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Abstract

Background: Large datasets of the audit log of modern physiologic monitoring devices have rarely been used for predictive
modeling, capturing unsafe practices, or guiding initiatives on alarm systems safety.

Objective: Thispaper (1) describesalarge clinical dataset using the audit log of the physiologic monitors, (2) discusses benefits
and challenges of using the audit log in identifying the most important alarm signals and improving the safety of clinical aarm
systems, and (3) provides suggestions for presenting alarm data and improving the audit log of the physiologic monitors.

Methods: At a20-bed transplant cardiac intensive care unit, alarm data recorded via the audit log of bedside monitors were
retrieved from the server of the central station monitor.

Results: Benefits of the audit log are many. They include easily retrievable data at no cost, complete alarm records, easy capture
of inconsistent and unsafe practices, and easy identification of bedside monitors missed from a unit change of alarm settings
adjustments. Challengesin analyzing the audit log are related to the time-consuming processes of data cleaning and analysis, and
limited storage and retrieval capabilities of the monitors.

Conclusions: Theaudit log isafunction of current capabilities of the physiologic monitoring systems, monitor’s configuration,
and alarm management practices by clinicians. Despite current challengesin dataretrieval and analysis, large digitalized clinical
datasets hold great promise in performance, safety, and quality improvement. Vendors, clinicians, researchers, and professional
organizations should work closely to identify the most useful format and type of clinical data to expand medical devices' log
capacity.

(IMIR Hum Factors 2016;3(2):e24) doi: 10.2196/humanfactors.6427
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Introduction

Clinical alarm systems safety isanational concernin the United
States[1-7]. The US Joint Commission issued aNational Patient
Safety Goal, NPSG.06.01.01, titled, “Improve the Safety of
Clinical Alarm Systems,” which requires health care facilities
to establish alarm systems safety as a hospital priority and to
identify the most important alarm signals to manage [8].

Of all devices, physiologic monitors (also referred to asbedside
or patient monitors) were associated with the highest number
of alarmsand deathsinthe US Food and Drug Administration’s
MAUDE (Manufacturer and User Facility Device Experience)
database where atotal of 566 alarm-related deaths were reported
[9]. Past research identifies the high rate of alarms produced by
physiologic monitors [6,10-17], and alarm-related issues
continue despite device design improvements. This poses a
particular challenge for meeting the Joint Commission safety
goal. Current methods to track alarm issues and outcomes of
practice changes are time-consuming and challenging. This
paper offers an in-depth discussion of a more novel technique
for analyzing alarm data, managing alarms, and evaluating
results of alarm practice changes. This paper (1) describes a
large clinical dataset using the audit log from the physiologic
monitors, (2) discusses the benefits and challenges of using an
audit log in identifying the most important alarm signals and
improving the safety of clinical alarm systems, and (3) provides
suggestions for presenting alarm data and improving the audit
log in physiologic monitors.

Patient monitors are an essential component in critical care
treatment processes. In recent years, improvements were
incorporated into these monitors to facilitate the monitoring
process, including (1) connection to smaller portable monitors,
(2) larger monitoring displays; (3) multimeasurement modules
to capture different variables such as cardiac output and mixed
venous oxygen saturation; (4) histograms and tabular viewsfor
trended data; (5) wirelesstransmission of bedside monitor data
to central station monitors, other bedside monitors, hospital
servers, and communication devices such as phones and pagers,
(6) integration of smart alarms such as delay in aam
announcement; (7) integration of clinical protocols, such as
detection and treatment of sepsis; and (8) a variety of alarm
tone sounds and displays of color-coded messages based on
alarm priority.

Most important, modern physiologic monitors now have the
capability to log triggered alarms with associated data. On the
basis of available technical features, some can log hundreds of
thousands of data points and send themto large clinical datasets.
Unfortunately, these datasets are rarely used for predictive
modeling, personalized treatment, capturing unsafe practices,
or guiding quality initiatives, yet a growing recognition exists
among health care organizations, federal agencies, and health
care policieson theimportance of large clinical datasets[18,19].

A significant body of research exists on clinical alarm safety.
The majority of studies used structured observations or field
notes to quantify the volume and types of alarms in intensive
careunits (ICUs) [10,15-17,20,21], cardiac telemetry units[22],
adult medical surgical units [23], pediatric medical units [24],
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and emergency departments[4,25]. Although acommonly used
approach, these techniques can be problematic. The validity of
observations depends highly on observers knowledge and skills
including the knowledge of the phenomenon, the intensity
(volume and priority level) of the alarms triggered by different
devices, ability of the observer to manage that intensity, and
the number of variables under observation. Variables can go
well beyond simple quantification to include identifying all
alarming devices with the associated numbers and types of
alarms, clinician responseto alarms, sequence of alarms, patient
condition during the alarms, and the duration of the alarm or
clinician response time. The shortcomings of the observation
technique also include cases where too many aarms or
simultaneous or overlapped alarms affect the precision of the
observation. This is specifically true for observations taking
place on day shifts when patient procedures and alarms are
greater in volume. The use of non-health care professionals as
observers, not uncommon in these types of studies, can aso
limit the type and scope of data being collected [24].
Additionally, some alarm events cannot be captured by human
observations because alarms are displayed based on priority
chains, as described in the following sections of this paper.
Thus, a need exists for more objective, complete, and
comprehensive datato quantify alarms generated by monitoring
devices. The use of alarm audit data could fulfill that need.

A few studies on alarm systems safety were found to use the
available data from physiologic monitors to measure the actual
number of clinical alarms. Two of these studies retrieved and
used the audit log [14,17]. Other studies transferred these data
from the monitorsto adifferent database using software[11,12].
Nevertheless, none of these studies (1) addressed techniques
about using the large set of clinical data generated from
monitoring devices to quantify alarms; (2) described elements
of the logged data, benefits of using such data, and challenges
faced on data storage, retrieval, and analysis; or (3) provided
suggestions for improvement of the logged data in order to be
a useful source for clinicians, researches, vendors, and policy
makers. This paper addresses these gaps.

