Designing Interactive Alerts to Improve Recognition of Critical
Events in Medical Emergencies

Angela Mastrianni

Drexel University

Aleksandra Sarcevic

Drexel University

Lauren S. Chung

Drexel University

Issa Zakeri

Drexel University

Emily C. Alberto
Children’s National Hospital

Zachary P. Milestone
Children’s National Hospital

Ivan Marsic

Rutgers University

Randall S. Burd

Children’s National Hospital

Vital sign values during medical emergencies can help clinicians recognize and treat patients with life-threatening
injuries. Identifying abnormal vital signs, however, is frequently delayed and the values may not be documented at all.
In this mixed-methods study, we designed and evaluated a two-phased visual alert approach for a digital checklist in
trauma resuscitation that informs users about undocumented vital signs. Using an interrupted time series analysis, we
compared documentation in the periods before (two years) and after (four months) the introduction of the alerts. We
found that introducing alerts led to an increase in documentation throughout the post-intervention period, with
clinicians documenting vital signs earlier. Interviews with users and video review of cases showed that alerts were
ineffective when clinicians engaged less with the checklist or set the checklist down to perform another activity. From
these findings, we discuss approaches to designing alerts for dynamic team-based settings.

CCS CONCEPTS - Human-centered computing « Interaction design « Empirical studies in interaction design

Additional Keywords and Phrases: Cognitive aids, alerts, alert fatigue, decision support systems, mixed methods,
interrupted time series analysis, trauma resuscitation



ACM Reference Format:

First Author’s Name, Initials, and Last Name, Second Author’s Name, Initials, and Last Name, and Third Author’s
Name, Initials, and Last Name. 2018. The Title of the Paper: ACM Conference Proceedings Manuscript Submission
Template: This is the subtitle of the paper, this document both explains and embodies the submission format for
authors using Word. In Woodstock *18: ACM Symposium on Neural Gaze Detection, June 03-05, 2018, Woodstock, NY.
ACM, New York, NY, USA, 10 pages. NOTE: This block will be automatically generated when manuscripts are
processed after acceptance.

1 INTRODUCTION

Vital sign values are critical for determining a patient’s clinical status. Early recognition of abnormal vital signs can be
used to triage injured patients who have sustained a potentially life threatening injury [50]. To obtain vital sign values,
clinicians can connect a patient to a vital sign monitor or manually obtain values. An observational study of military
trauma resuscitations found that the first full set of vital signs was obtained in 1-7 minutes after the patient was placed
on the treatment bed, with a mean time of about 3 minutes [23]. When used for clinical decision support, recorded
vital sign values can be part of predictive algorithms that provide early recognition of abnormal values and patterns
(24].

In most clinical settings, vital sign values are documented in two potential systems: the paper or electronic medical
record that archives patient data (e.g., charts and flowsheets) and paper or electronic cognitive aids that support
clinical care (e.g., clinical pathways, checklists). Including vital sign assessment on a checklist allows clinicians to
check off vital sign tasks when values are obtained, directly record the values on a checklist, or both. Our prior
research found that users frequently jotted down vital sign values next to the checkboxes, suggesting that checklists
are also a memory externalization tool [53]. However, when compared to other checklist items, users do not always
acknowledge vital signs after they show up on the monitor, delaying their recoding for about 2 minutes [37]. In some
instances, vital sign values were obtained but not recorded on the checklist, even if the vital sign task was checked-off
[45]. Given the importance of early recognition of abnormal vital signs values for critically ill or injured patients, more
research is needed on cognitive aid systems and their support for timely documentation of critical events.

In this paper, we explore adding interactive visual alerts to a digital checklist for pediatric trauma resuscitation—a
fast-paced, time-critical process of evaluating and treating severely injured children early after injury. The goal of the
alerts is to increase vital sign documentation on the digital checklist and decrease the time to documentation. A vital
sign is considered documented when the checkbox is checked-off and the value is recorded. The alerts were designed
for the trauma team leader, who is administering the checklist while directing the team’s evaluation and treatment
steps. The alerts inform the leader that they have not documented vital signs after a certain period.

Our goal in this study was twofold: (1) design the alerts and evaluate their effectiveness at improving vital sign
documentation, and (2) identify and understand factors contributing to the effectiveness of the alerts. To accomplish
our first goal, we elicited feedback on potential alert designs through design workshops with clinicians who used the
current checklist. We also conducted usability evaluation sessions to validate the design before releasing the alerts at
the hospital. After releasing the alerts for actual resuscitations, we used a pre-post study design with an interrupted
time series analysis to evaluate impact of the alerts on vital sign documentation. Although the interrupted time series
analysis showed an increase in documentation during the post-intervention time period, it did not provide insight into
why alerts were more effective in some cases than others. To gain this insight, we pursued our second goal by
thematically analyzing videos of resuscitations to identify factors that contributed to delayed or missing vital sign
documentation. We also reviewed team leader interactions with the checklist when alerts were triggered and
interviewed team leaders to understand their experiences with the alerts.

With this research, we show that alerts can be an effective mechanism for increasing documentation of critical
information on cognitive aids without leading to alert fatigue—a common issue in high-acuity clinical settings with a
number of alarms. Our primary research contributions include three types of approaches for designing alerts on
dynamic cognitive aids: (1) approaches for mitigating alert fatigue by avoiding cognitive overload and desensitization,
(2) time- and process-based approaches for determining when to trigger alerts, and (3) a multi-phased approach for



releasing alerts in actual use. We also contribute strategies for designing alerts for systems used by individuals in
team-based processes. Although only the leader uses the cognitive aid, the team dynamic may influence their
interactions with the system as leaders must concurrently manage using the system, interacting with different team
members, and overseeing multiple tasks. In these situations, sending alerts may require different modalities depending
on user engagement with the cognitive aid, as well as their level of involvement with the team and tasks at the time of
the alerts.

2 RELATED WORK

Prior work has studied documentation timing, investigated checklist compliance, and explored the design and use of
alerts across different clinical settings. Below we review these three areas of research and highlight our contributions.

3 ELECTRONIC DOCUMENTATION TIMING & CHECKLIST
COMPLIANCE IN CLINICAL SETTINGS

Past studies examined timing of electronic documentation on archival systems, such as electronic health records (EHR)
and flowsheets [14,28,44,47]. Although several data elements are documented more frequently on EHR than paper
records in trauma resuscitation, no difference was found in the number of vital signs documented between these two
formats [14]. A recent study of electronic documentation in pediatric trauma resuscitation found that only 8% of
reports were documented within one minute of being verbalized by the team [28]. Prior work also examined if alerts
can be used in archival systems to increase documentation [43,54] and improve data quality [12,34]. For example, one
study found that bedside nurses recorded temperature more accurately after receiving an alert for temperature values
that were below a certain threshold, prompting a remeasurement [34]. Interviews with nurses on EHR alerts found
that timing of alerts was an important aspect of the alert design, as nurses preferred performing tasks before being
alerted [54].

