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Abstract

Introduction: Since the onset of COVID-19, intubations have become very high risk for clinical teams. Barrier devices during endo-

tracheal intubation protect clinicians from the aerosols generated. Simulation-based user-centered design (UCD) was an iterative
design process used to develop a pediatric intubation aerosol containment system (IACS). Simulation was anchored in human factor
engineering and UCD to better understand clinicians’ complex interaction with the IACS device, elicit user wants and needs, identify
design inefficiencies, and unveil safety concerns. Methods: This study was a prospective observational study of a simulation-based
investigation used to design a pediatric IACS rapidly. Debriefing and Failure Mode and Effect Analysis identified latent conditions
related to 5 device prototypes. Design iterations made were based on feedback provided to the engineering team after each sim-
ulation. Results: Simulation identified 32 latent conditions, resulting in 5 iterations of the IACS prototype. The prototypes included
an (1) intubation box; (2) IACS shield; (3) IACS frame with PVC pipes; (4) IACS plexiglass frame, and finally, (5) IACS frame without a
plexiglass top. Conclusions: Integration of simulation with human factor ergonomics and UCD, in partnership with mechanical engi-
neers, facilitated a novel context to design and redesign a pediatric IACS to meet user needs and address safety concerns. (Pediatr
Qual Saf 2021;6:e427; doi: 10.1097/pg9.0000000000000427; Published online July 28, 2021.)

INTRODUCTION

Since the onset of COVID-19, intubations ,“\\
have become very high risk for clinicians.
Front-line teams face daily challenges as
information evolves and clinical work-
flows and processes shift to address
novel problems and changing needs. To
achieve success under unexpected condi-
tions, healthcare teams require a high level
of adaptive capacity to adjust rapidly and %
respond to new information and challenges.'?

To protect clinicians from COVID-19 aerosols,
clinical teams must utilize aerosol containment devices
during endotracheal intubation.> Use of an enclosure
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device as an adjunct to PPE is supported by sim-
"’64( ulated studies that demonstrated reduced con-
% tamination of the intubator by containing
aerosols inside of the box.>” The pediatric
population varies in patient anatomy, bed
sizes, and endotracheal tube (ETT) sizes,
and poses unique challenges to a universal
solution.
Human factor ergonomics (HFE), the
"y study of how humans interact with machines,
promotes the design of user-friendly devices to
improve user performance, and reduce human
errors.’ User-centered design (UCD) is a human factor
technique that evaluates users and their interaction with
the design through prototype testing and function analysis.
Although widely accepted in consumer product develop-
ment, observing a working prototype in a clinical con-
text is problematic, given the difficulty in engaging busy
clinicians and the inability to test the prototype on real
patients.”!'? Inability to interface with the device in a clin-
ical context and lack of attention to HFE leads to unsafe
design flaws and obstacles that hinder the clinician’s ability
to perform efficient work and deliver safe care.!!?
Simulation-based UCD is a patient safety improvement
tool'® uniquely poised at the interface of HFE and UCD.
Inefficiencies in the design are identified, and solutions
are made to meet end-user needs and minimize risk to
patients related to design flaws.'*!> This approach, which
includes simulation, SAFEE debriefing, and Failure Mode
and Effect Analysis (FMEA), is applied in systems, pro-
cess testing, and architectural design development to
identify and remediate latent conditions.'®!%!”
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Simulation-based User-centered Design

Although adult intubation aerosol containment sys-
tems (IACSs) were being developed, there was a concern
that it would not safely accommodate pediatric patients’
needs. Due to the time-sensitive nature of the pandemic,
this process facilitated a user-centered, iterative approach
for rapid development, testing, and evaluation of IACS
prototypes.*

We describe how simulation anchored in HFE and
UCD was applied to understand clinicians’ complex
interactions with the IACS device, elicit user needs, iden-
tify design inefficiencies, and unveil safety concerns.

METHODS

This study was a prospective observational study of a
simulation-based investigation used to design a pediat-
ric IACS rapidly. Simulation-based UCD occurred over 2
weeks, from March 16 to 27,2020. Five-device prototype
iterations were made, each evaluated with a single simu-
lation, debriefing, and FMEA. The intubation process was
repeated so that each clinician interacted with the device
as the intubating physician, primary RT, and nurse. After
each simulation, feedback was provided to the mechan-
ical engineering team, a design iteration was made, and
the modified prototype was re-tested using the same
simulated scenario with the same degree of fidelity until
thematic saturation was achieved and the final prototype
was developed. This study was determined to be nonhu-
man subjects research by our institution’s Institutional
Review Board.

Conceptual Framework

Human Factor Ergonomics

HFE and UCD apply theories and methods to design user-
friendly interfaces (tools/technology) to improve perfor-
mance and understand factors that contribute to human
error and unsafe care.>>'" UCD consists of 4 phases:
understanding the context of use, specifying user require-
ments, evaluating the product, and designing solutions. In
iterative design cycles, device evaluation informs goals for
the next iteration.®'® In the redesign, solutions are made
to address unmet needs and remedy performance prob-
lems to eliminate hazards.'®'*?° The Systems Engineering
Initiative for Patient Safety (SEIPS 2.0) model is anchored
in HFE approaches and characterizes 5 work system
elements: person, organization, technologies and tools,
tasks, and environment.'>'7?! This framework illustrates
the impact of system interactions and how the work sys-
tem affects care processes and outcomes.'!'2!