Methods

Use of an Audit Log in an Alarm Safety Project

In our previous projects on alarm systems safety we utilized
data logged from physiologic monitors to quantify alarm rates
in a 20-bed transplant cardiac ICU [15-17]. Our previous
projects examined the effect of a change in physiologic
monitors aarm parameters on decreasing the number of false
and nonactionable alarms as well as improving nurses
perceptions and attitudes toward clinical alarms. The audit log
data file was retrieved from the server of the central station
monitor of the transplant cardiac ICU for alarm rates 10 weeks
before and 10 weeks after the change in monitor parameters.
The results of these projects, as previously published [15-17],
showed a significant reduction in alarm rate. On the basis of
our experience in dataretrieval and analysis using the audit log
of alarm datafrom our previous projectsin thetransplant cardiac
ICU and from our current projectsin other adult ICUs (surgical
trauma, neuro, and medical 1CUs), the focus of this paper isto
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discuss important methodological considerations in the use of
audit data for future health and informatics projects.

Description of the Setting and Physiologic M onitors

Our 4 adult ICUs have atotal of 230 nurses and 155 beds and
are equipped with Philips IntelliVue MX800 (Koninklijke
Philips N.V, Amsterdam, the Netherlands) bedside monitors.
The central station monitor is Philips IntelliVue Information
Center iX, an information hub that allows patient information
management at the bedside, unit, and hospital levels through
information transferred from the networked bedside cardiac
monitors. Both bedside and central monitors are capable of
capturing, displaying, and storing real-time waveforms,
parameters, and alarms and are wirelessly connected to the
institution's electronic health record (Sunrise, Allscripts®
Chicago, IL, USA).

Bedside monitorsare hardwired to aswitch, which automatically
transfers the monitors' data to the central station monitor
(Information Center). The data are then routed to a Health Level
Seven (HL7) interface that converts the device data into HL7
format and sends them to the electronic health record. Wi-Fi
connectivity is only available when a transport or portable
monitor or multimeasurement module (MMS X2) is used and
is disconnected from the bedside monitor (host monitor).

The monitors generate (1) patient-related (physiologic) alarms
and (2) inoperative or technical (INOP) alarms. Technical darms
indicate the monitor's inability to appropriately measure
physiologic parameters. Alarms are announced in 2 different
areas in the bedside monitor, one for physiologic alarms and
the ather for technical alarms. When triggered, alarms flash on
both the bedside and central station monitors. Monitors display
the level of an alarm by (1) sound, (2) number of asterisks (*)
for physiologic alarms or exclamation marks (!) for technical
alarms, and (3) color of the message. Physiologic alarms have
3levelsof priority from advisory (*) to high (***), and technical
alarms have 3 levels ranging from soft (with no exclamation
mark assigned next to the alarm) to moderate (!!) to high (!!!).
Severe physiologic alarmsaredisplayed in red, whereasyellow
reflects moderate-level physiologic alarms.

Data Storage and Retrieval of the Audit L og of the
Physiologic Monitors

The audit log is a chronological record of the alarms and
clinicians' interaction with the monitors. It is stored by and
retrieved from the Information Center database. Storage period
is only 90 days, and then the Information Center begins to
overwrite the oldest data. Retrospective (oldest) data beyond
90 dayswill belost or no longer accessible. The maximum data
retrieval period at one time is 50 days and the minimum is 15
minutes. Therefore, at least 2 retrievals are necessary for 90
days' retrospective logged data (ie, 50 days and 40 days).
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There are 2 types of audit logs. The patient audit log is patient
specific and can be searched using the patient’s first or last
name, medical record number (MRN), or bed label. The unit
audit log contains unit-specific data. Search categoriesare Alerts
(alarms) and Actions (represent clinician navigation and
interaction with the monitor). Alerts search criteriainclude Red
Alarm, Yellow Alarm, Logged INOP, and Alert Sounds.
Clinician actionsinclude 21 types of actions or search criteria.
Examplesinclude Silence, Pause/Resume, M easurement On/Off,
Alarm On/Off, Alarm Limit Change, Stand By On/Off,
Admission/Discharge/Transfer, and Paced Status Changed.
After selecting the desired type of audit log, unit, and search
duration and criteria, the resulting file can be exported into
Excel (Microsoft) format for analysis.

Description of Audit Log Data

Clinicians and researchers select variables of interest to
download from the audit log. Table 1 displays an example of
selected cases of data extracted at the unit level (unit audit log).
In our transplant cardiac | CU project, we categorized alarms as
categorica and numerical. Categorical alarmsdo not have upper
or lower limits and are displayed in the log data as generated
or ended. Examples of categorical alarms include types of
premature ventricular contractions (PVCs) such as multiform
PV Csand Pair PV Cs, Run PVCsHigh, AFIB (atrial fibrillation),
and Irregular Heart Rate. All technical INOP alarms are also
categorical, such as Check Patient ID, Check Equipment, Batt
(battery) Empty, and Leads Off. Numerical alarmsare signaled
if the parameter value was above or below the current
programmed limits. Examples of these alarms include RR
(respiratory rate), HR (heart rate), Apnea, PVCsmin, ABP
(arterial blood pressure), NBP (noninvasive blood pressure),
PAP (pulmonary artery pressure), SpO, (periphera capillary
oxygen saturation), and Desat (desaturation). Some alarmsfall
under both categories. For example, Apnea alarms can be
displayed in three different messages: (1) “***Apnea
generated,” indicates cessation of respiration for longer than
the programmed apnea time, (2) “***Apnea X:YY” where
X:YY represents the apnea duration in minutes and seconds,
and (3) “***Apnea > 20 sec,” which means respiration has
stopped for more than 20 seconds.

The alarm messages in the “Alarm and Action” column (Table
1) includes (1) the priority of the alarm based on the number of
“*" or “1” signs next to the alarm, (2) name of the alarming
parameter, (3) value of the parameter when the aarm was
generated for parameters with numerical limits, (4) default or
programmed settings of the numerical parameter, and (5) status
of whether the alarm was generated or ended. Table 1 aso
presentsexamplesof “Actions’ that indicate clinician interaction
with the monitor (eg, Silence, Resume All Alarms, Peatient
transferred, Patient category set to Adult).
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Table 1. Anexample of aunit audit log.

