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ABSTRACT

Objective: To evaluate end-user acceptance and the effect of a commercial handheld decision support device in

pediatric intensive care settings. The technology, pac2, was designed to assist nurses in calculating medication

dose volumes and infusion rates at the bedside.

Materials and Methods: The devices, manufactured by InformMed Inc., were deployed in the pediatric and neo-

natal intensive care units in 2 health systems. This mixed methods study assessed end-user acceptance, as well

as pac2’s effect on the cognitive load associated with bedside dose calculations and the rate of administration

errors. Towards this end, data were collected in both pre- and postimplementation phases, including through

ethnographic observations, semistructured interviews, and surveys.

Results: Although participants desired a handheld decision support tool such as pac2, their use of pac2 was lim-

ited. The nature of the critical care environment, nurses’ risk perceptions, and the usability of the technology

emerged as major barriers to use. Data did not reveal significant differences in cognitive load or administration

errors after pac2 was deployed.

Discussion and Conclusion: Despite its potential for reducing adverse medication events, the commercial

standalone device evaluated in the study was not used by the nursing participants and thus had very limited ef-

fect. Our results have implications for the development and deployment of similar mobile decision support

technologies. For example, they suggest that integrating the technology into hospitals’ existing IT infrastructure

and employing targeted implementation strategies may facilitate nurse acceptance. Ultimately, the usability of

the design will be essential to reaping any potential benefits.

Key words: alert systems, medication [N04.452.515.360.500], computers, handheld [L01.224.230.260.550.500], human factors and er-

gonomics [F02.784.412], infusion pumps, implantable [E07.505.254], medication errors [E02.319.529]

INTRODUCTION

Medical errors are the third leading cause of death in the United

States.1 Adverse medication events (AMEs) due to medical errors

are a major threat to patient safety during inpatient care.2–4

The problem is particularly pronounced in critical care settings and

pediatric populations. Critical care settings such as intensive care

units are complex, fast-paced environments in which the severity of

patients’ conditions, as well as the number and types of medications
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required for treatment, can all contribute to an increased risk of

errors and subsequent AMEs.5,6 AME rates can be even higher

among pediatric patients, especially those in critical care settings,7,8

due to weight-based dosing, rapid changes in weight with growth,

and the lack of standard pediatric formulations.9–13

Incorrect dosing of intravenous medications is one of the most

frequently reported types of medication errors found in pediatric set-

tings, often attributable to human mistakes in computing dosage

and dosing intervals.10,14–19 Research suggests that intravenous

medications that are administered without first being prepared in

the pharmacy are particularly prone to such errors.18,20,21 In this rel-

atively common situation,20,22,23 nurses typically perform manual

calculations to translate physician orders into an intravenous flow

rate (volume/time) or volume in a syringe, considering the patient’s

weight, ordered dose, and concentration of the available medication

solutions. Previous studies have shown that human errors are com-

mon when performing such complex calculations.24–26

There has been increasing recognition of the value of using deci-

sion support technologies (DSTs) to improve clinical practice and re-

duce medication errors, especially technologies designed to assist

medical professionals at the point, that is time and location, the de-

cision is being made.5,27,28 Such just-in-time decision support is usu-

ally provided by interactive software and may be delivered through

various types of devices (e.g., desktop computer). The algorithms

underlying this software are typically based on well-validated, re-

search-driven evidence or on widely accepted standards and guide-

lines recommended by authoritative organizations. Appropriate use

of DSTs should, therefore, lead to significant improvements in qual-

ity of care and patient safety.