Device Development

Before the simulation, we developed and implemented a
COVID-19 intubation guideline that deviated significantly
from our “usual” practice (Appendix A, Supplemental
Digital Content 1, which displays special considerations
for intubating covid-19 patients, bi#tp://links.lww.com/
PQY9/A272). Our team learned and practiced the new
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process through simulation-based education, and the pro-
cess was refined based on lessons learned from actual care
delivery. Refresher trainings were required to maintain
competency and prevent drift from newly implemented
practices.?? During this time, ICU physicians informally
collaborated with engineers to describe the context of
device use. The device would be used for suspected and
confirmed, non-emergent intubations of COVID-19
patients. Patients would be intubated by video laryngos-
copy and the TACS had to accommodate varying patient
sizes from infancy to adulthood. The first prototype tested
was an [ACS similar to that used for adults.
Identification of Testing Objectives and Scenario
Development

Simulation-based UCD focused on prototype evaluation
and devising solutions. Testing objectives were based on
HFE principles that aimed to reduce environmental haz-
ards, reduce risk of injury, provide safe delivery of care,
optimize visibility, eliminate infection sources, and opti-
mize physical and cognitive ergonomics (Table 1).1%'" A
facilitator-guide anchored each step in the clinical scenario
to human factor principles. Multiple design elements were
evaluated as the facilitator prompted clinicians to interact
with design elements under evaluation.?** This ensured
that a wide range of latent conditions were identified.
For example, clinicians were instructed to exchange the
ETT for a smaller size after the first intubation attempt.
This change required passage of supplies within the IACS,
prompting the team to evaluate if the design minimized
obstruction in the path of movement of supplies.

Debriefing

Facilitated focused-debriefing identified latent conditions
and potential active failures related to the design. Latent
conditions were any weakness or deficiency in the design,
such as limitations in accessibility, usability, and device
safety. An active failure was defined as a potential error
related to the latent condition, such as an unsafe prac-
tice, delay in care, or a procedural violation.?* The SAFEE
(Summarize, Anchor, Facilitate, Explore, Elicit) debrief-
ing approach identified error-provoking design elements
defined by HFE principles.?* For example, the facilitator
directed question: “how did visibility during direct laryn-
goscopy impact decision making?” explored the impact of
design on cognitive ergonomics.

Failure Mode and Effect Analysis

FMEA is a proactive risk assessment tool used to seek
out active and latent weaknesses in systems or processes
and devise resolutions to remediate flaws.?2® The FMEA
scoring tool used at our institution to evaluate healthcare
design and clinical systems,?®* applied a 5-point Likert
scale with seven categories. Each category was anchored
to a specific description based on our institution’s safety
event definitions, design FMEA, employee leave policy,
and patient/family grievance policy (Table 2).
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Table 1. Simulation Scenario Summary
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Testing Objectives

Reduce environmental hazards: The devise should minimize any hazards to staff or the patient during set up, use, and breakdown
Reduce risk of injury: The design should minimize any obstruction in the path of movement, or any risk associated with any movement or reposi-
tioning of equipment, supplies, personnel, or the patient
Provide safe delivery of care: The design should minimize environmental obstacles that may interfere with care delivery
Optimize visibility: Design should facilitate optimal visualization to the patient
Control or eliminate sources of infection: The design should minimize healthcare-associated infections or disease transmission
Optimize cognitive ergonomics: The design should reduce decision making, minimize cognitive load, and enhance decision support
Optimize physical ergonomics: The design should limit heavy lifting, repetitive movements, and physical exertion

Scenario Progression

Intubation-related Tasks

Testing Objective

Phase 1: Team huddles before
intubation

Patient is on enhanced pre-
cautions receiving high flow
nasal cannula at 10L 100%

Phase 2: Team prepares
pediatric IACS

Phase 3: Team prepares for
intubation

Patient is hypoxic and requires
bag/mask ventilation

Phase 4: Intubation
ETT is too large, and team
must downsize ETT

Team huddles outside of the room and assigns roles:

Reviews airway plan

Reviews medication plan: Atropine, Rocuronium,
Ketamine

Team dons PPE before entering room

RT lays all equipment, including airway adjuncts, on
bed

RT ensures that the Ballard is in-line with ventilator
tubing

Nurse attaches extension tubing for medication
administration

Physician positions patient appropriately

Patient is premedicated with Atropine

RT turns off nasal cannula flow and removes nonin-
vasive device (no apneic oxygenation)

Physician and RT provide 2-person mask with V-E
technique

Nurse sedates patient with Ketamine and Rocuro-
nium

RT and physician provide bag/mask ventilation

Physician attempts to intubate with video laryngo-
scope and is cued that ETT does not fit

