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HE VAST MAJORITY of hospitalized

patients encounter one of the most
widely used medical technologies in health
care: infusion pumps. Increasingly, computer-
controlled “smart pumps” can be pro-
grammed to deliver controlled amounts of
painkillers, antibiotics, insulin, chemotherapy
drugs, nutrients, or other fluids. While Chris-
tiana Care Health System had been using an
advanced “smart pump” system-wide since
2009, the system introduced a replacement
infusion pump from a different vendor in
January 2015. The implementation of tech-
nologies changes the work of end users in
foreseen and unforeseen ways, ultimately af-
fecting an individual’s quality of working
life, such as job satisfaction and stress, and

DOI: 10.1097/NCQ.0000000000000208

141


http://www.jncqjournal.com
mailto:krmiller@global advance �reakcnt @ne penalty -@M christianacare.org
mailto:krmiller@global advance �reakcnt @ne penalty -@M christianacare.org

142 JOURNAL OF NURSING CARE QUALITY/APRIL-JUNE 2017

perceived safety and quality of care.!> With
the recognition that technology changes
workflow and, therefore, requires changes
to processes already in place, potentially in-
troducing new errors to the system, usabil-
ity testing was performed to evaluate nursing
practice and interaction with infusion pump
technology.

Infusion pumps are an indispensable tool
in health care, but their complex design is
recognized as a risk factor for administra-
tion errors. Because infusion pumps are fre-
quently used to administer critical fluids, in-
cluding high-risk medications, pump failures
can have significant implications for patient
safety.* Adverse events may be the result of
user error or related to deficiencies in de-
vice design and engineering including soft-
ware defects, mechanical or electrical failures,
and user-interface issues. User-interface issues
are commonly considered to be the leading
cause of dosing errors, frequently resulting
from pump-programming errors.>”’ The scale
of the problem is troubling: medication er-
rors cause injury or death to 1% to 2% of pa-
tients admitted to the hospital in the United
States annually.® Despite numerous studies
identifying user-interface issues with infusion
pumps, there is an assumption regarding safe
and effective use by the ultimate end user,
a nurse.’

Well-known usability problems involving
intravenous infusion pumps are identified as a
breakdown of one or more primary steps (eg,
nurses administering the wrong dose or the
wrong drug) in the drug-delivery protocol.!?
Automation can lead to a variety of unin-
tended effects, such as automation surprise
(when an automated system behaves in ways
that the operators do not expect) and in-
creased complacency.!! This has the paradox-
ical potential of actually increasing harm to pa-
tients by obviating health care providers from
their perceived responsibility to check proper
drug delivery.

Ergonomics and human factors engineering
offer useful frameworks for examining many
of the mediating and moderating factors that
may affect the use of equipment and out-

comes of its use.'>13 Observational method-
ology provides rich, detailed information on
tasks performed by nurses when administer-
ing medication and using various technolo-
gies. Usability testing provides direct informa-
tion on the interaction between people and
their work environment or tools. Simulated
use can capture the complexity and preserve
the context of the work environment within
which health information technology is im-
plemented. To address questions important
to inform system-wide clinical implementa-
tion and evaluate issues identified by health
care providers, we evaluated the new infusion
pump through simulated use, an approach
that provides the opportunity to detect and
analyze potentially dangerous problems with
the design of infusion pumps that could cause
or allow avoidable errors.

MATERIALS AND METHODS

Testing environment

To represent the intended use environment
for infusion pumps, the study was conducted
in the Christiana Care Health System Virtual
Education and Simulation Training Center.
Each room was set up like a patient room,
with a manikin in each bed with an intra-
venous reservoir in place. Participants were
instructed to use no-fluid-required “infinity”
infusion pump tubing segments (equipment
used for infusion training), removing the need
to create simulated medications that had no
impact on programming, the focus of the
study. Each participant operated an infusion
pump equipped with a central processing unit
and at least 1 large volume infusion pump
module. Medication labels were printed di-
rectly from the computerized physician order
entry clinical system and represent label for-
matting in actual use. The order detail was
developed to represent the details a nurse
would have access to via the electronic med-
ical record. Other written materials needed
to program the infusions (ie, screenshots of
the computerized physician order entry or-
der and electronic medication administration
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record from the electronic medical record or-
der) were also provided.