Cognitive aids that assist with compliance and decision making in clinical settings, such as checklists, have become
increasingly popular across the healthcare sector. Their widespread adoption, however, has also led to “checklist
fatigue,” prompting studies of how the checklists fit within provider workflows and clinical teams [8]. Prior work
explored checklist design [8,20,36,38], examined checklist compliance [15,35,37,57,59], and investigated the effects of
checklist use on team performance [22,60,61]. A study comparing paper and digital checklists in pediatric trauma
resuscitation found fewer unchecked items in the digital checklists [35]. In simulated cardiopulmonary resuscitations,
clinicians documented data more quickly when using a tablet-based system, without affecting clinical performance
[21]. Additionally, studies in radiology found that touch-based interfaces can allow clinicians to annotate diagnostic
data more quickly [10].

These past studies have examined the use of alerts to improve documentation in archival systems, but less
information is known about the effects of alerts on documentation in cognitive aid systems. In this study, we show
that alerts can be an effective mechanism for increasing documentation in cognitive aids.

3.1Alerts in Clinical Settings

Clinical decision support systems (CDSSs) frequently use alerts to capture clinicians’ attention and communicate
information [68]. Alerts are used in CDSSs across different healthcare areas to prevent diseases [18,19], diagnose and
manage illnesses [2,17,32], and prescribe medicine [40,48,66]. Fiks et al. [18] found that sending alerts to clinicians
through EHRs and telephoning families about vaccination increased the vaccination rate and decreased the time to
vaccination. Kharbanda et. al. [32] evaluated a CDSS that alerts nurses of missing patient data from the EHR and of
abnormal blood pressure values, finding an increased awareness of elevated blood pressure. Similarly, Lee et al. [40]
designed a CDSS that reduced incorrect medication orders by sending alerts and offering recommendations. Although
alerts in these studies had positive effects on clinical work and patient outcomes, other studies have shown the
opposite. For example, a study of an EHR alert for severe sepsis found no significant difference in antibiotic
prescription because the alerts usually came after clinicians made their decisions [16]. Another study examining



decision support for medication prescribing found that clinicians overrode 75% of the alerts, even though 40% of the
overrides were inappropriate [49].

An established issue in CDSS, alert fatigue leads to alerts being overridden or ignored over time. A study of EHR
drug alerts in primary care settings found that alert acceptance decreased as the number of received and repeated
alerts increased [3]. Another study of alerts in primary care found that physicians thought they received too many
alerts and that the alerts infringed on their authority [63]. Similarly, clinicians in intensive care units thought that
most alarms occurred at inopportune times in their workflows [9,29]. Systematic reviews of CDDSs have found two
major issues with alerts: (1) late activation in providers’ workflows and (2) inclusion of redundant and irrelevant
information [6,30,48]. Improvements in these two areas, along with improvements in the design of user interfaces,
have been identified as the top challenge in the implementation of CDSSs [55].

Researchers have proposed different strategies for reducing alert fatigue. One approach is to diversify the
messaging in an alert to avoid alert fatigue from overexposure [33]. Another approach creates tiers based on severity,
making alerts more intrusive as severity increased [27]. A similar strategy includes clustering related alerts to reduce
the number of alerts [26]. Testing alerts in the background of systems can also help designers identify issues with false
alarms before the alerts are released to clinicians [46]. Other studies proposed directing alerts to additional providers,
such as nurses [56] or patients [64], while Cobus et al. [13] suggested mitigating alert fatigue by sending alerts through
different modalities, such as vibrotactile alarms. Recent research on CDSSs that use artificial intelligence argued that
decision support should be visually “unremarkable” (i.e., not distracting) when the tool agreed with clinician decisions,
while appearing just enough to slow decision making when the tool’s predications were in conflict with clinician
decisions [67]. Future research is needed to understand the effectiveness of these strategies in different medical
contexts.

Prior work on alerts in healthcare settings has focused on designing alerts for archival systems, such as electronic
health records. When providers use cognitive aids such as digital checklists in team-based activities, they have to
balance using the cognitive aid, coordinating the team, and managing patient care [7]. User attention is focused on
different areas by various demands [52], making the design of alerts for cognitive aids challenging. In this study, we
build on prior work by designing alerts for cognitive aids used concurrently with dynamic, team-based work and
evaluating their effects on team performance.
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Figure 1: Sketch of the team leader using the digital checklist while directing the trauma team. Sketched
based on frame from a video of an actual resuscitation at our research site.



4 STUDY APPROACH & METHODS

We conducted a 28-month long pre- and post-intervention study to evaluate the effects of visual alerts designed for a
clinical decision support system (digital checklist) in the highly dynamic setting of trauma resuscitation. Because the
last major release of the digital checklist occurred in May 2018, our pre-intervention time period started in May 2018
and ended in May 2020. We released the new version of the checklist with the alerts on June 1, 2020 and collected data
through the last week of September 2020. The pre-intervention period had 351 resuscitation cases, while the post-
intervention period had 95 cases. This study was approved by the hospital’s Institutional Review Board (IRB).
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Figure 2: Screenshot of the digital checklist. Alerts were added to this interface.

4.1Research Setting & Digital Checklist Overview

Our research site is a level 1, pediatric trauma center in the northeast region of the United States that treats about 600
injured children each year. The main resuscitation room (trauma bay) has two bed spaces, each equipped with three
video cameras at different angles. One view is focused above the patient bed, the second view shows the leadership
team at the foot of the patient bed, and the third view shows the screen of the vital signs monitor. Resuscitations are
video recorded and used for research after obtaining patient or parental consent. During resuscitations, a team of
interdisciplinary care providers rapidly evaluates and treats critically injured children (Silll@). A surgical attending,
fellow, or senior resident serves as the team leader, directing the team. The junior resident or nurse practitioner
performs the patient evaluation, while the anesthesiologist and respiratory therapist manage the patient’s airway.
Several bedside nurses assist with medications, blood draw, and other treatments. Other providers, such as orthopedic
surgeons, intensive care unit specialists or social workers, join the team if needed. The patient evaluation and
management are guided by the Advanced Trauma Life Support (ATLS) protocol [4]. In the first part of the protocol—
the primary survey—the team assesses the patient’s airway, breathing, circulation, and neurological functions. In the
second part of the protocol—the secondary survey—the team examines the patient for other injuries, moving from head
to toe. After the secondary survey, the team develops a treatment plan before transporting the patient out of the area.
During the resuscitation, a vital sign monitor in the room displays the patient’s latest vital signs, including oxygen



saturation, respiratory rate, blood pressure, and heart rate. If the patient’s vital signs fall outside of an age-appropriate
range, the monitor produces an audible alarm. The bedside nurses are responsible for connecting the patient to the
monitor at the beginning of the case and manually taking the first blood pressure. Resuscitations typically last about
20-30 minutes.