RT and Physician exchange ETT for smaller size

Physician intubates successfully

RT removes stylet and inflates the cuff on the ETT

RT checks for color change before auscultation

RT and physician provide bag/mask ventilation

RT attaches ETT to Ballard/vent circuit

RT turns on ventilator and then tapes ETT

Reduce environmental hazards minimizing any risk of injury
to staff or patient during set up

Reduce risk of injury to minimize any obstruction during
maneuvering of supplies

Optimize visibility to the patient

Optimize physical ergonomics by limiting heavy lifting or
physical exertion during set up

Control and eliminate sources of infection to minimize expo-
sure to aerosol generation

Reduce risk of injury by minimizing obstruction of supplies
and equipment while providing bag/mask ventilation

Optimize visibility to the patient

Provide safe delivery of care by minimizing any obstacles
that would impact delivery of ventilatory support or medi-
cation administration

Optimize physical ergonomics to limit repetitive movements

Optimize cognitive ergonomics to minimize cognitive load

Reduce risk of injury by minimizing obstruction of supplies
and equipment while providing bag/mask ventilation.
Minimize any risk related to maneuvering of equipment,
supplies, personnel, or patient

Optimize visibility to the patient and video laryngoscope

Provide safe delivery of care by minimizing obstacles that
would impact intubation technique

Optimize cognitive ergonomics to minimize cognitive load

Control and eliminate sources of infection to minimize expo-

sure to aerosol generation
Reduce environmental hazards minimizing any risk of injury
to staff during break down

RT, respiratory therapist.

Setting

The Pediatric Intensive Care Unit at Children’s Healthcare
of Atlanta is a 36-bed, high acuity, tertiary referral center
that averages 200 intubations per year. Simulations took
place in an in situ PICU patient room using a high-fidelity
human toddler mannequin with intubation capabilities
Gaumard PediHal S3004 (1 year old) (Guamard, Miami,
Fla.). Two ICU physicians with extensive experience in
the simulation-based process and architectural design
testing delivered all simulations and facilitated debrief-
ing and FMEA scoring. End users who participated in
the simulation included attendings, fellows, nurses, and
respiratory therapists; they used the TACS during actual
patient care. Due to social distancing restrictions, simu-
lations only involved staff at the hospital for patient care.

Simulation-based UCD
Each simulation began with a prebriefing to review test-
ing objectives, orient end users to the mannequin and

equipment, and review the COVID-19 intubation pro-
cess. The simulation included a single scenario lasting
20-35 minutes. We used a detailed script with triggers
during each simulation session to standardize the test-
ing environment. Focused facilitation of the scenario
prompted clinicians to interact with the TACS to eluci-
date the designs’ ergonomic impact (Table 1). A 25-min-
ute debriefing immediately followed the completion of
the scenario. Facilitators probed users to explore how
the device impacted performance and safety, eliciting the
impact of each latent condition identified.??

FMEA prioritized and categorized each latent condi-
tion identified.'® One of the facilitators scribed each latent
condition and active failure identified during the debrief-
ings into a preformatted FMEA template. An FMEA scor-
ing session immediately followed each debriefing.

The facilitator summarized each latent condition dis-
cussed during the debriefing. End users assigned the
latent condition to a severity category and determined the
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severity and occurrence score based on group consensus
using the scoring rubric. This process was repeated for
each latent condition identified. The facilitator remained
impartial and did not influence scores. We calculated
the criticality scores by multiplying severity and occur-
rence for each latent condition with equal weight given
to each component. Of note, the occurrence score was
defined as the projected frequency of COVID-19 intuba-
tions. It did not reflect the occurrence of staff exposure
or transmission of disease. As the scoring team was not
formally trained in FMEA and there was variation in the
scoring team’s composition, the same simulationist facili-
tated all of the scoring sessions to maintain consistency.'*
An FMEA report categorizing each threat was used by
mechanical engineers to modify the design. Due to visitor
restrictions, the engineers were not present at simulations.

RESULTS

Overall, 15 clinicians (nurses, physicians, and respiratory
therapists) participated in the simulation, and 32 latent
conditions were identified (Table 3). Based on simulation
feedback, there were 5 iterations of the IACS prototype.
The prototypes included an (1) intubation box; (2) IACS
shield; (3) TACS frame with PVC pipes; (4) IACS plexi-
glass frame; and finally, (5) IACS frame without a plexi-
glass top (Fig. 1).

Latent conditions were categorized by performance
impact, patient safety, staff safety, and patient experience.
The design of the intubation box and IACS shield limited
the ability to accommodate variation in provider phys-
ical characteristics (height, arm length, and hand size),
resulting in poor positioning and suboptimal intubation
technique. The fixed plexiglass box created obstacles
that interfered with care delivery. Oxygen/suction tubing
and ventilator circuit were unable to reach around sharp
corners to the patient resulting in kinked tubing that
impeded the delivery of oxygen/ventilatory support. The
inability to create a negative pressure space increased the
risk of user contamination during aerosol generation. The
size and weight of the IACS increased the physical work-
load on users and made it difficult to store and maneuver
the device. Visibility through the material and sightlines
to the patient and video laryngoscope screen contrib-
uted to human error resulting in unsuccessful intubation
attempts. The inability to see chest rise or the ETT posi-
tion impacted awareness and decision-making, delaying
the recognition of changes in patient clinical status.