Participant recruitment for usability
testing sessions

In general, an infusion pump is operated by
a nurse who programs the rate and duration
of medication delivery through a built-in soft-
ware interface. Representative user groups
include nurses from the operating room, in-
tensive care units, and medical-surgical units.
Inclusion criteria included nurses providing
direct patient care having experience with
this model infusion pump. Usability testing
occurred in 3 rounds based on participation
of nursing staff from nursing-shared decision-
making councils. Testing took approximately
1 hour per person, requiring a substantial in-
vestment of hospital resources. Availability for
participation was made possible through the
nursing councils and occurred during their
standing bimonthly council meetings. Over a
2-month testing period, 22 participants com-
pleted the usability testing.

Task selection

The first and most important criterion for
selecting tasks is to use tasks that probe the
potential usability problems with the infusion
pump. Functional and clinical tasks were se-
lected to represent the different types of tasks
expected of health care providers. Functional
tasks represent operational tasks associated
with the use of the machine. Clinical tasks rep-
resent tasks necessary to achieve the medical
benefit of the device. The medication safety
officer and medication safety clinical pharma-
cist selected tasks on the basis of the potential
for certain drugs to contribute to adverse out-
comes in patients if the drug dosage is incor-
rectly calculated. The clinical task scenarios
also represent true clinical scenarios that have
resulted in facility adverse event reports. The
different clinical scenarios represent drugs
from different drug classes. Based on Chris-
tiana Care drug library creation, these drug
classes have set dosing guidelines through es-
tablished concentrations, dose limits, and clin-
ical advisories. The participants’ role and unit

determine their drug library access, thereby
impacting the clinical tasks conducted in the
simulated use evaluation.

Task assignment

Tasks were assigned to participants in li-
brary profile categories on the basis of pa-
tient care unit-level designations or specialty
function. In our hospital, medications are re-
stricted to “levels” on the basis of the type
and degree of monitoring required: levels A,
B, C, and Oncology. Level A medications need
the least monitoring while level C medications
(eg, vasopressors) need the highest monitor-
ing. Oncology contains all drugs from level
C with the addition of cancer-specific medica-
tions. Similarly, patient care units are assigned
a level (A, B, or C) on the basis of monitor-
ing capabilities available, nurse-to-patient ra-
tio, and annual nursing competency require-
ments.

Participants were asked to complete
10 functional tasks and 7 clinical tasks.
Functional tasks were the same for every
participant. Each clinical task was designed
to address a specific drug class and drug com-
bination. The clinical tasks associated with a
subset of the libraries were randomly assigned
to each participant depending on his or her ac-
cess level, without repetition, such that every
participant was asked to complete 7 clinical
tasks to achieve a balanced outcome sample.

Performance assessment

Data collection included facilitator obser-
vation for data capture of objective compo-
nents and subjective assessment from partic-
ipants. Primary data were collected at the
scene and reviewed after the simulated use
evaluation for secondary data collection. Per-
formance measures (observed) included task
failures and difficulties. A failure was defined
as an action (or failure to act) that would lead
to an undesirable treatment outcome to the
patient or the user. A difficulty was defined as
any instance of failure that was avoided by vig-
ilance on the part of the user. Interface alerts
and warning screens alone would not classify
as a difficulty.
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Preference assessment

A subjective analysis after completion of
the simulated use evaluation captured par-
ticipants’ reaction to the interface. In addi-
tion to questions developed by the simulated
use evaluation team, participants were asked
questions specific to the infusion pump using
the Post-Study System Usability Questionnaire
(PSSUQ). The PSSUQ is a standardized instru-
ment developed for use in scenario-based us-
ability evaluation at IBM.'# It consists of 19
items aimed to address the following 5-system
usability characteristics: quick completion of
work, ease of learning, high-quality documen-
tation and online information, functional ade-
quacy, and rapid acquisition.'®> The resulting
scores are between 1 and 7, with lower scores
indicating a higher degree of satisfaction.