Date Bed label MRN? Alarm and Action Device name?

4/20/14 0:00:00 9115-S1 0000000 «*PAPCE 18 >16 Ended.® PIICiX: ixsurv006
4/20/14 0:00:00 9115-S1 0000000 «*PAPd 18 >16 Generated PIIC iX: ixsurv006
4/20/14 0:00:00 9115-S1 0000000 Yellow alarm sound played.® PIIC iX: ixsurv006
4/20/14 0:00:02 9115-S1 0000000 «* ABPd 170 >160 Generated.? PIIC iX: ixsurv006
4/20/14 0:01:05 9123-S1 (0000000 *+*Desatd 70 < 78 Generated.N PIICiX: ixsurv005
4/20/14 0:01:05 9123-S1 0000000 Red alarm sound played.® PIIC iX: ixsurvo05
4/20/14 0:01:12 9123-S1 0000000 «x*Desat 73 < 78 ended.” PIIC iX: ixsurv005
4/20/14 0:01:16 9115-S1 0000000 «* ABPs 168 >160 Ended.? PIIC iX: ixsurv006
4/20/14 0:01:20 9123-S1 0000000 Silence) PIIC iX: ixsurv005
4/20/14 0:01:40 9115-S1 0000000 *Multiform PVCY Generated.d PIIC iX: ixsurvO06
4/20/14 0:01:40 9115-S1 0000000 Resume All Alarms) PIIC iX: ixsurv006
4/20/14 0:01:40 9117-S1 0000000 «+RRX 37 >30 Ended.d PIIC iX: ixsurv006
4/20/14 0:01:40 9111-S1 0000000 Patient transferred to 9035-S1.! PIIC iX: ixsurv006
4/20/14 0:01:42 9095-S1 0000000 Patient category set to Adult. PIIC iX: ixsurv006
4/20/14 0:01:43 9090-S1 0000000 Pacer algorithm set to Pacer Algorithm On. PIIC iX: ixsurv006
4/20/14 0:01:44 9123-S1 0000000 ECG' Leads Off Generated.™ PIIC iX: ixsurvO06
4/20/14 0:01:44 9123-S1 0000000 INOP” sound played.® PIIC iX: ixsurv006
4/20/14 0:01:59 9123-S1 0000000 ECG L eads Off Ended.™ PIIC iX: ixsurv006
4120114 0:02:00 9093-S1 0000000 Equipment Offline. PIICiX: ixsurv006
4/20/14 0:02:00 9115-S1 0000000 «*PAPd 18 >16 Generated PIIC iX: ixsurv006
4/20/14 0:02:00 9093-S1 0000000 Equipment Online! PIIC iX: ixsurv006
4/20/14 0:02:00 9085-S1 0000000 ST: Al Limits ST-V2° High: 1.6 ST-V2 Low: ~1.6P PIICiX: ixsurv006
4/20/14 0:02:00 9117-S1 (0000000 Arrhythmia Off 4 PIIC iX: ixsurv006
4/20/14 0:02:02 9115-S1 0000000 Pause All Alarms) PIIC iX: ixsurv006
4/20/14 0:02:02 9075-S1 0000000 Arrhy: Missed Beat Off." PIICiX: ixsurv006
4/20/14 0:03:00 9085-S1 0000000 SpO,S: Deszt Limit 78P PIIC iX: ixsurv006

3MIRN is the medical record number and was presented as zeros for confidentiality purposes.
PDevice name refers to the Information Center host name (eg, PIIC iX: ixsurv006).

°PAPd: pulmonary artery pressure diastolic.

HThese are examples of yellow physiologic alarms.

®These messages appear if “Alert Sound” was selected as a search criterion from the Alerts category.
fABPs: arterial blood pressure systalic.

9Desat: desaturation.

han example of ared physiologic alarm.

These are examples of clinicians' actions. They depend on the “actions” selected from the search boxes.
Ipvc: premature ventricular contraction.

KRR: respiratory rate.

|ECG: dlectrocardi ographic.

MAn example of INOP darm.
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"INOP: inoperative.

OST-V2: a segment in the electrocardiogram.

PExamples of User Action-Alarm Limit Change.

9An example of User Action—M easurement Off.

'An example of User Action—Alarm Off; Arrhy: arrhythmia
SSpOy: peripheral capillary oxygen saturation.

Results

Benefits of the Audit L og
Benefits of the audit log are many and are as follows:

Easily Retrievable Data at No Cost

The audit log dataset is easily retrievable at no cost. Persons
with legitimate accessto the data, such asresearchers, clinicians,
biomedical engineers, and device representatives, can perform
the search and obtain the data within a few minutes without
having to coordinate with the information technology
department.

Tracking of Clinicians’ I nteraction With the Monitor

Clinicians' interaction with the monitor can be tracked using
time stamps. Examples of clinicians' actions include enabling
or disabling alarms and/or measurements, silencing and pausing
alarms, and changing alarms’ limits.

Complete Records of Data

All typesof configured or programmed darmsare automatically
recorded by the Information Center in the audit log and have
no missing data. Furthermore, more complete records are
available than with observational data, as the audit log can
capture and display different values of the same parameter from
different sources, such as ABPs (systolic) or ABPm (mean), if
programmed by clinicians. These additional values provide an
objective record of the number of alarmsand likely better reflect
sources of alarm fatigue. Duplicative alarms are easy identified.
Overuse of darmscan beidentified and targeted for elimination.
Additionally, the Information Center can store different types
of electrocardiographic (ECG) and non-ECG waves in graphic
and tabular formats. This can be extremely valuableinformation
for alarm annotation.

Evaluation of Quality Initiatives

Quiality initiatives can be evaluated using audit data. The audit
log can be used to evaluate the effectiveness of different
interventions by comparing pre- and postintervention data
[16,17]. For example, evaluations could occur after best practice
education sessions on frequency and methods of changing
electrodes and the difference in “leads off” alarms. Nurse
adherence to different targeted interventions can be evaluated
[16,17].
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I dentifications of Monitors Missing Required Parameter
Changes

Managers can easily identify monitors missing any required
parameter changes, asthe audit log can identify specific bedside
monitors missing the required adjustments. For example, in one
of our previous projects[16], we found alarms on our audit log
that we thought were disabled, such as Paired PV Csor Bigeminy
PV Cs. The audit log included the bed number of the monitor
lacking the required changes.