The final TACS frame with plastic drape provided a
degree of flexibility that the initial IACS box did not. In
the final TACS prototype, the frame’s height and angle
were adjusted to improve visibility to the patient and
laryngoscope screen. The armholes were removed to pro-
vide flexibility and accommodate variation in provider
characteristics. Reduced sharp right angles minimized
kinking of tubing. Increased width minimized obstruc-
tions to the movement of supplies within the TACS.

WWW.pQS.Com

Replacement of the base with lighter material improved
physical ergonomics related to its weight. The combina-
tion of plexiglass, plastic drape, provider goggles, and
face shield generated significant glare. Removal of the
top glass improved visibility by reducing the glare. The
teams felt that the plastic drape provided enough protec-
tion against generated aerosols. The risk of unrecognized
patient decompensation due to inadequate visibility out-
weighed the additional protection of the plexiglass top.

DISCUSSION

During the COVID-19 pandemic, clinical care has become
increasingly complex due to the constant evolution of
information and changing protocols. There has been
pressure to rapidly adapt new devices for intubation that
potentially offer a higher protection level for healthcare
workers.Integration of simulation with HFE, in partnership
with mechanical engineers, facilitated a novel context to
design and redesign a pediatric IACS prototype. Although
centers have published the application of simulation in
preparation and training in response to COVID-19,!:30:31
this is the first study to describe the integration of simula-
tion with HFE in device development.

Inventing new solutions to novel problems in unprece-
dented conditions requires tremendous adaptive capacity,
defined as the system’s ability to acclimate to complex,
changing, and challenging conditions."? Under high-stress
conditions, clinical teams have a difficult time employing
adaptative expertise.> Upon introduction of a new intu-
bation process, a practice which once felt routine and
second nature, now felt complicated and foreign, adding
cognitive load and intensifying stress. In the weeks fol-
lowing initial intubation training, skill retention proved
to be challenging.?> Without a dissolution of COVID-19
in sight, development of the IACS created a long-term
solution to reduce risk without dependence on human
behavioral modification.>

Although studies have suggested that exposure to aero-
sols increase with the use of an intubation box,**** these
reports focus on simulating particle generation or evalu-
ating intubation technique in a silo, failing to completely
represent the complexity of care delivery and the dynamic
interactions of team members with each other and their
work system during the task of intubation.’*** We argue
that hard wiring a new process in a high-stress and high
stakes environment without the ability to prevent skill
decay is prone to failure.

Simple adoption of an adult intubation box would have
fast-tracked implementation. Yet, imagining integration
in care and assuming “face validity” would have failed
to identify prototype limitations and resulted in device
failure or catastrophic outcomes. Demonstration of work
as done revealed unintended consequences that the teams
could not have imagined. Passing equipment such as suc-
tion tubing, removing the stylet from the ETT, reposition-
ing the anesthesia bag so that the intubator could hold the
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Table 3. Latent Conditions Identified during Simulation-based UCD

