IQR), h 63 (28-148
454 (98.5%) had at least 1 high parameter limit alarm. g- ey ( )
The median (IQR) for patients’ ICU monitoring time No. of respiratory type alarms
64 (28-149) h 1 tient was 94 Total 189771
was ) Ours, .a arms per pa. lent was . Parameter (high or low) 140975
(37-265), number of minutes the patients were in (88.2% of total)
high RR alarms during the ICU monitoring period High (>30/min) 131827

was 19.6 (6.2-57.7) minutes, and alarm duration
was 8 (4-18) seconds. In the bivariate analysis,

(82.5% of total,
range 1-5852)

. . . . : Low (<5/min) 9148
patients with cognitive impairment, undergoing (6% of total
o ’
mechanical ventilation, without a VAD and/or a range 1-455)
pacemaker, and in the cardiac or neurological ICU Apnea (no breath >20 seconds) 18796

had a higher number of high parameter limit alarms
(see Supplemental Table, available online only, at

(11.8% of total,
range 1-1208)

www.ajcconline.org). After monitoring time was Monitoring time per patient, median (IQR), h 63 (28-148)
controlled for, being in the cardiac or neurological Total No. of alarms per patient, median (IQR) 136 (55-349)
ICU remained significant in the multivariate analy-
. . 8 y No. of parameter alarms (high/low) per patient, 114 (45-286)
sis (Figure 3). median (IQR)
Low Parameter Limit Alarms. Of the 461 patients, -
No. of apnea alarms, median (IQR) 11 (2-41)

359 (77.9%) had at least 1 low parameter limit alarm.
The median (IQR) for patients’ ICU monitoring time
was 73 (43-182) hours, alarms per patient was 6 (1-21),
number of minutes the patients were in low RR alarms

during the ICU monitoring period was 2.6 (0.2-18.9)

minutes, and alarm duration was 20 (8-87) seconds.
In the bivariate analysis, patients with high BMI,

Time patient in alarm conditions during intensive
care unit monitoring time, median (IQR), minutes

40.6 (13.5-113.6)

Duration of alarm, median (IQR), seconds

® No. (%) of patients unless otherwise indicated.

10 (4-20)

Calculated as weight in kilograms divided by height in meters squared.

undergoing mechanical ventilation, and in the car-
diac or neurological ICU had a higher number of
low parameter limit alarms (see Supplemental Table,

available online only). After monitoring time was con-
trolled for, being male, undergoing mechanical ven-
tilation, not having a VAD or a pacemaker, and being
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Table 2
Demographic and clinical characteristics, intensive care unit
type, and respiratory alarms by type in 461 ICU patients?

Respiratory rate alarm

High, >30/min

Characteristic

Apnea alarm, no breath
for >20 seconds
(n=381)

Low, < 5/min

(n=454) (n=359)

Demographics

Age, mean (SD), y 59.5 (16.9) 59.4 (16.8) 59.5 (17.0)
Body mass index,? mean (SD) 28.1 (8.2) 279 (7.3) 27.7 (7.2)
Sex, No. (%) of patients
Male 245 (54.0) 200 (55.7) 217 (57.0)
Female 209 (46.0) 159 (44.3) 164 (43.0)
Race, No. (%) of patients
Asian 72 (15.9) 52 (14.5) 60 (15.7)
Black/African American 34 (7.5) 30 (8.4) 31 (8.1)
Native Hawaiian or Pacific Islander 52 (11.5) 40 (11.1) 42 (11.0)
White 267 (58.8) 214 (59.6) 223 (58.5)
Unable to state because of acute illness or not recorded in the 29 (6.4) 23 (6.4) 25 (6.6)
electronic health record
Factors hypothesized to increase respiratory alarms, No. (%) of patients
Current smoker 69 (15.2) 60 (16.7) 59 (15.5)
Documented cognitive impairment 196 (43.2) 169 (47.1) 177 (46.5)
Tremor 36 (7.9) 30 (8.4) 33 (8.7)
Mechanical ventilation 176 (38.8) 158 (44.0) 167 (44.0)
Ventricular assist device or pacemaker 33 (7.3) 27 (7.5) 32 (8.4)
Intensive care unit type, No. (%) of patients
Cardiac (16 beds) 82 (18.1) 70 (19.5) 73 (19.2)
Medical surgical (32 beds) 176 (38.8) 134 (37.3) 144 (37.8)
Neurological (29 beds) 196 (43.2) 155 (43.2) 164 (43.0)
Respiratory alarm characteristics
ICU monitoring time, median (IQR), h 64 (28-149) 73 (43-182) 71 (40-173)
Total No. (%) of alarms 131827 (82.5) 9148 (6) 18796 (11.8)
No. of alarms per patient, median (IQR) 94 (37-265) 6 (1-21) 11 (2-41)
Time in alarm conditions, median (IQR), minutes 19.6 (6.2-57.7) 2.6 (0.2-18.9) 4.3 (0.6-18.2)
Duration of alarms, median (IQR), seconds 8 (4-18) 20 (8-87) 16 (10-29)

Abbreviation: ICU, intensive care unit.