Detection of Unsafe Limits and | nconsistent Practice

Any parameters changed to unsafe limits and inconsistencies
in practice can be identified. Setting limits for each parameter
across monitors can be easily tracked using audit data. Unit
managers can then monitor whether alarm limits were adjusted
safely for the patient's condition. Table 2 shows selected cases
with variationsinthelower limit setting for the Desat parameter
ranging from 50% to 90%. Clearly, 50% is an unsafe lower
limit for that parameter. This information can also be easily
obtained from User Action-Alarm Limit Change search
criterion.

Similarly, the audit log data may indicate inconsistenciesin the
priorities assigned to some parameters. For example, we found
that alow priority was assigned to the HR (1 asterisk) and Batt
Empty (1 exclamation mark) alarms in some cases, whereas
these were a higher priority elsewhere (2 asterisks and 2
exclamation marks). Thiswas despitethe similarity inthevalue
of the triggered alarm in the 2 priority cases in the HR limits
(eg, “*HR 153>150 Generated” and “**HR 153 >150
Generated”).

Easier Comparisons Across Studies

Finally, comparisons across alarm studies may be easier, as
alarms can be analyzed per patient days, bed, hours, or minutes,
alarm parameter, and parameter priority. With the lack of
published standards on reporting alarm rates, the audit 1og could
allow easier comparison across studies on clinical alarm safety,
specifically because different previous studies reported alarm
rates using different units of analysis.

Benefits are obvious. In comparison with the observation
technique, the use of the audit log alows cost-effective
collection of adarm data, eliminates missing aarm data,
safeguards the objectivity of the data, and, most important,
allows unique discoveries from the collected information for
analyses.
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Table2. Anexample of variationsin setting the lower limit of the Desat (desaturation) parameter.

Date Bed label Alarm and Action Device name®

7/16/14 4:57 9101-S1 +x* Desat 89 < 90 Generated.” PIIC iX: ixsurv007
7/28/14 21:44 9115-S1 *** Desat 87 < 88 Generated. PIIC iX: ixsurv006
7/30/14 1:24 9109-S1 *** Desat 8 < 80 Generated. PIICiX: ixsurv006
8/11/14 11:59 9097-S1 *** Desat 44 < 50 Generated. PIIC iX: ixsurv007
8/12/14 10:43 9113-S1 *** Desat 80 < 83 Generated. PIICiX: ixsurv006
9/5/14 21:38 9123-S1 *** Desat 0 < 78 Generated. PIIC iX: ixsurv005

3Device name refers to the Information Center host name (eg, PIIC iX: ixsurv006).
PThe three starts (***) indicate that Desat (desaturation) isared or high priority alarm.

Challengesin Analyzing the Audit L og Data

Challenges exist in analyzing the audit log retrieved from the
Philips Information Center. One challengeis that data cleaning
and analyses are time-consuming processes. For physiological
(yellow and red alarms) and INOP technical alarms, the“aarms
and action” cell (Table 1) includes 3 (for categorical alarms) to
6 (for numerical aarms) different variables about the alarm.
These include alarm priority, name of the alarming parameter,
value of the alarming parameter that initiated the alarm, the
upper limit of the programmed setting, the lower limit of the
programmed setting, and the status of the alarm (generated vs
ended). Some technical alarms are displayed with no priority
assigned to them (eg, ECG Leads Off). To export the Excel
audit log file into IBM SPSS (IBM Corporation) for analysis,
for example, numerical and categorical alarms need to be first
separated into 2 files. Then, technical alarms without priorities
need to be filtered out from the categorical data and entered
after importing all other categorical datainto SPSS. Likewise,
numerical alarms with distinctive displays (without “>" or “<”
signs, such as Apnea X:YY) also need to be filtered out from
the numerical alarm Excel file and then entered after importing
the data into SPSS. The latter 2 cases require rearranging the
date column to provide trended, date-based alarm data.

Additionally, the generation and end times of an alarm event
are logged as separate, unconnected events. Analyzing the
duration of each alarm requires sorting the data per the MRN,
bed, date, and device name, separating the generation from the
end alarm times and then pasting correlated events together.
Data sorting is necessary, specifically because the audit log
records the end time of an alarm before the generation time for
alarms that signaled for less than a second (see Table 1, rows
1 and 2). Tracking alarm duration is acritical factor indicating
clinician responsetimeto an alarm and also contributesto alarm
fatigue, specifically for long alarms that keep beeping with no
immediate attention. Clearly, attention to detail is required in
data cleaning as missteps can result in datainterpretation errors.

Finally, the available Information Center stores data only for
90 days and allows the retrieval of 50 days of data at a time.
This limited storage and retrieval increases the required time
for data downloads, data cleaning, and analyses if separate
downloads are needed for retrospective studies. For example,
we had to retrieve alarm data 3 times, 2 for 50 days and 1 for
40 days, in order to capture all data over the 20-week project
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period. According to the vendor, an option exists for a longer
storage period with an additional purchase, but many sites may
choose the more economical version.

Discussion

Considerationsfor Presenting Alarm Data

Previous research presented the number and types of alarms,
limits of parameters, and changes in parameters’ limits
[10-13,15-17,20-23,25-27]. This information is insufficient to
inform contemporary quality initiativeson alarm safety. Alarms
are announced based on monitor features and configuration as
discussed below. The features below, which are usually absent
from clinical alarm safety studies, must be explicitly discussed
to understand alarm behaviors and for comparisons across
studies.

Loss of Connectivity

Researchers and clinicians need to understand the data storage
mechanism on servers from different vendors of cardiac
monitorsto estimate the number of darmsmissed (if any) during
any lossesin connectivity. Data connection to the server can be
lost in cases of hardware failure or system upgrade and
maintenance. In our system, when connection to the server is
lost, the data are saved in the bedside monitor and rerouted back
to the server when the connection is restored. However, if a
patient i s disconnected from the bedside monitor and connected
to the wireless transport monitor and the wireless device was
out of range, data will be lost. Cases of connectivity loss are
captured and recorded by our audit log. Thisallowstheanalysis
and reporting of reliable data.