Pediatric Quality and Safety

Latent Condition

Severity
Category

Potential Active Failure

Criticality

Severity Occurrence Score*

Intubation box

- Concern that because the box was only opened on Patient safety Lack of accessibility to the patient 5 3 15
one side, the RTs had to reach around the front of the may result in loss of the airway,
box to access the patient. It was difficult for the RT inability to oxygen/ventilate the
to reach around the box, thus requiring the intubator patient. Ineffective bagging may
to hold the ETT in position while providing bag/mask lead to hypoventilation or hypoxia
ventilation
- Concern that due to lack of flexibility of the plexiglass,  Patient safety Kinking of tubing may cutoff suction 5 3 15
tubing was getting trapped around the sharp corners or flow of oxygen to the bag/mask
and was kinking or ventilator circuit resulting in
- Concern that suction, oxygen, or ventilator tubing may patient decompensation or even
be too short to wrap around the box especially when ETT dislodgement
using small ventilator circuits for infants
- Concern that the width of the box was too wide and Performance  Lack of flexibility to accommodate for 5 3 15
would be too big to fit on small cribs impact varying pediatric bed sizes limits
functionality of the device
- Concern that it was difficult for the intubator to get Patient safety  Poor positioning for the intubator may 4 3 12
arms into the box in the correct position to intubate result in failed intubation attempts
with good technique due to immobility and poor tech-
- Concern that the hand cut outs were not flexible nique
enough to accommodate for variation in physical char-
acteristics of the intubator
- Concern that height of the box was not flexible and Performance  Poor positioning for the intubator may 4 3 12
could therefore not accommodate for variation in impact result in failed intubation attempts
height of the intubator or RT due to immobility and poor tech-
nique
- Concern that it was difficult to anchor the box to the Performance  This posed a risk to staff or the 4 3 12
bed, especially if the head of the bed was elevated 30 impact patient if the box was not ade-
degrees quately secured to the bed
- Due to the fixed height of the box, it was difficult to pull Patient safety Limited mobility inside the box may 4 3 12
the stylet from the ETT tube because the provider’s lead to accidental extubation or
hand hit the top of the box kinking of tubing
- Concern that because one side of the box was opened Staff safety Lack of a closed system may expose 3 3 9
it was not possible to create a negative pressure staff to aerosols increasing the risk
of pathogen exposure
- Concern that due to the large size of the box, it would  Performance  This may delay care if the device is 3 3 9
be difficult to store impact not stored in an easily accessible
location
- Concern that placing the box over the patient’s head Patient expe-  This may result in a poor patient 3 3 9
may cause anxiety for the patient rience experience or increased anxiety
requiring additional sedation
- Concern that because the box takes set up time, a Staff safety Inability to set up the box in a timely 3 3 9
patient may require initiation of respiratory support manner may mean that staff is
before putting the box in place exposed to aerosols if the patient
requires bag/mask ventilation or
emergent intubation
- Concern that the box was physically heavy and diffi- Performance  This may lead to staff or patient injury 2 3 6
cult to carry, maneuver, or position over the patient Impact
- Concern that the box takes up a significant amount Performance  Limited space around the box neces- 2 3 6
of space on the bed, minimizing the space avail- Impact sitates an additional work surface
able for nurses and respiratory therapists to set up space to be brought into the
equipment room so that equipment is easily
accessed during intubation
- Concern that it was difficult to see the markings on Patient safety  This may result in the incorrect 2 3 6
the ETT through the plexiglass placement of the ETT which could
impact ability to adequate ventilate/
oxygenate the patient
IACS frame
- Concern that it was difficult for the intubator to get Performance  Poor positioning for the intubator may 4 3 12
arms into the box in the correct position to intubate impact result in failed intubation attempts
with good technique due to immobility and poor tech-
nique
- Concern that the height of the shield was too high for ~ Performance  Poor visualization to the video laryn- 4 3 12
intubator to see the video laryngoscopy screen impact goscopy screen may result in poor
intubation technique and unsuc-
cessful intubation attempts
- Concern that the shield height was too high for the Patient safety Inability to adequately visualize the 4 3 12
RT to see the patient limiting the ability to see patient patient may result in delay in care
chest rise or verify positioning of the ETT if changes in clinical status go
unnoticed
(Continued)
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Table 3. (Continued).

WWW.pQS.Com

Severity Criticality
Latent Condition Category Potential Active Failure Severity Occurrence Score*
- Concern that because one side of the box was Staff safety Lack of a closed system may expose 3 3 9

opened it was not possible to create a negative
pressure

IACS PVC frame

- Concern that there was limited visibility through the
poncho due to rippling of the plastic making it difficult
to see patient chest rise or position of the ETT

Patient safety

- Concern that it was difficult to drape plastic around the  Performance
frame and that set up was therefore time consuming impact

- Concern that there was potential to rip the plastic Staff safety
during set up

- Concern that because providers had to cut their own  Staff safety
holes in the plastics to place their hands, that the
holes may be cut in the wrong position increasing the
change that the plastic would rip

- Concern that because one side of the box was Staff safety

opened it was not possible to create a negative
pressure

IACS frame with plexiglass top

- Concern that there was limited visibility through the
plastic drape due to rippling of the plastic making it
difficult to see patient chest rise

Patient safety

- Concern that because providers had to cut their own  Staff safety
holes in the plastics to place their hands, that the
holes may be cut in the wrong position increasing the
change that the plastic would rip

- Concern that because the shield was an open sys- Staff safety
tem that there was not an ability to create a negative
pressure space around the patient

- Concern that the devise was not wide or tall enough Performance
to easily maneuver equipment inside the frame impact

- Concern that it was difficult to drape plastic around Performance
the frame and that the setup was therefore time impact
consuming

- Concern that the device was physically heavy and Performance
difficult to carry, maneuver, or position over the patient impact

IACS frame without plexiglass top

- Concern that because providers had to cut their own  Staff safety
holes in the plastics to place their hands, that the
holes may be cut in the wrong position increasing the
change that the plastic would rip

- Concern that because the shield was an open sys- Staff safety
tem that there was not an ability to create a negative
pressure space around the patient

- Concern that the box was difficult to store due to Performance
large size impact

staff to aerosols increasing the risk
of pathogen exposure

Inability to adequately visualize the 4 3 12
patient may result in delay in care
if changes in clinical status go

unnoticed

Concern that this may lead to a delay 3 3 9
in patient care

Concern that ripped plastic may 3 3 9
inadvertently result in contamina-
tion of staff

Concern that ripped plastic may 3 3 9
inadvertently result in contamina-
tion of staff

Lack of a closed system may expose 3 3 9

staff to aerosols increasing the risk
of pathogen exposure

Inability to adequately visualize the 4 3 12
patient may result in delay in care
if changes in clinical status go

unnoticed

Concern that ripped plastic may 3 3 9
inadvertently result in contamina-
tion of staff

Lack of a closed system may expose 3 3 9

staff to aerosols increasing the risk
of pathogen exposure

Limited space may impact ability to 3 3 9
provide necessary support

Concern that time spent setting up 3 3 9
the device may delay patient care

This may lead to staff or patient injury 2 3 6

Concern that ripped plastic may 3 3 9
inadvertently result in contamina-
tion of staff

Lack of a closed system may expose 3 3 9

staff to aerosols increasing the risk
of pathogen exposure
This may delay care if the device is 2 3 6
not stored in an easily accessible
location

RT, respiratory therapist.” Low priority (1-6), medium priority (7—14), high priority (15-19), and very high priority (20-25).