Our research team introduced a paper-based checklist at the trauma center in 2012 to aid team leaders in running
the resuscitation [69]. As tasks are being performed concurrently by different team members, the checklist helps
leaders track task completions and detect tasks that were not done. The checklist is based on the ATLS protocol and
contains sections for pre-arrival tasks, primary survey, secondary survey, departure plan, and vital sign values. Leaders
can select to use the paper checklist or its digital version, which was introduced in 2017 [36,51]. The digital checklist
was implemented on a Samsung Galaxy tablet and contains the same sections and tasks as the paper checklist (g
B). A checkbox is placed next to each task that users can check-off, along with spaces for notetaking. Some tasks, like
the vital sign assessment, have a space for entering numeric measurements. When these values are entered, the task is
automatically checked-off, if it is not checked-off already. A task can also be checked-off without documenting the
corresponding value, but any task that has a value documented will always be checked-off. The top of the checklist has
a designated space for users to take notes using the tablet’s stylus. The digital checklist produces a text file log for each
case, along with screenshots of any notes taken. The log records a timestamp for any check-off or data entry, and any
information that was entered.

Pre-Intervention Period Post-Intervention Period
36 Digital Checklist Users 10 Digital Checklist Users
(6 Fellows, 30 Senior Residents) (4 Fellows, 6 Senior Residents)
Design Workshops Usability Eval. Sessions Interviews
5 Participants 2 Participants 4 Participants Interview
(2 Fellows, 3 Senior Residents) (1 Fellow, 1 Nurse Practitioner) (1 Fellow, 3 Senior Residents) (1 Fellow)
| | — | —_— |
| I I I [ [ |
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2018 2019 2020 2020 2020 2020 2020 2021
Last Major Alerts Released End of Data
Checklist Release on the Checklist Collection

Figure 3: Number of team leaders using the digital checklist in the pre- and post-intervention time periods,
with the number participants in the UCD activities during each period.

4.2 Study Participants

We recruited participants from surgical fellows and senior residents who served as the team leader and who used the
digital checklist during trauma resuscitations between May 2018 and September 2020. Fellows have completed their
residency and are doing their two-year fellowship in pediatric surgery. Senior residents are in the final years of their
surgical residencies and rotate at the hospital for about two months. Thirty-six team leaders used the checklist during
the pre-intervention period, while 10 leaders used it during the post-intervention time period, with some leaders also
participating in the user-centered design (UCD) activities (Hllllll). Due to frequent resident rotations, it was
challenging to recruit senior residents and ensure their continuous participation throughout the UCD activities.
However, one fellow was able to participate in all UCD activities, as they were in the middle of their two-year
fellowship at the hospital.

4.3 Checklist Alerts Design

We introduced the first set of visual alerts on the digital checklist (Silll), which inform team leaders that vital sign
values are not checked-off or documented on the checklist after a period of time. We focused on four vital signs:
oxygen saturation, respiratory rate, heart rate, and blood pressure. We began the design process by creating three
different mockups for the alerts. When designing the mockups, we considered options that were both more intrusive



(e.g., dropdown notifications) and less intrusive (e.g., soft pulsing of parts of the checklist). We also drew ideas from
familiar design concepts in consumer health technology (e.g., dropdown notifications on mobile devices). Our first
mockup had an alert icon that users could click on to see a message about the missing vital signs (HlIBH(a)). In the
second mockup, a notification drops down from the top of the screen, informing leaders of the missing vital signs
(BB (b)). If only one vital is missing, the dropdown alert also has a field where the leader can directly input the
value. In the last mockup, the section around the vital sign checkbox pulses when that value is not documented. To
satisfy the alerts and clear them from the screen, users can check-off the vital sign task, document the value in the
space next to the checkbox, or document the value directly in the dropdown alert field. The pulsing alert will continue
until the leader has satisfied the alert, while the dropdown alert will automatically disappear after five seconds. Users
can also swipe away the dropdown alert to clear it. To elicit feedback, we demoed and discussed these alert concepts
during two design workshops in September 2019 that focused on co-designing new checklist features with senior
residents and fellows. One participant preferred the pulsing design, while the others preferred the dropdown alert
because it was more likely to get their attention. The participants felt they needed a design that would stand out more
and were unlikely to click on the alert icon to see the message. From these results, we decided to use both the pulsing
and dropdown alerts (Il (b)), but trigger them at different times.
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Figure 4: Mockups shown in design workshops.

To determine the appropriate time for triggering the alerts, we reviewed videos and checklist logs from 207
resuscitations between January 2017 and April 2018. Two researchers analyzed the videos, recording the time when
the patient was placed on the treatment bed. We also created a Python script to extract the timestamps of vital sign
check-offs from the checklist logs. Using these data, we calculated the median and quartile times between the patient
placement on the treatment stretcher and the vital sign check-offs for each resuscitation. The results showed that the
median time for all four vital signs was about 3.5 minutes and the 75th percentile time was about 5 minutes. Using
these results, we proceeded with a two-phased alert approach. If any of the four vital signs had not been checked-off
after 3.5 minutes, we triggered the first phase of the alerts—the pulsing alert, where the sections for missing vital sign
values would begin to pulse. If any of the four vital signs had not been checked-off after 5 minutes, we triggered the
second phase of the alerts—the dropdown notification informing leaders of the missing vital signs. The timer for
triggering the alerts was started after the first check-off in the primary survey section, as tasks in this section are
completed first upon patient arrival.

4.4 Checklist Alerts Timing and Usability Evaluation

Two months before deploying the alerts at the hospital, we released a version of the checklist that logged the
timestamp when alerts would have been triggered without displaying the alerts to clinicians. In all 37 cases during the
two-month period, we observed that alerts would have been triggered at correct time after the first primary-survey
check-off and that each phase of the alerts would only be triggered once during the case. This evaluation approach
ensured that our process for determining the time to trigger alerts was correct, as logging alerts in the background can
highlight potential errors and false alarms before full deployment [46].



We also ran two hour-long usability evaluation sessions in April 2020 with one fellow and one nurse practitioner.
In these sessions, we confirmed that the alerts did not create technical issues on the checklist and that users noticed
them. We ran these sessions remotely over video conferencing calls. We began each session by informing the
participant that we were adding new features to the digital checklist and needed to test these features in a controlled
environment. No specific details were provided about the alerts. We then asked the participant to assume the team
leader role and watch videos of five past resuscitations while using the new version of digital checklist with alerts.
Because we were evaluating user reactions to the missing vitals alerts, we selected videos from cases where the team
was delayed in obtaining vital sign values. After completing all five cases (average 10 minutes per video), we asked
participants if they noticed the alerts on the checklist, if they would make any changes to the alerts, and if they
thought the alerts would impact their work. We waited to ask these questions until they had watched all five cases to
avoid bias. The first participant received alerts on the checklist in four of their five cases. While using the checklist in
the first case, they noted that the vital signs started flashing because they had not entered them, saying “that was
good.” After receiving the alerts, they checked-off the vital sign tasks and documented the values. During the post-
session debrief, the participant stated that having both the pulsing and dropdown alerts on the checklist was helpful.
They also discussed how the alerts could be useful because it is easy to get distracted in the trauma bay and not realize
that a vital sign is missing. The second participant did not receive any alerts because they documented all vitals within
the first 3.5 minutes in all five cases. Neither participant had concerns about releasing the alerts on the digital
checklist.