Since pediatric critical care nurses prepare and administer intra-

venous medications in multiple locations (e.g., bedside, medication

room), handheld devices are needed to deliver just-in-time decision

support. Unfortunately, little is known about the effectiveness of

portable DSTs.28,29 In addition, while more healthcare organiza-

tions are implementing commercial products rather than developing

their own “homegrown” systems,29,30 even less is known about

commercial tools.28,29 Among the few existing studies evaluating

mobile DSTs, there is evidence that they may be effective; however,

most have been conducted in laboratory settings31,32 and few have

included nursing participants.30

Field evaluations of other types of DSTs have shown mixed evi-

dence of success, despite the great promise that they had demon-

strated in laboratory settings.28,33 This may be explained, at least in

part, by low user acceptance. For example, a systematic review indi-

cated that computer-generated medication safety alerts were over-

ridden by clinicians in 49–96% of cases.34 Low user acceptance, in

turn, may be due to technological, behavioral, social, and organiza-

tional barriers prohibiting effective technology use.35–37 When such

barriers are not identified and addressed, implementing technologies

can also result in unintended adverse consequences (e.g.,

technology-introduced errors).38–41

Thus, there is a critical need to understand the barriers to, and

facilitators of, end-users’ acceptance of mobile DSTs, particularly

commercial tools, as well as to determine their effectiveness in the

field. Towards this end, the study described in this paper, funded by

the Telemedicine and Advanced Technology Research Center, De-

partment of Defense (Contract # W81XWH1010606), aimed to de-

ploy and rigorously evaluate a laboratory-tested, commercial

handheld decision support tool for reducing dosing errors in admin-

istering intravenous and other liquid medications. This multisite,

mixed methods study was designed to evaluate (1) nurse acceptance

and satisfaction and (2) the tool’s effect on the cognitive load associ-

ated with dose calculations and the rate of medication errors.

METHODS

Handheld decision support tool
The commercial DST evaluated in this study (shown in Figure 1)

was the pharmaceutical algorithm computerized calculator (“pac2”)

manufactured by InformMed Inc. (Peoria, Illinois, USA). It is a

standalone handheld device designed to assist nurses in calculating

medication dose volumes and infusion rates, to provide easy access

to essential drug administration information at the point of care,

and to detect unsafe doses. Using pac2 has the potential to reduce

medication dosing errors by supporting nurses in preparing, dispens-

ing, administering, and monitoring medication dosing for hospital-

ized patients.31 Figure 2 illustrates typical pac2 workflows.

The decision support algorithms embedded in pac2 reference a

built-in pharmaceutical knowledge base to provide immediate warn-

ing when doses are outside the recommended safe therapeutic range.

Figure 1. Rendering of the pac2TM device.
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The device issues 2 types of warnings, shown in Figure 3: (1) passive,

noninterruptive reminders for potential dosing issues with a high

likelihood of injury and (2) interruptive alerts when severe dosing

errors are detected. While no action is required in response to the

first type, users must either override the second type or change the

medication dosage.

In addition to safety warnings, the device will also display essen-

tial medication properties such as safe intravenous push rate, route,

reversal, and monitoring information. As such, pac2 may be used as

an “incidental learning” tool for skill training and retraining, and to

familiarize nurses with new medications and recommended safe ad-

ministration practices. In a laboratory-based evaluation study, pac2

use was associated with significantly improved drug calculation per-

formance by pediatric and critical care nurses in simulated scenarios.31

Empirical study sites and research protocol
Figure 4 presents an overview of the study sites and research activi-

ties. Briefly, in order to evaluate end-user perceptions and pac2’s ef-

fect in the field, we deployed the devices in the Neonatal and

Pediatric Intensive Care Units (NICU and PICU) of 2 US health sys-

tems (referred to as “HS-A” and “HS-B”). Registered nurses work-

ing in one of these care areas during the study period, and involved

in direct patient care, were eligible to participate. The devices

deployed in the 4 care areas were preloaded with point-of-use drugs

and ranges and critical administration information consistent with

each hospital’s formulary and protocols.

The empirical study was conducted over a 12-month period

across 3 stages: (1) a 3-month “pre-implementation” technology

preparation and staff training period prior to deploying 72 pac2

devices in March 2012; (2) a 3-month “disruption” period immedi-

ately following deployment, during which participants learned and

adapted to the technology; and (3) a 6-month “postimplementation”

period after stable usage was achieved. This study’s research proto-

col was approved by the participating organizations’ Institutional

Review Boards.

Data sources and measures
The goal of our mixed methods approach was to collect qualitative

data that would help us to both interpret our quantitative findings

and discover unique insights that may not be captured by our quan-

titative methods.

User acceptance and satisfaction

We used the unified theory of acceptance and use of technology

(UTAUT) to guide data collection for assessing nurses’ technology

acceptance.42–44 UTAUT proposes that 4 constructs, performance

Figure 2. Typical workflows of using the pac2 device.

Figure 3. The two types of warnings provided by the pac2 device—noninterruptive reminders (left) and Interruptive alerts (right).
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expectancy, effort expectancy, social influence, and facilitating con-

ditions, are the most influential factors in determining technology

acceptance. The use of this well-established theory, in combination

with our mixed methods approach, provides a rich, user-centered as-

sessment of the technology’s utility and usability in the field.

Specifically, we measured potential moderating variables through

a pre-implementation demographics and computer literacy survey.