Statistical analysis

Statistical analyses were performed us-
ing STATA/IC 11.0 statistical software (Stata
Corp., College Station, Texas). Standard de-
scriptive measures (ie, frequencies, means,
medians, and SDs) were computed for vari-
ables in the data set. Descriptive statistics
were used to describe basic features and
compare different participants’ demograph-
ics and performance and preference assess-
ments. Qualitative data regarding participant
feedback were analyzed by the research team
to identify trends in device vulnerabilities.

RESULTS

Participant demographics

There were a total of 22 participants repre-
senting diverse units, experience, positions,
and drug-leveling assignments. Before begin-
ning the testing session, moderators docu-
mented demographic information for each
participant. Usability testing was performed
once the pumps had been in system-wide
patient care use for more than 3 months.
Participants were all previously trained on
pump usability by infusion pump representa-
tives (hands-on training). This training was re-
quired for all staff prior to use in direct patient

care. The majority of participants participated
in facility computer-based training (86%) and
used practice pumps provided on their unit
(64%). Less than half of participants had re-
viewed the product manual (45%), pump pol-
icy (41%), or unit policy (9%).

Functional task performance

During the functional task performance, 15
participants (68%) experienced at least 1 dif-
ficulty and 1 failure. Of the 10 tasks, 7 created
difficulties and failures (Figure). The ability to
lock and unlock the tamper resist (a button
located on the back of the machine) created
the most difficulty as participants noted that
this is a function they were not aware of or
ever used. Adjusting the audio volume also
proved difficult as the function is not located
under the “options” soft key, a common as-
sumption. Attaching and detaching the pump
models was difficult for more than 10% of par-
ticipants, reflecting that this is a task not com-
monly completed on the unit. A commonly
identified stressor was noise resulting from
delays in programming. Only a few partici-
pants used the “silence” button while others
acknowledged the beeping and ensuing anxi-
ety. Many participants powered down or shut
off the channel to change a drug. Many noted
that there is no easy way to clear a drug other
than to shut down the machine.

Clinical task performance

There were difficulties or failures by at
least 1 participant in 13 of the 15 drug
scenarios (see Supplemental Digital Content,
Figure, available at: http://links.Iww.com/
JNCQ/A277). Drug scenarios that resulted
in the most difficulties included abciximab
(12/12, 100%), parenteral nutrition (13/13,
100%), intravenous immune globulin (14/14,
100%), methylprednisolone continuous infu-
sion (not in the library) (13/13, 100%), al-
teplase (11/12, 92%), vasopressin (7/8, 88%),
rituximab (10/12, 83%), vancomycin (8/11,
73%), fentanyl (5/7, 71%), and midazolam
(5/7, 71%). Drug scenarios that resulted in
the most failures included abciximab (12/12,
100%), intravenous immune globulin (13/14,
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93%), methylprednisolone (10/13, 77%)
(a drug not in the library), and vancomycin
(8/11, 73%). Each of the 22 participants
(100%) experienced at least 1 clinical diffi-
culty and 1 clinical failure. Common causes
of difficulty and failure included a lack of fa-
miliarity with the drug, difficulty locating the
drug in the drug library, titration, and weight-
based calculations.

Overall reported ease of use and human
error

The majority of participants (86%, 19/22)
said that they experienced usability prob-
lems during simulated use. Participants recog-
nized safeguards including Guardrail infusion
dose or rate limits, clinical advisory reminders
(pop-ups), and reminders and hard stops (lim-
its that cannot be overridden) as 82% felt that
the infusion pump promotes safe and effec-
tive use by the end user (18/22). The majority
of participants (64%, 14/22) felt that it would
be easy to make an error with this pump
considering their clinical environment. Few
participants (23%, 5/22) recognized that their

Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

peers, when programming a drug they cannot
find in the drug library, will use another med-
ication or choose the “basic infusion” func-
tion. In doing so, there are no guardrails and
no safety net. Christiana Care trained staff to
avoid the use of “basic infusion” and use the
“DrugCalc” feature in the pump when a medi-
catjon is not in the library. Participants recog-
nized concerns with rate and duration defaults
as compared to the previous pump.