Table 1: Factors causing delays observered in video review.

Factor Causing Delay Description Examples

Communication Barriers Issues affecting team communications Patient crying, reports not loud enough

Environment Physical constraints of the room Too many people standing by the bedside

Equipment Issues Issues with the equipment required for performing  Equipment (}.310.0(1 pressure cuff, thermometer)
tasks broken or missing

External Distractions to Team leader receives a phone call during

Events that distract the leadership team

Leadership patient evaluation

Patient Factors Patient characteristics that can lead to delays Patient covered with equipment or moving
Personnel Late Arrival A team member not present at the patient arrival Nurse missing from bedside at case start
Process Process deviations or errors Team performs tasks out of order

Team Leader Late Team leader not present at the patient arrival g;;?nieader arrives several minutes after the
Team Leader Assists with ~ Team leader performs a task outside of their role as

Task Outside Given Role leader Team leader assists with the exam

After finding that the alerts were being appropriately triggered and noticed by participants, we determined we
could proceed with deployment. We informed all team leaders that a new version of the digital checklist was being
released with alerts but did not provide any details about the alerts. We released the alerts on the checklist at the
hospital on June 1st, 2020. We then analyzed the data collected through the last week of September 2020 to understand
the impact of the alerts on vital sign documentation. Aside from adding alerts, the checklist’s interface remained the
same throughout the study period (EiEEE0).

4.5 Checklist Alerts Effects Evaluation

We conducted an interrupted time series analysis to determine the change in documentation rates after releasing the
alerts. We also reviewed videos of cases before and after the alerts, and interviewed team leaders.



4.5.1 Interrupted Time Series Analysis
Interrupted time series analysis is one of the strongest quasi-experimental study designs when randomized control
trials cannot be conducted [25]. We studied the following three variables: (1) percent of vital signs documented by the
time of the first-phase alert (3.5 minutes), (2) percent of vital signs documented by the time of the second-phase alert (5
minutes), and (3) percent of vital signs documented one minute after the second alert time (6 minutes). We used the
percent of vitals documented because this measurement captures both an increase in the documentation and a
decrease in the amount of time it takes to document vital signs.
To perform the interrupted time series analysis, we used Stata/SE 16.1 [58] to run the “itsa” command [42], which
uses the following formula:
Yo = Bo+ BiTe + BoXe + BsX, T + &
In the formula, Y:represents the outcome variable at the different time intervals, T: represents the time interval, X:
represents the presence of the intervention (0 or 1), and X:T: represents the interaction between the presence of the
intervention and the time interval. We wanted to understand if the intervention had (a) an immediate effect on the
outcome variable shortly after the intervention was introduced (B2, or the intercept) and (b) an effect over time (3, or the
slope). The error term, &, follows the formula:
& = P&t U
where u:represents the independent disturbances and p represents the lag-1 autocorrelation of errors [62].

Table 2: Number of factors causing delays in cases selected from pre- and post-intervention cases.

. Pre-Intervention Cases Post-Intervention
Factor Causing Delay p-value
(n=44) Cases (n=44)
Communication Barriers (%) 7 (15.9) 9 (20.5) 0.6
Environment (%) 0(0.0) 1(2.3) 1.0
Equipment Failure (%) 2 (4.6) 3(6.8) 1.0
External Distractions to Leadership (%) 4(9.0) 1(2.3) 0.4
Patient Factors (%) 15 (34.1) 13 (29.6) 0.7
Personnel Late Arrival (%) 2(4.5) 4(9.1) 0.7
Process (%) 11 (25.0) 9(20.5) 0.6
Team Leader Assists with Task Outside Given Role (%) 4(9.1) 2(4.5) 0.7
Team Leader Late (%) 5(11.4) 3 (6.8) 0.7

The validity of interrupted time series analysis can be strengthened by running the analysis with nondependent
outcome variables and then showing no change in slope or intercept for those variables [25]. Our nondependent
outcome variables were: (1) percent of secondary survey tasks documented by the first alert (3.5 minutes) and (2)
percent of secondary survey tasks documented by the second alert (5 minutes). We chose secondary survey check-offs
because team leaders are usually checking-off the 16 secondary survey tasks at the 3.5- and 5-minute time points, and
our alerts do not address these tasks.

To collect the data for the outcome variables, we wrote a Python script to parse the checklist log files and calculate
the percentage of vital signs documented at the three time points. The script also calculated the percentage of
secondary survey check-offs. We split the pre- and post- intervention data into biweekly time intervals because this
interval size maximized the number of pre- and post-intervention intervals, while also reducing the number of
intervals with missing observations. The pre-intervention time period contained 54 intervals, with a median of 7 cases
per interval (IQR: 4-9). The post-intervention time period contained 9 intervals, with a median of 9 cases per interval
(IQR: 7-14). Two intervals (10 and 36) in the pre-intervention period had missing data. To impute data for those



intervals, we used the average of the two nearest neighbors. We also used the Shapiro-Wilk test to evaluate the
normality of the data and examined the data for any outliers. We defined a data point as an outlier if it was outside
three standard deviations from the mean. The only outlier was one interval in the data for percentage of secondary
survey check-offs at the second alert. To reduce the impact of this outlier, we positioned its data at three standard
deviations from the mean. We used Newey-West standard errors in the interrupted time series analysis to handle
autocorrelation and heteroskedasticity.

4.5.2 Association Between Factors Causing Delays & Delayed/Missing Vital Sign Documentation

Our second goal was to understand if certain factors that cause delays during resuscitations were also associated with
delays in documenting vitals on the checklist, and if the alerts helped mitigate these factors. Using classifications from
prior work on nonroutine events that can lead to delays in clinical workflows [1,5,39,65], we applied eight factors in
our thematic analysis (I llll)). While performing our own video review, we identified an additional factor
contributing to delays—team leader assists with task outside given role.