The main UTAUT constructs were assessed pre- and postimplementa-

tion through 2 complementary, and commonly used, qualitative data

collection methods—ethnographic observations and semistructured

interviews. In addition, given that numerous studies have found effort

expectancy, also referred to as perceived ease of use or usability, to be

particularly important in healthcare settings,41,45 we also quantita-

tively measured participants’ usability satisfaction through a postim-

plementation survey. Finally, pac2 use was assessed through

automatically logged user interaction data (ie device logs).

Demographics and computer literacy. We administered a pre-imple-

mentation survey to gather participant demographics, such as age

and gender, and computer literacy. The latter part of this survey was

based on Cork’s instrument for measuring medical professionals’

use of, knowledge about, and attitudes toward computers.46 Cork’s

instrument has been validated and used widely in technology evalua-

tion studies.

Semistructured interviews. The goal of the semistructured interviews

was to solicit in-depth elaboration of work processes, as well as to

measure UTAUT’s main dimensions. Towards this end, research

assistants (RAs) conducted a total of 40 in-person interviews with

participants—20 pre-implementation and 20 postimplementation.

The pre- and postinterviews were conducted in a similar manner,

with the exception that, in the former, the interviewer briefly

demonstrated pac2 and answered any interviewee questions. The

interview protocol was developed based on UTAUT.42–44 Each in-

terview lasted approximately 15 min. All interviews were recorded

and transcribed for subsequent qualitative analysis.

Ethnographic observations. Two RAs conducted a total of 200 h of

ethnographic observations in the 4 care areas.47 The observation

hours were evenly split between pre- and postimplementation

phases, and occurred during both day (7 AM–7 PM) and night (7 PM–7

AM) shifts. Data were collected in the form of field notes. During all

observations, participants’ routine work activities were noted, with

a particular focus on the processes of preparing, calculating, and ad-

ministering intravenous medications. In the postimplementation pe-

riod, we were especially interested in: (1) how pac2 was used; (2)

reactions to safety alerts; and (3) any unanticipated technology use

behaviors (e.g., unintended uses of pac2).

Usability satisfaction. We conducted a postimplementation survey

to assess participant satisfaction with pac2’s usability. The survey

was based on a commonly used instrument—the IBM Computer Us-

ability Satisfaction Questionnaire (CUSQ).48 This instrument evalu-

ates overall end-user satisfaction with pac2’s usability, as well as

along the dimensions of system usefulness, information quality, and

interface quality, on a 7-point Likert-scale where 7 represented most

satisfied and 1 least.48

Effect of device

The device’s effect was primarily evaluated quantitatively by assess-

ing pre- and postimplementation (i) workload associated with dose

calculation and verification tasks and (ii) potential and actual medi-

cation errors based on pac2 device logs and voluntary reports. In ad-

dition, our qualitative data sources (described above) also provided

important insights.

Figure 4. Overview of sites and activities (*Lighter rectangles denote qualitative data).
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Task workload. We used the NASA-TLX instrument49,50 to measure

participants’ perceived workload associated with dose calculation

and verification tasks (referred to as dose calculation below) both

pre- and postimplementation. Although it had been used widely in

domains such as aviation, and is validated in healthcare settings,51

prior to this study it had rarely been employed to assess the effect of

implementing a new healthcare technology in the field.

The instrument takes only minutes to complete. In the first of 2

sections, participants individually rated tasks associated with perform-

ing dose calculations along 6 dimensions (mental demand, physical

demand, temporal demand, performance, effort, and frustration

level). In the second, participants selected which of the demands

was more important to the experience of workload by completing 15-

pairwise comparisons. In other words, overall workload and each

dimension’s relative contribution were both measured.

Medication errors. Finally, we used 2 different data sources to assess

potential and actual medication errors. First, we analyzed the device

logs; specifically, whether calculations performed using the device

were above or below the safe therapeutic range—an indicator of po-

tential pac2-identified dosing errors (prescription or administra-

tion). Second, we evaluated the device’s effectiveness by analyzing

the voluntary reports of actual medication errors that are collected

on an ongoing basis as part of the hospitals’ routine quality

improvement practices in June–November 2011 (pre) and July–

December 2012 (post). These reports were reviewed, and adminis-

tration errors were identified. All errors were categorized

according to the index developed by the National Coordinating

Council for Medication Error Reporting and Prevention.52

Analyses
Qualitative

Qualitative data collected through the study, including field notes

and interview transcripts, were codified, categorized, and analyzed

using the constant comparison method.53,54 We employed the

framework analysis approach that allows for the inclusion of both a

priori and emergent concepts.55,56 We identified emergent themes

corresponding to the core constructs of UTAUT to understand the

perceived barriers to and facilitators of pac2 use.