ETT in place and bag simultaneously were complex tasks
limited by design.

Simulation established a common ground that lev-
eled perceptions regarding user needs across disciplines.
Respiratory therapists assumed that physicians were
ambidextrous when performing bag/mask ventilation.
However, during simulations, each physician preferentially
rotated the bag to ventilate with their right hand, high-
lighting an unrecognized provider preference. A shared
understanding allowed for more effective positioning of
equipment to support optimal technique. The resultant
design of a frame instead of a box improved mobility of
equipment and supplies within the TACS, optimizing the
conditions under which clinicians coordinated tasks.

Although the number of suspected and confirmed
COVID-19 patients requiring intubation has remained
low in our PICU, the final prototype was integrated into
practice. Before use, we ensured that the device fit on all
crib and bed sizes. Initially, teams struggled to set up for
intubation efficiently. As the TACS occupied significant
space on the bed, inefficient setup resulted in inaccessible
supplies. If teams did not have all supplies strategically
laid out within the enclosure, they had difficulty maneu-
vering items in and out of the TACS. They noted that tape,
ETTs, and airway adjuncts were catching on the plastic
drape. In response, we developed a standardized supply
checklist, training videos, and visual aids to guide the
TACS setup. Latent conditions identified in the simulation
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A

Design Intubation Box (FMEA Score) IACS Shield (FMEA Score)
Iteration

Selected key  |Usability
Design Issues  [© Difficult to reach around the front of the

Visibility
o The height of the shield was too

box to access the patient (15) high for intubator to see video
o Difficult to maneuver equipment such as laryngoscopy screen (12)
tubing, suction, bag/mask, ETT, o The shield height was too high for
laryngoscope around the box. Tubing respiratory therapist to see the
was getting trapped around the sharp patient (12)
corners (15) Accessibility
Flexibility o Difficult for the intubator to get
o Difficult for the intubator to get arms arms into the box in the correct
into the box in the correct position position to intubate with good
Height of box was not flexible and could technique (12)

therefore not accommodate variation in
height of the intubator or RT (12)
Difficult to pull the stylet from the ETT
tube because the providers hand hit the
top of the box (12)

5]
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IACS Frame with PVC pipes IACS Plexiglass Frame (FMEA IACS Frame without plexiglass
(FMEA Score) Score) (FMEA Score)

Visibility Visibility Functionality

This frame required draping of | o Limited visibility through © Concern that because
plastic to create an enclosed the poncho due to rippling providers had to cut their
devise of the plastic making it own holes in the plastics to
o Limited visibility through difficult to see patient chest place their hands, that the
the poncho due to rippling rise or position of the ETT holes may be cut in the
of the plastic making it (12) wrong position increasing
difficult to see the patient Functionality the chance that the plastic
(12) o Limited width and height could rip (9)
impeded maneuvering of

equipment (9)

Visibility
o Difficult to see the markings on the ETT
through the plexiglass (6)

B Design Iteration Intubation Box IACS Shield IACS Frame with PVC pipes IACS Plexiglass Frame IACS Frame without plexiglass
Key Design 1) Removal of sides of 1) Reduced angle 1) Reduced height 1) Removal of plexiglass
Modifications box to reduce sharp right | o Reducing angle to 50 o Reduced height improved

angles and corners degrees improved sightlines sightlines to the video o Removal of plexiglass top
o Improved ability to reach to the video laryngoscopy laryngoscopy screen and to improved visibility through
around the front of the screen the patient so that the plastic drape
device to access the patient | 2) Removal of arm holes respiratory therapists could 2) Replacement of
o Improved ability to o Remaoval of arm holes see patient chest rise or plexiglass base
maneuver equipment such allowed for improved wverify positioning of the ETT [ o Plexiglass base replaced
as tubing, suction, flexibility for the intubating | 2) Minimized sharp right with lighter material
bag/mask, ETT, physician and increased angles and corners 3) Increased width
laryngoscope around the ability to accommodate o Improved ability to reach o Increased width eased
device variation in physical around the front of the maneuvering of equipment
characteristics of the device to access the patient
intubator o Improved ability to
maneuver equipment such
Reduced as tubing, suction,
/‘ = o angle bag/mask, ETT,
= laryngoscope around the Removal of
v device ol plexiglass top
Removal P -
of sides of -~ -
box ¢ ™

0V

< L) 2 g
S T
~__—te
o prwereriiad
Removal base material
otarm ]
holes

Fig. 1. Pediatric IACS design iterations. A, Selected key design issues. B, Key design modifications.