A patient may have had more than 1 type of alarm.
Calculated as weight in kilograms divided by height in meters squared.

in the cardiac or neurological ICU remained signifi-
cant in the multivariate analysis (Figure 3).

Apnea Alarms. Of the 461 patients, 381 (82.6%)
had at least 1 apnea alarm. The median (IQR) for
patients’ ICU monitoring time was 71 (40-173)
hours, alarms per patient was 11 (2-41), number
of minutes the patients were in low RR alarms
during the ICU monitoring period was 4.3 (0.6-
18.2) minutes, and alarm duration was 16 (10-29)
seconds. In the bivariate analysis, patients undergo-
ing mechanical ventilation, without a VAD and/or
pacemaker, and in the cardiac or neurological ICU
had a higher number of apnea alarms (see Supple-
mental Table, available online only). After moni-
toring time was controlled for, being male, not
having a VAD and/or pacemaker, and being in the
cardiac or neurological ICU remained significant
in the multivariate analysis (Figure 3).
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In summary, after ICU monitoring time was
controlled for, multivariate analysis showed that
alarm rates were higher in patients in the cardiac
and neurological ICUs (P=.001), patients undergo-
ing mechanical ventilation (P=.005), and patients
without a ventricular assist device or pacemaker
(P=.02). Male sex was associated with low parameter
limit (P=.01) and apnea (=.005) alarms (Figure 3).

Discussion
This study is the first to characterize RR parameter
limit and apnea alarms in 461 consecutively enrolled
ICU patients. During 1 month, there were 159771 RR
alarms during 45499 hours of ICU monitoring, or 3.5
RR alarms per hour of ICU monitoring. As expected,
the duration of ICU monitoring was associated with
a higher median number of RR alarms and thus was
controlled for in the multivariate analysis. The number
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Age (units of 10 years)

Male

BMI 25-30

BMI >30

Cognitive impairment/confusion
Mechanical ventilation

Ventricular assist device or pacemaker
Cardiac ICU

Neurological ICU

Age (units of 10 years)

Male

BMI 25-30

BMI >30

Cognitive impairment/confusion
Mechanical ventilation

Ventricular assist device or pacemaker
Cardiac ICU

Neurological ICU

Age (units of 10 years)

Male

BMI 25-30

BMI >30

Cognitive impairment/confusion
Mechanical ventilation

Ventricular assist device or pacemaker
Cardiac ICU

Neurological ICU
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Figure 3 Forest plots of multiple regression analysis for the number of (A) high respiratory parameter limit alarms
(>30/min, (B) low respiratory parameter limit alarms (<5/min), and (C) apnea alarms (no breathing > 20 seconds) among
461 ICU patients. Results from the multivariate regression models are reported as incidence rate ratios with 95% Cls
for each candidate covariate with the rating period defined as the ICU monitoring time. The ICU monitoring time (hours)
was significant for all of the respiratory type alarms and was controlled for in the multivariate analysis.
Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); ICU, intensive care unit.
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Patients treated in
the cardiac or neuro-
logical ICU have
higher RR alarm rates
than patients in the
medical/surgical ICU.

of RR parameter limit alarms (82.5%) far exceeded
the number of apnea alarms.