Indication of Latching Versus Nonlatching Alarms

When presenting alarm rates, duration, and corresponding alarm
fatigue, researchers need to identify latching and nonlatching
parameters. Some critical alarms are configured as “latching,”
which are high-priority red alarms (***) that signal nonstop
continuous audible sound even after the condition is no longer
present, requiring a clinician to silence them (eg, asystole and
ventricular fibrillation). For both latching and nonlatching
alarms (where alarm indicators reset after the condition ends)
when they are acknowledged and the condition is still present,
the audible alarm will turn off aswell asthe alarm lamp but the
flashing numeric will keep on as well as the audible reminder
(if configured to do so0). The audible reminder isrecorded as a
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separate alarm event. L atching versus nonlatching alarms affect
both the number of alarms and alarm duration.

Indication of Basic Versus Enhanced Alarms

Itisequally important to identify whether larmsare set ashasic
(standard) versus enhanced. For example, in the arrhythmia
analysis using our monitors, “Basic” capability alows the
analysis and recording of 10 different arrhythmia alarms, for
example, asystole, ventricular fibrillation, and ventricular
tachycardia. The “Enhanced” arrhythmia analysis provides 13
additional alarms, for example, nonsustained ventricular
tachycardia, supraventricular tachycardia, and run PVCs.
Therefore, identifying the monitor configuration as basic or
enhanced arrhythmia analysis would reflect the number of
expected alarms.

| dentification of Automatic Detection

Parameters set to automatic measurement or detection mode
should be reported in alarm rates. This feature allows the
monitor to detect measurements from different sources and
decreases the number of false alarms. For example, automatic
detection of respiration allowsthe monitor to adjust the detection
of the respiration automatically, and the use of “Enhanced
Asystole Detection” eliminates false asystole alarms.

Alarm Delays

Another factor to list is the use of “Smart Alarm Delay” and
the mode of the delay, which delays an alarm based on the
amount and duration over the set limit. Thiswill eliminate the
number of alarms for patients recovering from an aam
condition and appropriately decrease thetotal number of alarms.

Identification of automatic detection and alarm delay are very
important to be reported given that some alarms may last for
less than a second as shown in Table 1, which indicates lack of
clinical significance.

Pausing and Silencing Alarms

Pausing and silencing alarms affect the duration of alarms. For
example, some monitors allow “Pausing” alarms for 1 or 2
minutes or infinity (disabling the alarm). This also affects the
number of false alarms. Another notable feature is that some
systems allow “All Alarms Off for Yellow Alarms Only” and
not for red alarms, whereas others allow this function for all
types of alarms.

Priority Chain for Alarm Display

The priority chain of the alarm display affects the number of
the announced alarms. The Information Center displaysalarms
based on 3 criteriaz darm sound, number of asterisks or
exclamation marks in the message, and color of the message.
Some situations inhibit the audible and visual indication of the
alarm even when it is detected by the system and recorded in
the audit log. These include cases of concurrent alarms where
the system displaysthe most seriouslife-threatening event with
highest priority based on a default priority algorithm using 3
chains (PVC aarms, beat detection, and rate alarm). All other
alarms go to adisplay accessible by a drop-down list. Only the
highest-priority alarm condition in each chainisannounced. In
cases of active high-priority alarm, the lower-priority alarms
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will not be announced. For example, when aPaired PV Csalarm
is active and announced and another Pause alarm is detected,
the Pause alarm will not be displayed because it is a lower
priority. If another condition from another priority chain with
equal severity is detected, the monitor will announce the more
recent alarm. If the alarm is silenced by the nurse but the
condition persists, the alarm message will till be displayed but
without sound. The system first announces any unacknowledged
red alarms, then any unacknowledged long yellow in the
presence of any other yellow or INOP alarms, then short yellow
alarms, then hard INOP technical alarms, followed by the soft
INOP technical alarms (alarms with no priority assigned to
them).

In cases of more than 1 alarm, an arrow to the right of the
message on the central station monitor must be clicked to display
alist of al active alarms with their times. A maximum of 10
alarms are displayed. In observation methods these alarms may
be missed.

Alarms Not Amenable to the Changes (Hard Stops)

Monitors include default settings not amenable to changes by
theclinician and only amonitor representative can change them.
Examples of these settings are TachyClamp, BradyClamp,
TachyExtract, and BradyExtract. Changing the default settings
of al other aarms affects the alarm rate; therefore, researchers
will want to indicate the types of alarms not amenable to
clinician changes.

Audible Versus I naudible Alarms

Studies need to identify and present the types of audible versus
inaudible alarms [13]. For example, in our system there is no
sound for soft INOP or technical alarms such as Noisy ECG.
Although the audit log records the 2 types of alarms, audible
alarms contribute more toward alarm fatigue.

Connecting Alarmsto the Appropriate Settings and
Reliable Monitoring Conditions

Different conditions may affect the number of aarms,
specifically in cases of inappropriate settings made by the
clinician or conditions affecting the reliability of the monitoring
process. For example, clinicians must select the appropriate
primary and secondary |leads for the monitor to compute heart
rate and to detect arrhythmias. The arrhythmia system
automatically classifies patients' beats. To decrease the chance
of false alarms, nurses need to modify the ECG analysis and
relabel any arrhythmia beats if they do not agree with the way
the monitor is classifying beats. For patientswith a pacer, nurses
should make sure that the system is not counting pacer spikes
as QRS complexes.

When ST and STE (ST-segment elevation) are both in use,
redundant ST Elevation alarms will occur. Additionally,
different values will be obtained because of the different
measurement points (isotonic point and ST point are used for
ST measurement and isotonic point and the J point are used for
STE measurement). Thus, nurses need to adjust the ST
measurement pointsfor appropriate ST detection. Because STE
alarms are patient specific, nurses need to set the 12 leads
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appropriately for each individual patient. Each ST lead hasits
own alarm limits.