were also noted in practice. IACS storage remained an
issue due to its large size. Inability to secure the IACS to
the bed precluded its use in patients who required ramp-
ing the bed for intubation. The time needed for set up
precluded use in emergent intubations, and continued
challenges with visibility to the patient precluded its use
in known or presumed difficult airways. Use in practice
highlighted the need for a mitigation plan for rapid device
breakdown in the event of patient decompensation or car-
diac arrest. This observation required additional process

work and training. Contrary to concerns raised in simula-
tion, patients tolerated positioning under the device with-
out the need for additional anxiolysis. The simulation’s
unintended benefit was that those who participated in
device evaluation served as content experts and assisted
clinical teams in identifying appropriate candidates and
circumstances for IACS use, coached teams through set
up, troubleshooting, and break down.

Work systems at individual institutions will differ
in important ways in terms of user and environmental
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characteristics.® The benefit of simulation is modifying
the approach described here to accommodate variation
in the clinical context, user groups, and institutional cul-
ture. Although the specific scenario described in this study
and the findings identified may not be generalizable, the
approach described can be adapted to evaluate other
work system elements (new tool, technology, and task)
across various clinical areas.

During the debriefing, anchoring HFE principles facili-
tated a discussion where users shifted away from thinking
about systems of care and assessing the device through a
lens that focused on the relationship between design and
safety. Prioritized feedback in the form of FMEA provided
the engineers with comprehensive feedback used to devise
design solutions to address safety concerns with the high-
est risk as opposed to the tendency to make design modi-
fications based on intuition.’

Simulation provides a platform to apply common
usability testing principles to the healthcare system.
This approach can enhance the safety evaluation of any
new work system element before integration into care.
Future research is necessary to validate this process for
other devices over various clinical settings and contexts,
explore its impact on safety, evaluate savings related to
risk mitigation and cost avoidance associated with design
retrofitting.

Challenges and Limitations

This study has many limitations and challenges. The
integration of simulation and iterative design has only
been implemented at our center and is not a validated
approach. The mechanical engineers who designed the
IACS prototypes were not present at simulations due to
social distancing restrictions. For the same reasons, the
number of users who participated in simulation testing
was also limited. We were unable to ensure that the same
users were available to test all design iterations. Future
considerations include video conferencing to integrate
the engineers into the simulation. Simulations should
also be conducted during scheduled blocked times to
allow for undistracted participation and longer debrief-
ing. Additionally, varying mannequin, bed, and crib sizes
should be used to assess the device design fully.

CONCLUDING SUMMARY

Simulation-based UCD  highlights an unharnessed
opportunity to increase the safety evaluation process
during innovation adaptation and device development.
Integrating simulation with HFE approaches facilitated
the rapid development of an IACS to meet user needs and
address safety concerns.

DISCLOSURE

The authors have no financial interest to declare in relation
to the content of this article.

WWW.pQS.Com

ACKNOWLEDGMENTS

We would like to acknowledge the Children’s Healthcare
of Atlanta Simulation Center and the mechanical engi-
neers at the Georgia Institute of Technology School of
Mechanical Engineering for their assistance with this

project.

REFERENCES

1. Lakissian Z, Sabouneh R, Zeineddine R, et al. In-situ simulations
for COVID-19: a safety II approach towards resilient performance.
Adv Simul (Lond). 2020;5:15.

2. Cutrer WB, Miller B, Pusic MV, et al. Fostering the development of
master adaptive learners: a conceptual model to guide skill acquisi-
tion in medical education. Acad Med. 2017;92:70-75.

3. Clariot S, Dumain G, Gauci E, et al. Minimising COVID-19 expo-
sure during tracheal intubation by using a transparent plastic box:
a randomised prospective simulation study. Anaesth Crit Care Pain
Med. 2020;39:461-463.

4. Gore RK, Saldana C, Wright DW, et al. Intubation contain-
ment system for improved protection from aerosolized particles
during airway management. IEEE | Transl Eng Health Med.
2020;8:1600103.

5. Canelli R, Connor CW, Gonzalez M, et al. Barrier enclosure during
endotracheal intubation. N Engl | Med. 2020;382:1957-1958.

6. Malik JS, Jenner C, Ward PA. Maximising application of the aerosol
box in protecting healthcare workers during the COVID-19 pan-
demic. Anaesthesia. 2020;75:974-975.

7. Jazuli F, Bilic M, Hanel E, et al. Endotracheal intubation with bar-
rier protection. Emerg Med ]. 2020;37:398-399.

8. Harvey ]G, Bates D. Human factors and medical devices. In:
Shonjania K, Duncan B, McDonald K, et al, eds. Making Healthcare
Safer: A Critical Analysis of Patient Safety Practices. Agency for
Healthcare Research and Quality; 2001:Chapter 41.

9. Vincent CJ, Li Y, Blandford A. Integration of human factors and
ergonomics during medical device design and development: it’s all
about communication. Appl Ergon. 2014;45:413-419.

10. Gurses AP, Ozok AA, Pronovost PJ. Time to accelerate integration
of human factors and ergonomics in patient safety. BM] Qual Saf.
2012;21:347-351.