The RR parameter limit alarm rates documented
in this study were higher than those reported in 2
existing studies.®’ In one study of 4104 non-ICU
patients,” of 612 RR parameter limit alarms, 113 (19%)
high parameter limit and 499 (82%) low parameter
limit alarms were determined to be true. In the other
study, 317 non-ICU patients had 17243 RR alarms,
4104 (24%) were high and 13139 (76%) were low
parameter limit alarms.® The majority of the high
parameter limit alarms (3404; 82%) occurred when
the RR alarm setting was >30 breaths/min. However,
the number of alarms decreased when the high param-
eter limit was increased to >35 breaths/min (15%),
>40 breaths/min (2%), and >45 breaths/min (0.29%).
Likewise, the vast majority of the low parameter limit
alarms occurred when the RR alarm setting was <12
breaths/min to >10 breaths/min (94%) and very
few (0.22%) occurred when the alarm setting was
<7 breaths/min. Although our
absolute number of RR param-
eter limit alarms was higher
because of our longer monitor-
ing time, we also used the most
sensitive high parameter limit
setting (>30 breaths/min), sim-
ilar to Burgess et al.° Therefore,
it is not surprising that we found
high rates for this particular RR
alarm. Additionally, the low
RR parameter limit setting in
our study (<5 breaths/min) was found to be the least
sensitive setting in the study by Burgess et al.¢ The
RR parameter limit alarm settings used at our hospi-
tal (<5 breaths/min and >30 breaths/min), while
outside of the “normal” RR range (<12 breaths/min
and >20 breaths/min), are similar to those used in
other ICUs in the United States. In a survey of 17
US hospitals, RR parameter limit alarms (low and
high) ranged from 5 breaths/min to 50 breaths/
min."” These settings are largely based on research
showing that RR alarms are frequent when using
<12 breaths/min and >30 breaths/min as limits.*>*
Additional research is warranted to determine opti-
mal RR alarm limit settings for ICU patients that
ensure patient safety. Algorithm-based solutions
should also be explored. For example, alarm parame-
ter limit settings that adapt to an individual patient’s
RR or that use RR trends over time could guide alarm
settings and identify subtle or dynamic RR changes
over time, which might identify early warning signs
of respiratory compromise.

AJCC AMERICAN JOURNAL OF CRITICAL CARE, September 2022, Volume 31, No. 5

Another important consideration is problems
with the IP method. For example, prior research
shows that cardiac artifact can lead to overcounts
of respirations.?*?> Cardiac artifact occurs when
pulsatile volume in the aorta is identified by the IP
method as respiration, which results in an RR simi-
lar to the patient’s heart rate. Thus, RR alarms due
to cardiac artifact cannot be solved by changing
alarm settings. Importantly, patients with a RR of
>24 breaths/min are more likely to have a serious
in-hospital event.?° Therefore, making adjusting
alarm limits to >30 breaths/min in order to reduce
high parameter limit RR alarms may be harmful in
patients with respiratory compromise.

In terms of apnea alarms, our median number
of alarms per patient (11; IQR, 2-41) was higher than
that reported in 2 previous studies. In the study by
Gross et al,” the median numbers of both true and
false apnea alarms were reported (2.6 true per patient;
4.7 false per patient),which if combined are still less
than our median number of apnea alarms. In the
study by Wiklund et al,'® investigators reported a
median of 2.7 apnea alarms but did not distinguish
between true versus false apnea alarms. Because we
did not annotate our apnea alarms, we were unable
to report the number of true versus false apnea alarms.
The reason our apnea alarm rate was higher than
those reported in these 2 studies is most likely because
we used a more sensitive apnea alarm setting (no
breathing >20 seconds vs >30 seconds’), had a lon-
ger monitoring time (48 000 hours versus 1040
hours”), used different monitors, and assessed an
ICU population.”’® It is worth noting that apnea is
associated with sleep-disordered breathing (ie, sleep
apnea),?”?® which may have accounted for some of
the apnea alarms in our study. However, we were unable
to evaluate the number of patients with a history of
sleep-disordered breathing because this is not consis-
tently assessed in hospitalized patients.

The duration of alarms varied by type. Low param-
eter limit alarms had the highest median duration
(20 seconds), followed by apnea alarms (16 seconds)
and high parameter limit alarms (8 seconds). Because
most of the alarms were of short duration, the alarms
were most likely due to artifact or signal quality prob-
lems. In a study from University of California, San
Francisco that evaluated physiologic monitor alarms,®
of the more than 2.5 million alarms identified, 32%
were technical alarms (eg, artifact, lead off, lead fail),
which could interrupt the IP signal. This problem
might be solved by using an alarm delay in the con-
figuration setting. Of note, prior studies found a
reduction in ECG arrhythmia alarms when skin
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electrodes were changed daily.*=! Although this strat-
egy was implemented to reduce arrhythmia alarms,
it is possible that this intervention may improve IP
signal quality and reduce RR alarms. This hypothe-
sis warrants further investigation.