Ease of use was assessed for overall use,
operation, loading, and programming. The
majority of participants believed that the in-
fusion pump was very easy or easy to use
(67%, 14/21), operate in general (86%, 18/21),
load (86%, 18/21), and program (62%, 13/21).
Three participants reported that programing
the pump was difficult and 5 were neutral.

Post-Study System Usability
Questionnaire

Our usability testing indicated that despite
significant difficulty and failure in program-
ming, participants were satisfied with the sys-
tem (overall PSSUQ 2.75). Individual qualities
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also ranked fairly high and included system
usefulness (2.78), information quality (2.76),
and interface quality (2.84).

DISCUSSION

Participant performance

The simulated use evaluation proved espe-
cially useful as the majority of participants
admitted experiencing problems during test-
ing. Rather than learning about the trends
in use error through adverse event reports,
the team was able to proactively capture vul-
nerabilities in a safe environment. Through
self-reflection, participants recognized issues
regarding weight calculations, uncertainty
when drugs are not listed in the library, a lack
of a multistep function, dangers related to un-
familiar medications, and frustrations with a
quick, loud, audio alarm. Overall, a lack of fa-
miliarity was the most common precursor to
error or difficulty. Participants expressed con-
cern when asked to perform a clinical task
(program an infusion) they rarely perform on
their unit but for which their unit has the
“level” designation, capability, and expecta-
tion to be competent to perform.

The results of the simulated use evalua-
tion showed a number of interesting vulner-
abilities and potential opportunities for im-
provement. First, this study made clear the
importance of research that systematically ex-
amines interference effects associated with
switching from one “smart pump” to a new
one with a different design approach to hard-
ware and interface software. One common
error, in particular, was the incidental substi-
tution of rate and dose for certain medications
constructed on what may be explained by
muscle memory on the basis of the previous
pump placement of display and programming
fields for dose and rate. Christiana Care used
a “smart pump” from a different vendor 2009
through January 2015. The dose field was at
the top of the screen with the rate field dis-
played below. The fields are reversed in the
new pump such that the rate field is at the top.
Developing and integrating knowledge of spe-

cific interference problems may assist in the
unlearning of old interactions and learning of
new tasks.

Second, in nearly every difficulty and fail-
ure, participants requested assistance from
colleagues including their peers, a charge
nurse, nurse staff development specialist, reg-
istered nurse III (advanced education and ex-
perienced nurse), or pharmacist. Participants
identified pharmacists as a resource for both
questions and confirmation. While reassur-
ing that staff would request assistance, this
revealed vulnerability in the lack of identi-
fication of the best resource for a partic-
ular question. While pharmacy is able to
answer medication-specific drugs, the phar-
macy team was provided minimal training on
pump use itself. Therefore, they should not
be positioned as the most appropriate, expe-
rienced resource for user-interface concerns.
This hindsight realization allowed the team to
understand the need for a unique group of
“super users” to serve as the “go-to person”
for questions and concerns.

Third, for medications that required titra-
tion or a multistep feature, participants were
often able to successfully program the first
rate and dose. Multistep describes the ability
to program, at 1 setting, a stepwise increase
or decrease of rate/dose at a predetermined
time interval and a mandatory callback for the
nurse before starting each subsequent inter-
val. An example is programming parenteral
nutrition at a rate of 60 mL/h for 60 minutes,
increasing to 120 mL/h for 12 hours, and
decreasing to 60 mL/h for a final 60 minutes
with a nurse manually starting the pump
at the beginning of each programmed step
(cycle). Think aloud protocol and follow-up
questions revealed a lack of standardization in
the process for notification of themselves or
colleagues regarding the next programming.
Some staff would include the informa-
tion in the handoff, some would verbally
communicate with their colleagues, some
would set an alarm on their personal phone,
and others would rely on the pump to alert
once the first round of medication was
provided. This provided an opportunity to
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standardize the process for all nursing units to
improve communication and reduce reliance
on vigilance.