11. Carayon P, Xie A, Kianfar S. Human factors and ergonomics as a
patient safety practice. BM] Qual Saf. 2014;23:196-205.

12. Carayon P, Schoofs Hundt A, Karsh BT, et al. Work system
design for patient safety: the SEIPS model. Qual Saf Health Care.
2006;15(suppl 1):i50-i58.

13. Paige JT, Terry Fairbanks RJ, Gaba DM. Priorities related to
improving healthcare safety through simulation. Simul Healthc.
2018;13(3S suppl 1):541-50.

14. Colman N, Edmond MB, Dalpiaz A, et al. Designing for patient
safety and efficiency: simulation-based hospital design testing.
HERD. 2020;13:68-80.

15. Wingler D, Machry H, Bayramzadeh S, et al. Comparing the
effectiveness of four different design media in communicating
desired performance outcomes with clinical end users. HERD.
2019;12:87-99.

16. Colman N, Stone K, Arnold J, et al. Prevent safety threats in new
construction through integration of simulation and FMEA. Pediatr
Qual Saf. 2019;4:¢189.

17. Colman N, Dalpiaz A, Hebbar K. Simulation ehnaces safety evalu-
ation in the design of new healthcare facilities. Curr Treat Options
Peds. 2020;13:68-80.

18. Kushniruk A, Nehr C. Participatory design, user involve-
ment and health IT evaluation. Stud Health Technol Inform.
20165222:139-151.

19. Stone R, McCloy R. Ergonomics in medicine and surgery. BMJ.
2004;328:1115-1118.

20. Privitera MB, Design M, Murray DL. Applied ergonomics: deter-
mining user needs in medical device design. Annu Int Conf IEEE
Eng Med Biol Soc. 2009;2009:5606-5608.

21. Holden RJ, Carayon P, Gurses AP, et al. SEIPS 2.0: a human factors
framework for studying and improving the work of healthcare pro-
fessionals and patients. Ergonomics. 2013;56:1669-1686.



Simulation-based User-centered Design

22.

23.

24.

25.

26.

27.

Pusic MV, Kessler D, Szyld D, et al. Experience curves as an organiz-
ing framework for deliberate practice in emergency medicine learn-
ing. Acad Emerg Med. 2012;19:1476-1480.

Colman N, Dalpiaz A, Walter S, et al. SAFEE: a debriefing tool to
identify latent conditions in simulation-based hospital design test-
ing. Adv Simul (Lond). 2020;5:14.

Colman N, Doughty C, Arnold J, et al. Simulation-based clinical
systems testing for healthcare spaces: from intake through imple-
mentation. Adv Simul (Lond). 2019;4:19.

Joseph A, Quan X, Taylor E, et al. Designing for Patient Safety:
Developing Methods to Integrate Patient Safety Concerns in the
Design Process. Center for Healthcare Design; 2012.

Davis S, Riley W, Gurses AP, et al. Failure modes and effects
analysis based on in situ simulations: a methodology to improve
understanding of risks and failures. In: Henriksen K, Battles ]B,
Keyes MA, et al, eds. Advances in Patient Safety: New Directions
and Alternative Approaches. Agency for Healthcare Research and
Quality; 2008.

DeRosier ], Stalhandske E, Bagian JP, et al. Using health care fail-
ure mode and effect analysis: the VA National Center for patient
safety’s prospective risk analysis system. J¢ Comm | Qual Improv.
2002;28:248-267, 209.

10

28.

29.

30.

31.

32.

33.

34.

Pediatric Quality and Safety

Thornton E, Brook OR, Mendiratta-Lala M, et al. Application
of failure mode and effect analysis in a radiology department.
Radiographics. 2011;31:281-293.

Reiling JG, Knutzen BL, Wallen TK, et al. Enhancing the traditional
hospital design process: a focus on patient safety. Jt Comm | Qual
Saf. 2004;30:115-124.

Dieckmann P, Torgeirsen K, Qvindesland SA, et al. The use of sim-
ulation to prepare and improve responses to infectious disease out-
breaks like COVID-19: practical tips and resources from Norway,
Denmark, and the UK. Adv Simul (Lond). 2020;5:3.

Daly Guris R]J, Doshi A, Boyer DL, et al. Just-in-time simulation
to guide workflow design for Coronavirus disease 2019 difficult
airway management. Pediatr Crit Care Med. 2020;21:¢485-¢490.
Soong C, Shojania KG. Education as a low-value improvement
intervention: often necessary but rarely sufficient. BM] Qual Saf.
2020;29:353-357.

Begley JL, Lavery KE, Nickson CP, et al. The aerosol box for intu-
bation in coronavirus disease 2019 patients: an in-situ simulation
crossover study. Anaesthesia. 2020;75:1014-1021.

Simpson JP, Wong DN, Verco L, et al. Measurement of airborne
particle exposure during simulated tracheal intubation using var-
ious proposed aerosol containment devices during the COVID-19
pandemic. Anaesthesia. 2020;75:1587-1595.