The median number of minutes the patient was
in alarm condition during the ICU monitoring period
varied by RR alarm type. The median value reported
is cumulative (multiple alarms), rather than related
to a single alarm. High parameter limit alarms had
the longest median number of minutes (19.6 min-
utes), followed by apnea alarms (4.3 minutes),
then low parameter limit alarms (2.6 minutes).
These findings show that nurses will spend most of
their time evaluating high parameter limit alarms,
which can distract from patient care. Because we
did not annotate the RR alarms as true versus false,
it is unknown if the alarms were in fact related to
respiratory compromise. A future study evaluating
true versus false RR events is needed. Current IP
algorithms are limited in that only one ECG lead
is used (typically lead I or II), rather than multiple
leads, and is predetermined as a default setting.
Although the nurse can change the ECG lead used
for derived IP RRs, these extra steps disrupt work-
flow. Algorithms that can automatically search for
the best ECG lead(s) to use for an IP signal may
improve this problem.?

We hypothesized that demographic and/or clin-
ical characteristics associated with ECG arrhythmia
alarms would be associated with RR alarms. In the
multivariate analysis, for all alarm types, ICU moni-
toring time was associated with a higher number
of alarms. Although this finding is not surprising,
it highlights a group of patients who may have high
alarm rates. Alarm management strategies should
incorporate an evaluation of both length of stay and
skin electrode integrity to ensure an optimal IP sig-
nal. Across all 3 alarm types, the cardiac or neuro-
logical ICUs were associated with higher alarm rates
than the medical/surgical ICU. The reason for this
finding is not entirely clear. In our prior studies,®!*3?
cardiac ICU patients had a higher number of arrhyth-
mia alarms due to ECG abnormalities (eg, bundle
branch block, pacemaker artifact, low-amplitude
QRS). However, given that these ECG abnormalities
would not affect the IP signal, they are not likely to
be the source of RR alarms. The association between
the neurological unit and higher numbers of alarms
may be related to changes in cognitive functioning
in these patients. The fact that 42.7% of the patients
in our study were in the neurological ICU and had
cognitive impairment supports this hypothesis.
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For low parameter limit alarms, male sex, under-
going mechanical ventilation, and not having a VAD
and/or a pacemaker were associated with a higher
median number of alarms. For apnea alarms, male
sex and not having a VAD and/or a pacemaker were
associated with a higher median number of alarms.
It is worth noting that male sex was associated with
both low parameter limit and apnea alarms, which
are mechanistically similar
(ie, slow, no breathing). In one
study,*® researchers found that
men accumulated more fluid in
their torso after changing from
a lying to a supine position than
women did. Results of several
studies indicated that ICU
patients receiving mechanical ventilation accumulated
excess fluid because of fluid resuscitation.**3° Accu-
mulation of fluid in the lungs decreases bioimpedance
and thus the IP signal,?”*® and this may explain
these associations.

With regard to VADs and/or pacemakers, we
hypothesized that these devices would affect the IP
signal because of electrical interference.’* However,
we found the opposite. This finding should be
interpreted with caution because of the small
number of patients with VADs and/or pacemakers
in our sample.

We were somewhat surprised that we observed
no associations between BMI and RR alarms. In one
study, investigators found that higher BMIs decrease
chest wall compliance,'* which we hypothesized
would affect the IP signal. However, BMI was not a
factor associated with RR alarms.

Limitations

Several limitations warrant consideration.
Although we provide new information on the
number and types of RR alarms, we did not anno-
tate the RR alarms as true or false. Therefore, the
clinical significance of our findings (ie, true RR
alarms) warrants further investigation. Because
only 1 vendor’s monitor was used, we do not know
if our findings are generalizable to other manufac-
turers that use the IP method. This study was under-
powered to examine the association of RR alarms
with VADs and/or pacemakers because of the small
number of patients with these devices. In addition,
we could not reliably evaluate patients for sleep-
disordered breathing, which could affect low parame-
ter limit and apnea alarms, because this diagnosis
is not always noted in the health history and has
not been diagnosed in some patients. Finally, from
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ICU nurses will
spend most of their
time addressing high
parameter RR alarms.



Future studies are
needed to validate
true vs false |P-
derived RR alarms us-
Ing visual assessment.

our data, we were unable to examine whether a nurse
changed the default IP detection lead from lead II
(default) to lead I. Therefore, we are unable to report
whether an IP lead change increased or decreased
RR parameter limit and/or apnea alarms. Despite
these limitations, our study represents the most
comprehensive evaluation of RR alarms in a con-
secutive sample of ICU patients done to date.

Conclusions

SEE ALSO
For more about alarm management visit the Critical
Care Nurse website, www.ccnonline.org, and read the
article by Gorisek et al, “An Evidence-Based Initiative to
Reduce Alarm Fatigue in a Burn Intensive Care Unit”
(August 2021).