In some conditions, monitoring some parameters is unreliable
and may cause false nonactionable alarms. For example, ST
monitoring is not recommended in cases when arrhythmias such
as atrial flutter and fibrillation are present.

In the future and for the most accurate data, researchers will
want to correlate alarm data to these conditions. None of the
past studies on alarm safety correlated alarm data to whether
appropriate monitor settings or reliable monitoring conditions
existed.

Suggestions for |mprovement and Future Directions

The audit log is acombination of the current capabilities of the
monitoring systems, the specific monitor configuration, and
alarm management practices and clinician-monitor interaction.
The recommendations below can improve monitoring systems
practices and optimize audit log data for performance
improvement and research.

First, improvement in capabilities of the monitors for data
recording, storage, and presentation is recommended. Vendors
need to enhance the standard recording, retrieval, and storage
capabilities of monitors. Longer recording and storage periods
are recommended. Adding the list of parameters (eg, HR, RR,
PVC) to the Alerts search criteria would be very helpful for
researchers and clinicians. Each alarm event (from generation
to end) should be displayed as 1 event versus 2 events to more
easily identify duration of the event. This would aso help
assessments on aarms lasting for more than a specific time
period (eg, 1 minute). Additionally, the use of common
nomenclature for alarm reporting between vendors is highly
recommended to facilitate comparison across studies. This
includes visual and audible alarm indicators, alarm behaviors,
and meaning of parameters and alarms (eg, TachyClamp, basic
vs enhanced).

Second, expand thetracking of user interaction with the monitor.
Although monitors have some capabilitiesto track user actions,
such asdisabling or enabling alarms and measurement, they do
not track screens visited. Tracking user interactions with the
monitor viathe visited screens could capture unsafe practices,
common approaches in addressing alarms, best practices,
work-arounds, and i ndicate clinician knowledge of the monitors
capabilities. Previous studies used direct observation technique
or surveillance cameras to capture clinician response to alarms
[11,12], but few studies are available about how nursing practice
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and monitor configuration affect the number of alarms. For
example, the use of the* Extending Alarm Pause Time Function”
can extend the alarm pause time in cases of long procedures
and decrease the number of false alarms.

Third, thereisaneed for expanding the audit log. Incorporating
clinical data such as medications or laboratory values into the
audit log could be extremely useful for more accurate alarm
annotation. Monitoring devices and the audit log are currently
based on univariate alarm algorithmswhere alarms are triggered
based on the limits of one parameter. However, modern monitors
allow detection of trended data (changes in a parameter over
time). The use of trended data and interconnection among
parameters and variables (multivariate), such as medications
and laboratory data, is more clinically meaningful than a given
observation in a specific time period. These have not yet been
extensively examined [26,27].

Additionally, the Information Center has capabilities of storing
different types of ECG and non-ECG waves in graphic and
tabular formats, but thisvaluableinformation is stored separately
from the audit log. The waveform file can be only printed and
not stored or exported in e-format. Storing the waveforms
information along with each alarm, especialy for lethal alarms,
would bevaluablefor classifying false versus actionable alarms.

Limitations

Our analysis and audit log description represents the offering
of one vendor. Although this particular vendor is one of the
largest physiologic monitor vendors, the capabilities of other
cardiac monitoring devices from other vendors may be different.

Conclusions

The majority of modern medical devices such as cardiac
monitors, smart infusion pumps, and ventilators are capable of
automatically logging data. The audit log provides an objective,
detailed data source of recorded alarms’ events and types and
user'sactions. Unfortunately, this capability is not well utilized
in research and quality initiatives. The information presented
in this paper may encourage providers, clinicians, and
researchers to use audit logs more frequently in research and
performance improvement studies.

Despite current challenges in data storage, retrieval, and
analysis, large digitalized clinical datasets hold great promise
for safety and quality of care. Vendors, clinicians, researchers,
and professional organizations should work closely to identify
the most useful format and type of clinical data to expand
medical devices log capacity.

Acknowledgments

This project was funded by the University Health System’s Department of Patient Care Services and the Center for Excellence
in Patient Care. The role of funding source was limited to providing financial support for the conduct of the research. Sponsor
was not involved in study design, collection, analysis or interpretation of data, writing of manuscript, or the decision to submit

the manuscript for publication.

Conflictsof Interest
None declared.

References

http://humanfactors.jmir.org/2016/2/e24/

JMIR Hum Factors 2016 | vol. 3 |iss. 2| €24 | p. 8
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR HUMAN FACTORS Sowan et &

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24,

Association for the Advancement of Medical Instrumentation. Alarms pose challenges to healthcare facilities. Biomed
Instrum Technol 2011;Suppl:5. [doi: 10.2345/0899-8205-45.51.5] [Medline: 21599472]

American College of Clinical Engineering Healthcare Technology Foundation. 2006. Impact of clinical alarms on patient
safety URL: http://thehtf.org/white%20paper.pdf [accessed 2016-07-02] [WebCite Cache ID 6krQ3Pt2k]

Phillips J, Barnsteiner JH. Clinical alarms: improving efficiency and effectiveness. Crit Care Nurs Q 2005;28(4):317-323.
[Medline: 16239820]

Atzema C, Schull MJ, Borgundvaag B, Slaughter Graham R D, Lee CK. ALARMED: adverse eventsin low-risk patients
with chest pain receiving continuous electrocardiographic monitoring in the emergency department. A pilot study. Am J
Emerg Med 2006 Jan;24(1):62-67. [doi: 10.1016/].5jem.2005.05.015] [Medline: 16338512]

Joint Commission. 2013. Sentinel event alerts: medical device aarm safety in hospitals URL : http://www.j oi ntcommission.org/
assets/1/18/SEA_50 alarms 4 5 13 FINAL1.PDF [accessed 2016-01-02] [WebCite Cache ID 6VHNuUNOAa]
Association for the Advancement of Medical Instrumentation. 2011. A siren call for action: priority issuesfrom the Medical
Device Alarms Summit URL: http://kami.camp9.org/Resources/Pictures/2011%20A larms¥%20Summit%20Report. pdf
[accessed 2016-07-30] [WebCite Cache ID 6jODClwsd]