We reviewed 44 resuscitation videos from a four-month period before the alerts (August-November 2019) and 44
from the four-month period after the alerts were introduced (June-September 2020). The digital checklist was used in
58 cases during the time period before the alerts. Of these, 14 had technical issues with video recording, leaving 44
available for analysis. The digital checklist was used in 95 cases during the post-intervention period. Due to technical
issues that prevented video recording, eight cases were not available for analysis. From the remaining 87 cases, we
selected 44 for video review. To ensure that we evenly captured cases over the entire post-intervention period, we
selected all cases from weeks that had three or fewer cases and randomly selected three cases from weeks that had
more than three. We then compared these pre- and post-alert datasets on seven variables to check if they were skewed
towards any patient or case features (e.g., patient age, activation level, team leader experience level and presence at
patient arrival, time of day, and pre-arrival notification). Although we found a significant difference in the distribution
of team leader experience level and day/night cases between the two datasets, no difference was found in the
distribution of factors causing delays (). We reviewed each resuscitation and the corresponding checklist log by
watching the videos from different camera angles and noting user interactions with the checklist. While reviewing the
videos, we recorded how the leaders were interacting with the team and moving around the room, and if they
discussed vital signs with the team. We also noted if the case had any factors that could cause process delays.
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Figure 5: Graphs showing the percentage of vital signs documented in the biweekly time intervals.

4.5.3 Team Leaders’ Interactions with the Digital Checklist at the Time of the Alerts

To understand why alerts were effective in some cases but not in others, we reviewed videos and checklist logs from
34 cases that had alerts triggered. We removed one case because the leader checked-off a primary survey task before
the patient arrived, prematurely triggering the alerts. We removed an additional case due to technical issues with
recording, leaving 32 cases for this analysis. While reviewing the videos and logs, we noted what the leaders were
doing around the time of the alerts, if and how they were using the checklist, their interactions with other team
members, and any other significant events in the case.

10



4.5.4 Interviews with Team Leaders About their Experience with Alerts

We conducted remote interviews over Zoom with five team leaders who had used the digital checklist during the post-
intervention time period (HBlBH). We scheduled most interviews near the end of participants’ rotations at the
hospital to avoid biasing their use of the system. One fellow participant was still at the hospital and using the system
after we completed the study, so we interviewed them in January 2021. In the interviews, we asked the participant if
they had noticed the alerts, what they thought about the alerts, if the alerts impacted their use of the checklist, and if
they would make any changes to the alerts. After receiving participants’ consent, we recorded the sessions on Zoom
and used the automatic transcription feature to create transcripts of the interviews. When analyzing the data, we
noted the number of participants who recalled the first-phase alert and the number who recalled the second-phase
alert. We then performed a thematic analysis to identify the themes that emerged during the interviews. All
participants were compensated for their time.

5 RESULTS

We first present the results from the interrupted time series analysis, where we evaluated documentation rates at three
different time points. We then describe our findings from video review and interviews, where we investigated team
leaders’ interactions and experiences with alerts.

Table 3: Interrupted time series results showing the impact of alerts on dependent outcome variables.

Coefficient (95% CI)  p-value

Percent of Vitals Documented at First Alert (3.5 mins)

Intercept 12.1 (-8.1, 32.4) 0.2
Slope 3.9(1.7, 6.2) 0.001
Percent of Vitals Documented at Second Alert (5 mins)

Intercept 14.3 (-5.9, 34.5) 0.2
Slope 3.1 (0.8, 5.5) 0.01
Percent of Vitals Documented 1 Minute after Second Alert Time (6 mins)

Intercept 16.0 (-4.1, 36.1) 0.1
Slope 2.9 (0.3, 5.4) 0.03

5.1Effects of Alerts on Timely Documentation of Vital Signs

The results of the interrupted time series analysis showed that the alerts led to an increase in documentation over time,
with significant increases in slope after the alerts release on interval 55 (i, IEBEE). In contrast, the results did
not show significant increases in intercept, which measures the immediate impact on documentation. We observed an
increase in the percentage of all vitals documented at all three time points in the cases between the pre- and post-
intervention periods (). In the post-intervention time period, 34 of the 95 cases had first-phase alerts triggered,
and 20 of those 34 cases had also second-phase alerts triggered. Leaders documented 29 vital signs in the time between
the first alert and when the second alert would have been triggered. The median time to document those vitals was
45.6 seconds (IQR: 16.8 — 57.6) after the first alert. Leaders documented 31 vital signs after the second alert, recording
them at a median time of 30 seconds (IQR: 16.5 seconds — 2.4 minutes) after the alert. Leaders had the option to directly
document vital signs in the second-phase alert or enter the values next to the vital sign checkboxes. The vital sign
values were directly entered into the second-phase alert in only one case and were documented next to the vital sign
checkboxes in the remaining 19 cases with second-phase alerts. We observed no significant change in the slope or
intercept of the nondependent outcome variable after the intervention (IllB). This finding strengthens the study’s
validity by showing no change in a variable that should remain unaffected by the intervention.
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Table 4: Number of documented vital signs on the checklist at different time points.

Oxygen Blood Heart Respiratory Total
Pressure Rate Rate

Pre-Intervention Cases (n=351)

Documented at time of first alert (3.5 mins) (%) 166 (47.2) 162 (46.2) 176 (50.1) 154 (43.8) 658 (46.9)
Documented at time of second alert (5 mins) (%) 203 (57.8) 196 (55.8) 210 (59.8) 193 (55.0) 802 (57.1)
Documented 1 min after second alert (6 mins) (%) 217 (61.8) 209 (59.5) 224 (63.8) 205 (58.4) 855 (60.9)
Post-Intervention Cases (n=95)

Documented at time of first alert (3.5 mins) (%) 66 (69.5) 65 (68.4) 70 (73.7) 73 (76.8) 274 (72.1)
Documented at time of second alert (5 mins) (%) 77 (81.1) 76(80.0) 77 (81.1) 79 (83.2) 309 (81.3)
Documented 1 min after second alert (6 mins) (%) 80 (84.2) 80 (84.2) 83 (87.4) 82 (86.3) 325 (85.5)

Table 5: Interrupted time series results for nondependent outcome variables.

Coefficient (95% CI) p-value

Percent of Secondary Survey Tasks Checked-off at First Alert (3.5 mins)

Intercept -0.82 (-16.78, 15.14) 0.92
Slope -2.37 (-5.09, 0.35) 0.09
Percent of Secondary Survey Tasks Checked-off at Second Alert (5 mins)

Intercept 1.48 (-14.39, 17.35) 0.85
Slope -2.18 (-4.56, 0.21) 0.07

5.2 Associations Between Factors Causing Delays and Vital Sign
Documentation

After reviewing the 44 cases from the pre-intervention and 44 cases from the post-intervention periods to identify
factors that caused delays, we classified each of the 88 cases based on vital sign documentation compliance. Using data
from the checklist logs, we classified the cases into three categories: (1) compliant—all vitals entered within five
minutes of the first primary survey check-off, (2) some/all vital signs missing from the checklist—not entered on the
checklist at any point, and (3) some/all vital signs delayed on the checklist—entered after five minutes from the first
primary survey check-off. We used the same five minutes (i.e., the time when the second-phase alert is triggered) as a
threshold for determining if vital sign documentation was delayed. The pre-intervention period had 14 cases in the
compliant category, 21 in the missing category, and 9 in the delayed category, while the post-intervention period had
36 compliant, 4 missing, and 4 delayed cases.