Quantitative

Survey and medication error data were quantitatively analyzed using

descriptive statistics. Separate analyses were conducted for the 2

participating hospitals and then combined across sites.

When appropriate and possible, we tested for statistical differen-

ces between the 2 hospitals or between pre- and post-stages. Specifi-

cally, we assessed whether participants from the 2 hospitals differed

in demographics, computer literacy, or usability satisfaction using 2

sample Mann–Whitney U tests. In addition, paired t-tests for the dif-

ference between the pre-/post-test measures were conducted for each

of the 6 dimensions of the NASA-TLX instrument and the global

workload score. We applied the Bonferroni correction to account

for the number of t-tests. We also analyzed the weighted ratings with

a 2 (pre-test, post-test) by 2 (6 dimensions of TLX) repeated-measures

ANOVA (as described by Hart and Staveland49). Two participants

had missing weights due to incomplete paired comparisons (Section 2

of the NASA-TLX instrument); we addressed this using a common

imputation method—replacing the missing weights with the ones

most often selected by the other participants. Finally, we used Tukey’s

post hoc comparisons of means to identify the differences.

RESULTS

Participant demographics and computer literacy
Table 1 shows the demographics and computer literacy of the 64

nurses who volunteered to participate and who provided valid

responses to the pre-implementation survey. The demographics of

participants from HS-A and HS-B were comparable. However, on

average, nurses at HS-B had more computer experience

(3.44 6 0.65, N¼28 vs 2.85 6 0.72, N¼36; U¼291, P< .001).

Not all 64 nurses completed the subsequent study components,

and some of them left the study areas before all components were

completed.

pre-implementation environments and perceptions
Overall, pre-implementation observation and interview data indi-

cated that nurses’ use would be contingent upon the device’s conve-

nience, time efficiency, and usability. It also showed that most

participants believed that a handheld tool such as pac2 would be

useful, but not in every situation. Table 2 summarizes the recurring

themes prior to deploying pac2, before nurses had used it in their

day-to-day work.

Effort expectancy

Three themes emerged in UTAUT’s effort expectancy dimension (1)

time efficiency, (2) usability, and (3) learning curve. Many nurses

raised concerns regarding the device’s time efficiency. They empha-

sized that in many situations they need to administer medications as

quickly as possible and might not have time to use the device. One

nurse explained:

“When there is a physician at the bedside yelling orders at me

with no patience, I don’t know that there will be tolerance for,

‘Let me check this machine and see if you’re telling me the right

dose for fentanyl.’ I don’t know that there because it’ an emer-

gent situation, we have to get it done and it needs to be fast. So if

I say to Dr. XXX, ‘Let me look that up first.’ I’m pretty sure the

answer is going to be, ‘Just get it!’”

Although it did not emerge as a major theme, this quote also

highlights the fact that nurses are not working in a vacuum—organi-

zational culture and social dynamics may also be a factor in their

technology acceptance.

Related to the feedback on time efficiency, participants placed

great emphasis on the device’s usability, that is, its ease of use. They

stated that they would only use the device if “it is user-friendly” and

would not “slow things down.” They also acknowledged the learn-

ing curve, especially for those that were not technologically savvy.

For example, a participant explained, “Once we get used to them,

it’ll be pretty helpful . . . but at first, just the learning curve that’s go-

ing to be a bit of a pain.”

Table 1. Demographics and computer literacy assessments

Assessment HS-A HS-B Combined

Number of participants 36 28 64

Female 36 (100%) 27 (96.4%) 63 (98.4%)

Age 32.6 6 8.9 34.8 6 8.5 33.6 6 8.7

Computer experience (1–5)a 2.85 6 0.72 3.44 6 0.65 3.11 6 0.74

Computer knowledge (1–3) 1.73 6 0.48 1.76 6 0.40 1.74 6 0.44

Computer attitude (1–5) 3.89 6 0.59 3.94 6 0.46 3.92 6 0.53

aDifference between HS-A and HS-B, P< .01.
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Table 2. Recurring themes from pre-implementation ethnographic observations and semistructured interviews

Dimension Theme Source Example(s)

Effort expectancy Time efficiency Interviews a. “The only problem I might foresee is in an emergency situation, it

might take too long to use it.”

b. “I could see, just depending on how the device works, I could see it be-

ing maybe a cumbersome aspect. Sometimes you just need to get a

medication in and stuff to take a minute, 3–5 min depending on how

long it takes to program it in, you might just need. That baby might

not be able to wait for that.”