ECRI. ECRI Institute Top 10 Health Technology Hazards Report for 2015 URL : https.//www.ecri.org/Documents/

White papers/Top_10_2015.pdf [accessed 2016-07-30] [WebCite Cache ID 6jOCsNe90]

Joint Commission. National Patient Safety Goals Effective January 1, 2016 URL : https://www.joi ntcommission.org/assets/
1/6/2016_NPSG_HAP.pdf [accessed 2016-07-30] [WebCite Cache ID 6iODQAVL7]

FDA. FDA Patient Safety News: Show #106, January 2011 URL : http://www.fda.gov/downl oads/Safety/

FDA PatientSafetyNews/UCM417915.pdf [accessed 2016-04-01] [WebCite Cache ID 6bFBLAWAD]

Gorges M, Markewitz BA, Westenskow DR. Improving alarm performance in the medical intensive care unit using delays
and clinical context. Anesth Analg 2009 May;108(5):1546-1552. [doi: 10.1213/ane.0b013e31819bdfbb] [Medline: 19372334]
Siebig S, Kuhls S, Imhoff M, Gather U, Schdlmerich J, Wrede CE. Intensive care unit alarms--how many do we need? Crit
Care Med 2010 Feb;38(2):451-456. [doi: 10.1097/CCM.0b013e3181cb0888] [Medline: 20016379]

Schmid F, Goepfert MS, Kuhnt D, Eichhorn V, Diedrichs S, Reichenspurner H, et al. The wolf is crying in the operating
room: patient monitor and anesthesia workstation alarming patterns during cardiac surgery. Anesth Analg 2011
Jan;112(1):78-83. [doi: 10.1213/ANE.0b013e3181fcc504] [Medline: 20966440]

Drew BJ, Harris P, Zégre-Hemsey JK, Mammone T, Schindler D, Salas-Boni R, et al. Insightsinto the problem of alarm
fatigue with physiologic monitor devices: a comprehensive observational study of consecutive intensive care unit patients.
PL0OS One 2014;9(10):€110274 [FREE Full text] [doi: 10.1371/journal.pone.0110274] [Medline: 25338067]

AAMI. 2014. Using data to drive alarm systemimprovement efforts: The Johns Hopkins Hospital experience URL: http:/
/s3.amazonaws.com/rdcms-aami/files/production/public/FileDownloads/HT Sl/Johns Hopkins White Paper.pdf [accessed
2016-07-30] [WebCite Cache ID 6jODWn4IG]

Sowan AK, Tarriela AF, Gomez TM, Reed CC, Rapp KM. Nurses perceptions and practices toward clinical dlarmsin a
transplant cardiac intensive care unit: Exploring key issues|eading to alarm fatigue. IMIR Hum Factors 2015;2(1):e3 [FREE
Full text] [doi: 10.2196/humanfactors.4196] [Medline: 27025940]

Sowan A, Reed C, Tarriela A, Gomez T. Flaws in clinical alarm safety studies: the value of mixed methods and objective
alarm data. Crit Care Med Suppl.1 2015;43(12):206.

Sowan AK, Gomez TM, Tarriela AF, Reed CC, Paper BM. Changes in default alarm settings and standard in-service are
insufficient to improve alarm fatigue in an intensive care unit: A pilot project. IMIR Hum Factors 2016;3(1):el [FREE Full
text] [doi: 10.2196/humanfactors.5098] [Medline: 27036170]

Groves P, Kayyali B, Knott D, Van Kuiken KS. McKinsey. 2013. The “big data” revolution in healthcare: accelerating
value and innovation URL : http://www.mckinsey.com/industries/heal thcare-systems-and-services/our-insights/
the-big-data-revol ution-in-us-health-care [accessed 2016-07-30] [WebCite Cache ID 6jODdN 2ff]

Cline JS. The promise of data-driven care. N C Med J 2014;75(3):178-182. [Medline: 24830489]

Chambrin MC, Ravaux P, Calvelo-Aros D, Jaborska A, Chopin C, Boniface B. Multicentric study of monitoring alarmsin
the adult intensive care unit (ICU): a descriptive analysis. Intensive Care Med 1999 Dec;25(12):1360-1366. [Medline:
10660842]

Bridi AC, Louro TQ, da SilvaRoberto Carlos Lyra. Clinical Alarmsin intensive care: implications of alarm fatigue for the
safety of patients. Rev Lat Am Enfermagem 2014;22(6):1034-1040 [ EREE Full text] [doi: 10.1590/0104-1169.3488.2513]
[Medline: 25591100]

Albert NM, Murray T, Bena JF, Slifcak E, Roach JD, Spence J, et a. Differences in alarm events between disposable and
reusable electrocardiography lead wires. Am J Crit Care 2015 Jan;24(1):67-73; quiz 74. [doi: 10.4037/ajcc2015663]
[Medline: 25554556]

Gazarian PK. Nurses response to frequency and types of electrocardiography alarmsin a non-critical care setting: a
descriptive study. Int JNurs Stud 2014 Feb;51(2):190-197. [doi: 10.1016/j.ijnurstu.2013.05.014] [Medline: 23810495]
Varpio L, Kuziemsky C, MacDonald C, King WJ. The helpful or hindering effects of in-hospital patient monitor alarms
on nurses: a qualitative analysis. Comput Inform Nurs 2012 Apr;30(4):210-217. [doi: 10.1097/NCN.0b013e31823eb581]
[Medline: 22156767]

http://humanfactors.,jmir.org/2016/2/e24/ JMIR Hum Factors 2016 | vol. 3 |iss. 2| €24 | p. 9

(page number not for citation purposes)


http://dx.doi.org/10.2345/0899-8205-45.s1.5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21599472&dopt=Abstract
http://thehtf.org/white%20paper.pdf
http://www.webcitation.org/

                                            6krQ3Pt2k
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16239820&dopt=Abstract
http://dx.doi.org/10.1016/j.ajem.2005.05.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16338512&dopt=Abstract
http://www.jointcommission.org/assets/1/18/SEA_50_alarms_4_5_13_FINAL1.PDF
http://www.jointcommission.org/assets/1/18/SEA_50_alarms_4_5_13_FINAL1.PDF
http://www.webcitation.org/