For each of the nine factors causing delays, we calculated the number of cases with that factor in all three
categories (compliant, delayed, missing) for both time periods (HEMMEN). The environment delay factor only appeared
in the post-intervention period, preventing any comparisons between the time periods. Most of the factors did not
have an effect on vital sign documentation. For example, in compliant cases from the pre-intervention time period, we
observed five of the nine factors: communication barriers, patient factors, personnel late arrival, process issues, and team
leader late arrival. These results show that the leaders were able to document vitals on the checklist without delay,
even when these factors were affecting the process and no alerts were being issued.

In contrast, two of the nine factors affected vital sign documentation: external distractions to leadership and team
leader assists with a task outside their given role. All cases from both pre- and post-intervention time periods with either
of these factors also had delayed or missing vital sign documentation. For example, in three cases with external
distractions to leadership from the pre-intervention period, the leader received a phone call lasting from 10 seconds to 2
minutes. While on the phone, the leaders did not interact with checklist, failing to record any information reported by
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the physician examiner. Similarly, in the sample of cases from the post-intervention time period, we observed external
distractions to leadership in one case, when the leader received a 15 second phone call and had to set the tablet with the
checklist aside. In the pre-intervention time period, the leader assisted with a task outside their given role in four
cases. In two of those cases, the leader put the checklist down to help the team remove the patient’s backboard. In
another case, the leader put the checklist down in the middle of the exam to assist the team in placing a cervical spine
collar around the patient’s neck. In the sample of cases from the post-intervention time period, we observed the leader
assisting with the physical exam in one case, also putting the checklist down. These results suggest that in cases with
external distractions to leadership, or when leaders are assisting in other tasks and not holding the checklist, visual
alerts may not be an effective method for getting the leader’s attention or mitigating delays in documentation. We also
observed delayed/missing documentation in all cases with the equipment issues factor in the pre-intervention period,
whereas in the post-intervention period, all cases with this factor had compliant documentation. This finding suggests
that alerts may have helped with timely documentation when teams had issues with equipment.
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Figure 6: Factors causing delays in cases before and after the introduction of alerts.

5.3Understanding Team Leaders’ Interactions with the Checklist at the
Time of the Alerts

To understand why alerts were more effective in some cases, we reviewed videos and checklist logs from 32 cases
where alerts were triggered on the checklist. We classified these cases into three categories based on the leader’s
engagement with the checklist at the time of the alerts: (1) actively engaged, (2) passively engaged, and (3) not engaged
(D). In the “actively engaged” cases (n=22), team leader was checking-off tasks or taking notes on the checklist
when the alerts appeared (IEBlB(2)). In the “passively engaged” cases (n=7), the leader was holding the checklist but

13



was not checking-off tasks, taking notes, or looking at the checklist around the time of the alerts. We observed that
leaders in this category were often talking to other team members or observing the exam when the alerts were
triggered (IBMBM(b)). In the “not engaged” cases (n=3), leaders were not holding the tablet when alerts were triggered.
Rather, leaders in these cases were assisting with the examination or walking around the room to get closer to the
treatment bed (JBMBM(c)). Users in the “passively engaged” and “not engaged” categories had lower documentation

rates and higher median times to documentation than users in the “actively engaged category,

different approaches to alerts design are needed for these contexts.

>

" suggesting that

Table 6: Team leader’s interactions with the checklist at the time of the alerts.

(a) Actively Engaged (n=22)

(b) Passively Engaged (n=7)

(c) Not Engaged (n=3)

Percentage of
missing vitals

documented 87.5% 59.1% 55.6%

after alert(s)

Median time

from first 56 seconds 1.8 minutes 10.5 minutes

phase alertto  (IQR: 27.9 seconds — 1.7 minutes) (IQR: 1.8 - 2.9 minutes) (IQR: 10.4 - 10.7 minutes)
documentation

Example 06:39:10 “The pelvis is stable” 23:46:23 Examiner finishes lower 19:47:24 Leader checks-off chest task

[Examiner]

06:39:11 Leader checks-off pelvis
task

06:39:16 “Does this hurt?”

[Examiner to Patient as she touches

patient’s leg]

06:39:18 “No” [Patient (while
crying)]

06:39:23 First Phase Alert Triggered
(Blood Pressure Missing from
Checklist)

06:39:23 “No deformities of the
bilateral extremities” [Examiner]
06:39:25 Leader checks-off lower
extremities task

06:39:28 Leader checks-off upper
extremities task

06:39:34 Leader documents blood
pressure on checklist with value
from vital signs monitor

06:39:35 Blood Pressure Task
Automatically Checks-off

extremities task

23:46:24 Leader checks-off lower
extremities task

23:46:53 Examiner stands by foot
of bed waiting for nurses to
finish establishing IV access
before performing log roll
23:47:21 Leader writes on the
nurse documenter’s flowsheet
20:47:29 First Phase Alert
Triggered (All Vitals Missing)
20:47:33 Examiner walks over to
leader to discuss primary survey
results

23:48:59 Second Phase Alert
Triggered (All Vitals Missing)
20:50:20 Nurses finish obtaining
IV access

23:50:23 Leader checks-off and
documents weight on checklist
23:50:25 Leader checks-off and
documents respiratory rate
23:50:29 Leader checks-off and
documents oxygen saturation
23:50:33 Leader documents blood
pressure

23:50:37 Leader checks-off and
documents heart rate

19:47:28 Leader places tablet on tray and
walks over to patient

19:47:41 Examiner reports the results of
the patient’s back exam

19:47:51 “Do you feel better sitting up or
down you want to put your back
down?” [Leader to Patient]

19:48:00 “We are going to take care of
you” [Leader to Patient]

19:48:18 Leader pulls out their phone to
use an app that will calculate total body
surface area (TBSA) burn score

19:48:54 Leader moves around patient,
examining their burns and inputting
data into the TBSA app

19:49:25 First Phase Alert Triggered on
Checklist (Blood Pressure Missing)
19:50:55 Second Phase Alert Triggered on
Checklist (Blood Pressure Missing)
19:52:07 Leader finishes using TBSA app
and starts discussing next steps with the
team

19:53:24 Leader picks tablet back up
from tray

19:53:34-19:53:39 Leader checks-off rest
of secondary survey tasks

19:53:54 Leader documents blood
pressure

In cases where the team had not yet obtained the vital sign value that was missing from the checklist, resolving the
alert became a two-step task. The leader first directed the team to complete the vital sign task and then documented
the corresponding value. In six of the 32 cases, at least one undocumented vital sign value had not been obtained by
the team at the time of the alert. In four of those six cases, the leader documented the delayed vital signs in the spaces
next to the checkboxes later in the case, once they had been obtained by the team.
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Resolving the alert was also a multi-step task in situations where more than one vital sign remained undocumented
at the time of the alert. To understand how leaders managed alerts when they were aimed at multiple vital signs, we
reviewed 22 (of 32) cases where alerts were triggered because more than one vital sign was missing. In 12 of these
cases, we observed leaders documenting all missing vital signs at the same time. We also observed two cases where
leaders were in the process of documenting multiple vital signs, but were then interrupted by the examiner’s report.
To record those reports on the checklist, the leaders paused documenting vital signs. For example, one leader had just
documented two vital sign values, and was in the process of documenting a third when the examiner reported a
finding. The leader clarified the finding with the examiner, checked-off the corresponding task, and wrote a note.
Shortly afterwards, the second-phase alert was triggered, informing the leader that heart rate was missing from the
checklist. The leader then documented the heart rate on the checklist. These examples illustrate the fast-paced nature
of trauma resuscitations and how this fast pace may interrupt leaders trying to complete the multiple steps needed for
satisfying an alert.