Usability Interviews “I think it can [be useful] . . . depending on how user-friendly the device is

because if we’re in a rush, you have a child coding and it’s critical in the

situation, depending on how hard the device is to use, it could be more

cumbersome and more slowing you down than actually helping.”

Learning curve Interviews “Once we get used to them, it’ll be pretty helpful . . . but at first, just the

learning curve that’s going to be a bit of a pain.”

Performance

expectancy

Perceived usefulness Observations “Even though vitamin K is premeasured, the nurse needs to adjust syringe

so that the correct amount is administered (ie 0.5 mls).”

Interviews a. “Yes, I do. I think it will be very useful. Especially if I’m able to have

it readily available to calculate and then to reference for any

information that I might need on the medication. I think that will be

very valuable.”

b. “I think that it’s important and it would be a good tool especially for

people that are mathematically challenged or something. . .”

Conditions of use Observations “Pharmacy precalculates the dosage for each of a patient’s meds, repairs

several syringes with the proper dose of these meds, and then puts the

syringe is in the med room. The nurse only needs to verify the calcula-

tion is correct.”

Interviews a. “[The device is useful] If it is a very common medication and it is not

one that’s prepared by the pharmacy. So for instance, the pharmacy

usually prepares antibiotics because they prepare those, like IV drugs,

they prepare those under the hood so it’s sterile. If it’s just an intermit-

tently injectable drug like morphine or Ativan or something along

those lines or any of the PO drugs that we give, those ones are just in

our Pyxis.”

b. “Usually the first time when we give that medication, if it’s unfamiliar,

then we would sit down and calculate it out with a calculator. But we

usually give the same routine medications.”

Existing alternative tools Observations a. “The nurse uses the Pyxis to calculate the dose for 1 of the medications

(ie Carofate). The Pyxis gives a printout of the correct dose.”

b. “The nurse calculates what the total parenteral nutrition (TPN) flow

rate should be. She makes these calculations using her cell phone cal-

culator.”

Interviews a. “[We do the calculation] by hand or on the Pyxis there is a calculator.

All of us have our phones. There’s calculators in the unit to check.”

b. “The NeoFax is the one we use up here all the time. And like I said, if

we have any questions about a medication, we go to the NeoFax and it

tells you everything from, you can run that with your TPN or it needs

to run by itself or it tells you compatibilities and it tells you what to

watch for.”

Existing safety assurance

procedures

Observations “The nurse reprograms the pump for the patient’s morphine. He requests

that the charge nurse watch him while he reprograms pump to make

sure that he doesn’t make a mistake. The nurse mentions that this is

part of normal protocol.”

Interviews “I think that dosage calculations are always vulnerable to errors, but we

do double-check all the meds that we administer in this institution with

another nurse and they do the same form of calculation on their own.

We verify that we’re getting the same answer.”

Facilitating conditions Accessibility Interviews “The only thing I see is like availability because like if we each had one

and I have it in my pocket then probably it would be just as easy to pull

out as my phone but if I’m having to go get it because somebody else is

using it probably in a lot of situations we don’t have the time to do

that.”

Battery life Interviews “So we did the class the other day, some of the batteries were dead.”
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Performance expectancy

The following themes emerged in UTAUT’s performance expectancy

dimension (1) usefulness, (2) conditions of use, (3) existing tools,

and (4) existing approaches. During the pre-implementation obser-

vations, there were numerous instances when nurses needed to per-

form bedside dose calculations, which were often completed in their

head or with conventional calculators. Indeed, a majority of the

nurses interviewed believed that a handheld DST would be very

valuable.

However, the RAs also observed several common situations

where nurses either (i) did not need to perform calculations (e.g.,

pharmacy prepared the medication) or (ii) did not appear to need a

device to perform calculations (e.g., nurse had the dose memorized).

Similarly, interview participants named conditions when the device

might be helpful, for instance, “[it would be useful] if it is a very un-

common medication and it is not one that’s prepared by the

pharmacy.”