                                            6VHNuN0Aa
http://kami.camp9.org/Resources/Pictures/2011%20Alarms%20Summit%20Report.pdf
http://www.webcitation.org/

                                            6jODCIwSd
https://www.ecri.org/Documents/White_papers/Top_10_2015.pdf
https://www.ecri.org/Documents/White_papers/Top_10_2015.pdf
http://www.webcitation.org/

                                            6jOCsNe9O
https://www.jointcommission.org/assets/1/6/2016_NPSG_HAP.pdf
https://www.jointcommission.org/assets/1/6/2016_NPSG_HAP.pdf
http://www.webcitation.org/

                                            6jODQAVL7
http://www.fda.gov/downloads/Safety/FDAPatientSafetyNews/UCM417915.pdf
http://www.fda.gov/downloads/Safety/FDAPatientSafetyNews/UCM417915.pdf
http://www.webcitation.org/

                                            6bFBLdWA5
http://dx.doi.org/10.1213/ane.0b013e31819bdfbb
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19372334&dopt=Abstract
http://dx.doi.org/10.1097/CCM.0b013e3181cb0888
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20016379&dopt=Abstract
http://dx.doi.org/10.1213/ANE.0b013e3181fcc504
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20966440&dopt=Abstract
http://dx.plos.org/10.1371/journal.pone.0110274
http://dx.doi.org/10.1371/journal.pone.0110274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25338067&dopt=Abstract
http://s3.amazonaws.com/rdcms-aami/files/production/public/FileDownloads/HTSI/Johns_Hopkins_White_Paper.pdf
http://s3.amazonaws.com/rdcms-aami/files/production/public/FileDownloads/HTSI/Johns_Hopkins_White_Paper.pdf
http://www.webcitation.org/

                                            6jODWn4lG
http://humanfactors.jmir.org/2015/1/e3/
http://humanfactors.jmir.org/2015/1/e3/
http://dx.doi.org/10.2196/humanfactors.4196
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27025940&dopt=Abstract
http://humanfactors.jmir.org/2016/1/e1/
http://humanfactors.jmir.org/2016/1/e1/
http://dx.doi.org/10.2196/humanfactors.5098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27036170&dopt=Abstract
http://www.mckinsey.com/industries/healthcare-systems-and-services/our-insights/the-big-data-revolution-in-us-health-care
http://www.mckinsey.com/industries/healthcare-systems-and-services/our-insights/the-big-data-revolution-in-us-health-care
http://www.webcitation.org/

                                            6jODdN2ff
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24830489&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10660842&dopt=Abstract
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0104-11692014000601034&lng=en&nrm=iso&tlng=en
http://dx.doi.org/10.1590/0104-1169.3488.2513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25591100&dopt=Abstract
http://dx.doi.org/10.4037/ajcc2015663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25554556&dopt=Abstract
http://dx.doi.org/10.1016/j.ijnurstu.2013.05.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23810495&dopt=Abstract
http://dx.doi.org/10.1097/NCN.0b013e31823eb581
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22156767&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR HUMAN FACTORS

25.

26.

27.

Way RB, Beer SA, Wilson SJ. Whats that noise? Bedside monitoring in the Emergency Department. Int Emerg Nurs 2014

Oct;22(4):197-201. [doi: 10.1016/j.ienj.2014.01.001] [Medline: 24568749)]

Bonafide CP, Zander M, Graham CS, Weirich Paine Christine M, Rock W, Rich A, et a. Video methods for evaluating

physiologic monitor alarms and alarm responses. Biomed Instrum Technol 2014;48(3):220-230. [doi:
10.2345/0899-8205-48.3.220] [Medline: 24847936]

Imhoff M, Kuhls S. Alarm algorithmsin critical care monitoring. Anesth Analg 2006 May;102(5):1525-1537. [doi:
10.1213/01.ane.0000204385.01983.61] [Medline: 16632837]

Abbreviations

©Azizeh Khaled Sowan, Charles Cahoun Reed, Nancy Staggers. Originaly published in JMIR Human Factors
(http://humanfactors,jmir.org), 30.09.2016. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0/), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work, first published in IMIR Human Factors, is properly cited. The complete bibliographic
information, alink to the original publication on http://humanfactors.jmir.org, as well as this copyright and license information

ABP: arteria blood pressure

AFIB: atrial fibrillation

Desat: desaturation

ECG: electrocardiographic

HL7: Health Level Seven

HR: heart rate

ICU: intensive care unit

INOP: inoperative

MAUDE: Manufacturer and User Facility Device Experience
MRN: medical record number

NBP: noninvasive blood pressure

NPSG: Nationa Patient Safety Goal

PAP: pulmonary artery pressure

PVC: premature ventricular contraction

RR: respiratory rate

SpO2: peripheral capillary oxygen saturation
STE: ST-segment elevation

Edited by G Eysenbach; submitted 30.07.16; peer-reviewed by M Cvach, P Harris; comments to author 18.08.16; revised version
received 22.08.16; accepted 10.09.16; published 30.09.16

Please cite as:

Sowan AK, Reed CC, Staggers N

Role of Large Clinical Datasets From Physiologic Monitors in Improving the Safety of Clinical Alarm Systems and Methodological
Considerations: A Case From Philips Monitors

JMIR Hum Factors 2016; 3(2): €24

URL: http://humanfactors.jmir.org/2016/2/e24/

doi: 10.2196/humanfactors.6427

PMID: 27694097

must be included.

http://humanfactors.jmir.org/2016/2/e24/

RenderX

Sowan €t al

JMIR Hum Factors 2016 | vol. 3 |iss. 2 | €24 | p. 10
(page number not for citation purposes)


http://dx.doi.org/10.1016/j.ienj.2014.01.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24568749&dopt=Abstract
http://dx.doi.org/10.2345/0899-8205-48.3.220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24847936&dopt=Abstract
http://dx.doi.org/10.1213/01.ane.0000204385.01983.61
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16632837&dopt=Abstract
http://humanfactors.jmir.org/2016/2/e24/
http://dx.doi.org/10.2196/humanfactors.6427
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27694097&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