5.4Team Leaders’ Experience with Alerts

In the interviews with team leaders, all five participants recalled seeing the first phase of the alerts, i.e., the pulsing of
the vital sign fields, on the digital checklist. Two participants recalled the dropdown alert, which was the second phase
of the alerts. It is possible that not all participants received second phase alerts, as these alerts were only triggered if
vital signs were undocumented after five minutes. Three themes emerged from our analysis of the interview data: (1)
the effects of alerts on checklist use, (2) the effects on the leader’s recognition of vital sign values, and (3) suggested
changes to the design of the alerts.

5.4.1 Effect of Alerts on Checklist Use
All five participants stated that the alerts prompted them to enter the vitals on the checklist, explaining that the
pulsing alert reminded them to “go back in and fill in the information” [P#1] and “fill out or look at the vital signs” [P#2].
Some participants also noted that they began to document vital signs earlier in resuscitations as a result of the alerts,
with one participant saying that “.. as time has gone on, it’s definitely a priority for me that I get those in pretty early”
[P#5]. Another participant also reported documenting vitals earlier:
“After I got the alerts, I was more cognizant of putting in the values as soon as I could because
usually right when they’re getting the patient hooked up to the monitor, you start getting values
before a lot starts happening. So, I think definitely as I was getting the alerts, I was getting better
about putting the first set of vitals I saw so that it wasn’t alerting me anymore.” [P#3]

5.4.2 Effect of the Alerts on Recognition of Vital Sign Values
One participant explained how documentation refocused them on the vital sign values:
“The vital signs are obviously something I think, as the leader, you are quite cognizant of, but just
taking the extra time to document it is sort of refocusing you to something that you may have
missed initially, so it’s good to have as safety measure.” [P#5]
They also described how documenting the initial vital signs gave them a baseline that they could refer to when
trying to understand how the vital sign values were changing:
“It’s nice to have that first baseline and then you can see what your initial blood pressure was and
have an objective measure in your head as to if it’s dropping as you carry on with your
evaluation.” [P#5]

5.4.3 Suggested Changes to the Design of the Alerts

Feedback from participants reinforced that alerts in this setting should not be too distracting. Participants liked the
pulsing alert because it reminded them to document without being too disruptive, with one participant explaining ..
it sort of reminded me but wasn’t too intrusive to distract from things” [P#4]. Another participant explained that while
they liked the pulsing alert, the dropdown alert was “distracting and your care can kind of get taken away from the
patient” [P#2]. They suggested the vital signs could pulse in an alarming color, such as soft red, saying “it catches your
attention a little bit more but not so much as the dropdown” [P#2]. The participants proposed triggering a pop-up alert
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when they were switching between the primary and secondary surveys. The participants also highlighted that they
would prefer the vital sign data flow automatically from the monitor to the checklist, instead of having to manually
document the vital signs:
“If they [vital sign values] were pulled in automatically, that'd be great. But they [the alerts]
certainly reminded me what I needed to do. So even if I took a second after everything was
finished, you know, at least it reminded me that I had to go back and put some value in there, but
obviously if I'm doing it after the fact, that’s probably not the most accurate. So, I think that long
story short, it would be nice to have this done for you.” [P3]

6 DISCUSSION

The results from the interrupted time series analysis show that adding alerts to the digital checklist improved timely
documentation of vital sign values during resuscitations. We found that the percentage of vitals documented at
different time points increased significantly throughout the post-intervention time period. In interviews, the leaders
recalled seeing the alerts on the checklist and described how the alerts made them more aware of vital sign values.
These findings suggest that interactive visual alerts can be used on cognitive aids to speed up documentation and
increase awareness of critical events during medical emergencies. Our results also show the feasibility of coupling the
alerts with cognitive aids in dynamic, team-based activities to influence user behavior. We next discuss three different
approaches for designing cognitive-aid-based alerts for dynamic scenarios that emerged from our study. We also
discuss how alerts can be used for team-based processes.

6.1 Approaches for Designing Alerts in Dynamic Medical Scenarios

6.1.1 Approaches for Mitigating Alert Fatigue by Reducing Cognitive Overload and Desensitization
Although alert fatigue is a common issue in healthcare technology, our findings did not show evidence of fatigue
related to the missing vitals alerts as documentation increased throughout the post-intervention period. Future work
could use other measures of fatigue, such as changes in accuracy or perceived workload [11], to better understand the
presence and effects of alert fatigue. Ancker et al. [3] discussed two models for the factors contributing to alert fatigue.
In the cognitive overload model, uninformative alerts and false alarms contribute to alert fatigue by making it
challenging for users to identify relevant information. In the desensitization model, repeated exposure to the same
alert leads to decreased responsiveness. Our approach for designing the alerts in this study mitigated alert fatigue
related to both cognitive overload and desensitization. First, we observed few false alarms because the system
accurately identified if vital sign values were documented. The only false alarm occurred when the leader checked off a
primary survey task before the patient arrived, prematurely triggering the alerts for missing vital signs. Second, the
information conveyed in the alerts was simple. In the first phase, the sections for the undocumented vitals begin to
pulse, while the second-phase dropdown alert simply informs leaders of the vital sign values that are not documented
on the checklist. Finally, the alert design prevented desensitization because the leaders did not see alerts if they
documented vitals before the threshold times. As one participant explained in their interview, leaders started
documenting the vital sign values earlier, causing fewer alerts.