Participant preference

Despite obvious errors in programming,
overall preference of the device was not signif-
icantly diminished. Based on our results, the
majority of participants found the device easy
to use and rated it positively in the PSSUQ.
Patient care technology has become increas-
ingly complex, transforming the way nursing
care is conceptualized and delivered. Our par-
ticipants had adapted to this environment, un-
derstanding that device-related problems are
common.

Implications

The simulated use team recognizes the im-
portance of providing health care providers
with information and strategies to mitigate
risk associated with the use of the new infu-
sion pumps. The main strategy is to retrain
staff with focused, specific tasks and compe-
tency assessments. The use of new infusion
pumps requires adequate training regimens
that focus on the pumps’ advanced features
and also compare the newer features and spe-
cific differences with those from previously
used pumps. This type of comparative train-
ing should facilitate the identification of po-
tential interference problems. This evaluation
identified recommendations for retraining
and education. This will include the devel-
opment of an “at the pump cheat sheet” and
making the tips and tricks page on the hospital
intranet more accessible. In addition, we need
to reinforce the best pathways for getting
pump help. From the perspective of design
of cognitive work, there is little training that
focuses on cognitive processes. A curriculum
regarding human factors and ergonomics will
be made available to interested staff including
those providing direct patient care.

There is a general assumption by device
vendors and facility leadership that all staff
will become familiar with manuals, proce-
dures, and policies. While these documents
provide excellent infrastructure, these are

considered foundational (weak) strategies in
that they often go overlooked. In addition to
these strategies, we have identified opportu-
nities for system improvements that include
drug library configuration, interface updates,
and enhancements to the weight-based calcu-
lations and titration medications.

Strengths and limitations

This study evaluated and addressed con-
cerns about the implications for patient safety
of an infusion pump recently introduced to
the system. Our multidisciplinary approach
to study design, task development and assign-
ment, user population selection, and data anal-
ysis provided a structured balance between
clinical and functional tasks to cover both
equally important areas. Our approach allows
the incorporation of user feedback on de-
vice evaluation. Long-term success of imple-
mentation of new devices can be impacted
by this approach since providers are empow-
ered and directly involved in device assess-
ment, comparison, and purchase decisions.
Pharmacy manages the content of the pump-
programming interface via the drug library.
Nursing and anesthesiology providers are the
end users, but there are implications for all
stakeholder groups such as physicians, phar-
macists, clinical engineers, biomedical engi-
neers, medication and patient safety officers,
and patients.

In addition, this study provides a systematic
framework for evaluating a new device. The
framework could be applied using a larger
group of end users, for other products, and
at different time points (before the purchase
to inform the decision based on data or after
the purchase to identify risk factors/hazards
and understand education needs). This study
provides a standardized, customer-oriented,
and patient safety-focused approach to guide
medical device purchase informed by specific
user data. As we move toward high reliability,
this type of evaluation will become more
prominent as requirement for new device se-
lection and implementation.

Based on resource and time constraints
for nursing staff, the study provided a small
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sample size that does not allow us to deter-
mine differences among participant charac-
teristics with any statistical confidence. Some
nurses had limited experience infusing certain
specific medications and, therefore, experi-
enced difficulties in finding and/or program-
ming them, even when programming steps
were identical to commonly used medica-
tions. Based on the study design, there was
possible observer effect. Simulation presents
an optimal testing environment mirroring ac-
tual patient care and allows for the partici-
pant to error without fear of patient harm.
However, a limitation could have been lack of
urgency on behalf of some participants know-
ing that it was not actual patient care with
all of the associated pressures. Finally, the re-
search team would have preferred to conduct
this testing prior to implementation to address
vulnerabilities before potential errors reached
the patient (both through system changes and
robust education and training).

CONCLUSIONS

The simulated use evaluation proved invalu-
able in many ways. First, it allowed for an
unbiased and nonjudgmental look at the ac-
tual nursing processes in place, as opposed
to outlined procedures in the nursing policy
and procedure manuals. Because the obser-
vations were performed by researchers, data
observed and recorded were not affected by
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