This study shows that RR parameter limit and
apnea alarms are a frequent occurrence. In this
study, high parameter limit alarms are the most
common alarm. In addition, this study provides
new information on demographic (male sex) and
clinical (mechanical ventilation, not having a VAD
and/or pacemaker, ICU monitoring time, being in a
cardiac or neurological ICU) characteristics associ-
ated with RR alarms.

To address frequent RR alarms, clinicians should
first carefully assess the patient’s RR using visual
assessment coupled with oxygen saturation levels
(Spo,) to ensure that respiratory compromise is not
present (eg, bradypnea, tachy-
pnea). If respiratory compro-
mise is ruled out, widening
alarm settings for individual
patients may be indicated
after thoughtful consideration
by the care team. The demo-
graphic and clinical character-
istics identified in this study,
though not modifiable, could
explain why select patients may have more frequent
RR alarms. In these patients, as previously mentioned,

visual assessment should be done to confirm the RR.

Bedside clinicians should ensure that the IP signal
is optimal (ie, skin electrode contact used for IP
RR), which might improve the signal quality used
for RR detection.

Prospective studies are needed that compare
visual assessment of RR with information obtained
using IP to guide clinical solutions (ie, skin electrodes,
patient factors, device interference) and alarm man-
agement strategies. In future studies, researchers
should examine true versus false IP RR alarms to
facilitate algorithm improvements to enhance the
sensitivity and specificity of RR detection.
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Supplemental Table

Occurrence rates of high and low parameter limit and apnea
alarms by demographic, clinical characteristics, supportive
therapies, and ICU type in 461 ICU patients

No. of high RR No. of low RR No. of apnea
parameter alarms parameter alarms alarms (no
No. of (>30/min), (<5/min), breath>20 s)

Characteristic patients median (IQR) median (IQR) median (IQR)

Age, y .07 .33 .68
18-34 42 75 (31-169) 6 (0-21) 11 (2-29)

35-49 86 80 (20-318) 6 (1-26) 10 (1-42)
50-64 138 120 (37-305) 5 (1-24) 13 (3-50)
65-79 136 83 (42-247) 6 (1-16) 10 (2-41)
>80 59 127 (51-236) 4 (1-16) 12 (2-38)

Sex >.99 .18 .06
Male 250 88 (34-263) 6 (1-20) 12 (3-41)

Female 21 97 (38-265) 5 (1-22) 9 (1-42)

Body mass index?@ .67 .02P 13
<25 181 81 (35-205) 6 (1-16) 10 (3-30)

25-29 131 95 (39-230) 4 (1-18) 11 (2-44)
>30 144 130 (40-328) 7 (1-30) 14 (2-54)

Race .65 .50 .63
White 269 94 (35-260) 6 (1-20) 12 (2-42)

Not White 192 96 (38-282) 5 (1-22) 11 (2-40)

Smoking status .92 .15 .28
Current smoker 71 97 (34-324) 4 (1-14) 8 (2-27)
Nonsmoker 390 94 (38-245) 6 (1-22) 12 (2-43)

Cognitive impairment or confusion <.001 .30 .1
Yes 198 126 (43-344) 8 (1-28) 18 (4-54)

No 263 77 (35-198) 4 (0-16) 7 (1-30)
Body tremor (eg, Parkinson disease, .56 .46 .18

alcohol/nicotine withdrawal, other
neurological condition, shivering)

Yes 36 143 (65-302) 6 (1-16) 11 (4-32)
No 425 92 (37-264) 5(1-21) 11 (2-42)
Mechanical ventilation <.001 <.001 <.001
Yes 178 146 (51-483) 14 (4-42) 25 (7-64)
No 283 73 (34-196) 2 (0-10) 6 (1-26)
Ventricular assist device or pacemaker <.001 .18 .03
Yes 34 191 (66-622) 6 (2-20) 19 (3-42)
No 427 92 (37-247) 6 (1-21) 11 (2-41)
ICU type <.001 <.001 <.001
Cardiac 83 150 (44-488) 6 (1-21) 21 (3-60)
Medical surgical 181 95 (37-206) 4 (0-16) 8 (1-39)
Neurological 197 84 (37-230) 8 (2-41) 12 (2-35)

Abbreviations: ICU, intensive care unit; RR, respiratory rate.

? Calculated as weight in kilograms divided by height in meters squared. Data were missing for 5 patients.
Tukey honestly significant difference post hoc analysis for low RR: BMI <25 and >30 differ at P=.02. No difference in BMI <25 versus 25-29, P=.82; and
25-29 versus >30, P=.13.