We also used several strategies for mitigating alert fatigue proposed in prior work. These strategies involved
clustering alerts to reduce their number [26], testing alerts in the background before releasing them to limit false
alarms [46], and using a non-interruptive design for less severe alerts [27]. Instead of triggering dropdown alerts for
each missing vital sign individually, we triggered one dropdown alert for all the missing vital signs. The alerts also did
not prevent the leader from using the digital checklist while the alerts remained unresolved. However, this design
decision may explain why we did not observe a significant increase in documentation rates immediately after
introducing the alerts (i.e., change in intercept). This finding has highlighted the tension between designing alerts that
users will immediately react to vs. designing alerts that will prevent alert fatigue. Forcing users to resolve alerts before
proceeding with the system can help ensure that users will react to the alerts, but it can also lead to users overriding
alerts so they can proceed with the system.
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6.1.2 Time-based vs. Process-based Approaches to Triggering Alerts
A major design choice when creating the alerts on the digital checklist was deciding when to trigger the alerts. We
wanted to strike a balance between triggering alerts too early (potentially causing alert fatigue) and triggering alerts
too late. Two different approaches emerged from our preliminary analysis of team performance and interviews with
clinicians: a time-based approach and a process-based approach. In the time-based approach, alerts are triggered if a task
is not completed after a certain amount of time. In the process-based approach, alerts are triggered if a task is not
completed by a certain point in the workflow. In this study, we used a time-based approach. Although this approach
was appropriate for our context, we observed several instances where alerts were triggered too late, i.e., after the
leader was already done using the checklist. This late triggering occurred because the resuscitation was either fast
moving (i.e., the entire primary and secondary survey were completed within 3.5 minutes) or the leader started using
the checklist late in the event. In the interviews, one team leader suggested a process-based approach to alert
triggering, i.e., sending the alerts in the time between the end of primary survey and start of the secondary survey.
The process-based approach could work in settings where the cognitive aid tracks a process that follows the same
order of tasks each time and users generally administer the cognitive aid in that order. However, this approach may
not be appropriate for scenarios where physicians sample different parts of checklists at different times [8]. Having the
algorithm trigger alerts when the leader reaches a certain point in the workflow could cause late alerts in cases where
the team gets delayed at a certain point in the process. A more robust algorithm for determining when to trigger alerts
about incomplete tasks would use both approaches, triggering an alert if the task is not completed after a certain
amount time or when the user reaches a certain part of the cognitive aid, whichever comes first. For the time-based
approach, we used the first check-off on the primary survey as the start of the timer, which was less accurate in cases
when the leader was late or started using the checklist after the patient arrived. More advanced solutions for starting
the timer may be needed, such as using sensors [41] or computer vision to determine when the patient was transferred
to the treatment bed.

6.1.3 Multi-phased Approach to Releasing Alerts

Our findings also suggest that effectiveness of alerts can be increased by having a multi-phased approach to releasing
alerts. We observed that leaders would get interrupted while documenting vitals on the checklist, either because other
tasks that needed immediate documenting were occurring concurrently or because other members in the room began
to talk to them. This observation indicates that multiple alert phases may better support the use of cognitive aids in
dynamic, team-based activities. Multiple phases can be especially useful for alerts that take more than one step to
resolve, as users may be interrupted when trying to resolve the alert and not complete the required steps. Another
advantage of a multi-phased approach is that different designs can be used for different phases, which also supports
varying user preferences for alert design. We found that more subtle alert, such as pulsing of the undocumented vitals
section, was noticed by all users, with some stating that they preferred it over the more intrusive dropdown alert. We
were initially concerned that the subtle alert would be missed by users in this dynamic setting with many distractions.
However, our findings show that more subtle alerts on cognitive aids can be effective, even in fast-paced, time-critical
situations.

6.2Designing Alerts for Cognitive Aid Systems in Dynamic, Team-Based
Processes

In team-based processes, one individual can serve as the leader, overseeing the team and ensuring the process runs
smoothly. The other individuals on the team may be hands on, involved with performing the necessary tasks. Our
findings suggest that visual alerts can be an effective method for getting the leader’s attention and changing their
behavior. However, we also observed situations where the leader was not actively engaged with the checklist at the
time when the alerts were triggered. In these cases, they were overseeing team activities, talking to other team
members, interacting with the patient, or assisting with patient examination. In some instances, the leaders were not
even holding the checklist tablet, leaving it on a tray in the room. Among the cases we reviewed from both the pre-
and post-intervention time periods, those with the external distractions to leadership or team leader assists with task
outside given role delay factors also had missing or delayed vital sign documentation. Grundgeiger et al. [22] discussed
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how team leaders involved in manual, hands-on tasks can fixate on one part of the situation, which can hinder their
situational awareness and lead to errors. Even though we only saw a few instances of leaders putting the checklist
down to perform examinations, it may be critical to design alerts that capture both the leader and team’s attention,
especially given the risk that the leader’s situational awareness may be compromised. Further work is needed to
understand the priority of different alerts and if situations can arise where alerts should interrupt members of the
trauma resuscitation team. In our interviews, team leaders highlighted the importance of having non-intrusive alerts
that did not distract from patient care. Not every alert should be designed to immediately capture attention, but there
could be some instances when alerts should interrupt the leader or team if the system detects that situational
awareness is compromised or the team is fixating on a task that is not critical to the situation.

Results from our study suggest that future alerts may need to also rely on non-visual modalities, if the goal is to
attract immediate attention. For example, in the “passively engaged” cases, when the leader is holding the device with
the cognitive aid but not actively engaging with it, vibrations could be used in addition to the visual alerts. To
determine if the user is actively engaged with the cognitive aid, simple solutions like the time since the last interaction
with the system, or more advanced solutions, like eye tracking [31] could also be used. For cases in the “not engaged”
category, alerts could use sound to attract attention or could be sent through other systems in the environment. Visual
alerts on cognitive aids in dynamic, team-based processes are one way to notify the team of information, but they are
not always sufficient and should be used as part of an ecosystem of multi-modal tools that deliver alerts to different
people based on the context of the situation.

7 CONCLUSION AND STUDY LIMITATIONS

This study builds on past work by exploring the effectiveness of alerts at improving documentation on cognitive aids.
Our results showed that alerts led to a significant increase in documentation of vital signs over the course of the post-
intervention time period. To better understand when alerts had an impact, we (1) studied the association between
factors causing process delays and missing or delayed vital sign documentation, (2) explored team leaders’ interactions
with the cognitive aid at the time of the alerts, and (3) interviewed team leaders. From our findings, we discussed three
approaches for designing alerts on dynamic cognitive aid that help mitigate alert fatigue, trigger the alerts at
appropriate times, and increase the effectiveness of alerts. Our findings also suggested that alerts for improving
recognition of critical events during team-based scenarios should rely on different modalities and capture both the
leader and team’s attention because the leader’s situational awareness can be compromised.

This study has several limitations. First, we used data from a single research site. Team leaders at other institutions
may have different patterns of vital sign documentation and checklist use because of training, workplace culture, or
institutional policies. Validation of our findings will require deployment at other institutions. Second, we could not use
a randomized control trial study design because we could not control which leaders received alerts. Even so,
interrupted time series analysis is a strong quasi-experimental study design which we further strengthened by
including a nondependent outcome variable. Third, the framework of factors causing process delays that we used in
our qualitative analysis was derived from a limited set of medical contexts. Although comprehensive enough for our
domain, other potential factors may also cause process delays.

This work was the initial step in building a clinical decision support system for pediatric trauma resuscitation. Our
future work will expand on this study by creating decision support alerts based on the vital sign values and other
information entered on the checklist. As part of this future work, we will also evaluate some of our proposed design
approaches for alerts used in fast-paced, team-based processes.
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