In addition, through both observations and interviews, we identi-

fied several commonly used tools that already existed in the study

environments. For instance, some medications were obtained from

the Pyxis MedStation Unit, which was equipped with a built-in med-

ication dose calculator. In an interview, one nurse explained, “our

Pyxis also has a calculation device on it . . . down in the bottom it

has a button that says, ‘Dose calculation’ or something, and you can

hit it and you can put in your dose and it will tell you how much to

give.” However, the RAs observed that using this tool sometimes re-

quired leaving the patient and going to a medication room, and that

the built-in calculator was not always employed.

During observations, it was also noted that participants uti-

lized other reference tools such as Micromedex NeoFax (a book)

and various online drug databases. Further, most nurses had a

smartphone and used either the built-in calculator or professional

medication applications for dose calculations. One nurse specifi-

cally commented that “there are apps on the iPhone that do similar

things in a much easier manner (e.g., Epocrates or PediStat).” That

said, the RAs observed that none of these smartphone apps pro-

vided warning of doses that were outside the recommended safe

therapeutic range.

Finally, all 4 areas had double-check safety assurance proce-

dures in place—dose calculations were often witnessed, verified,

and signed off by another nurse. Although all nurses recognized

that medication administration processes were subject to errors,

they were confident in their existing procedures: “I think they

[dose calculation errors] can happen, obviously, but I think that

we got a pretty good system as far as checking and pull proofing

each other.”

Facilitating conditions

Prior to implementation, participants identified 2 main logistical

concerns (1) availability and (2) battery life. One nurse, who was

concerned about the first, explained, “. . . if we each had one [pac2]

and I have it in my pocket then probably it would be just as easy to

pull out as my phone but if I’m having to go get it because somebody

else is using it probably in a lot of situations we don’t have the time

to do that.” The second concern arose because pac2’s batteries were

dead during a training session.

Postimplementation acceptance and satisfaction
While many nurses were positive about pac2’s usefulness, our results

revealed that they did not actually use the device or did not use it

routinely. In the 6-month postimplementation period, only 1202 cal-

culations were performed on the device, with 69% of these

completed by HS-A nurses. One participant stated, “I try to use the

little green machines but I must admit that I don’t use them very

often.” Instead, many continued to calculate doses in their head or

use conventional calculators or smartphones.

Overall, our data showed that participants were only modestly

satisfied with pac2’s usability, and that the device did not seem to

meet the requirements identified pre-implementation (e.g., conve-

nient). Additionally, although participants found pac2 useful for

complex calculations, they did not find it useful when administering

routine medications or when their time was limited (eg emergen-

cies).

Usability satisfaction

The IBM CUSQ results are reported in Table 3. Participants were

modestly satisfied with the device’s overall usability (average:

5.09 6 1.36 on the 7-point scale, where higher scores indicate higher

satisfaction). In terms of the 3 usability dimensions assessed, on av-

erage, interface quality was rated lowest (4.91 6 1.56), followed by

system usefulness (4.99 6 1.35) and information quality

(5.34 6 1.36). As one might expect based on usage, HS-A partici-

pants provided higher mean ratings of system usefulness compared

to HS-B nurses (5.43 6 1.01, N¼28 vs 4.27 6 1.54, N¼17;

U¼349.5, P< .01).

Effort expectancy

The qualitative results offer insights into issues that may have con-

tributed to the moderate usability scores. These are summarized in

Table 4, along with other key findings from the postimplementa-

tion observations and interviews. Some nurses perceived pac2’s in-

terface to be too complex and outdated, especially compared to

other touchscreen devices. One nurse stated that the device “has

way too many buttons,” and that “it is like a dinosaur . . . it feels

like it might have come out in 1987. . . there are much easier ways

to do these things with apps such as the iPhone apps.” Further-

more, many participants commented that pac2 was difficult to

learn and use. Finally, although the mean rating for information

quality was the highest of the 3 dimensions, several nurses men-

tioned that they failed to find frequently used medications or doses

in pac2’s drug databases. This led to the belief that the databases

shipped with the device were not comprehensive enough. One par-

ticipant commented: “I don’t know if it’s more adult-based or

what the difference was, but it just didn’t have pediatric, our stuff

I guess.”

Time efficiency continued to be mentioned as the most signifi-

cant factor in participants’ use decisions: “I understand that it has

also other checks besides just the calculation but it’s a lot quicker

Table 3. Results of the IBM system usability satisfaction question-

naire

Construct HS-A

(N¼ 28)

HS-B

(N¼ 17)

Combined

(N¼ 45)

System usefulness (1–7)a 5.43 6 1.01 4.27 6 1.54 4.99 6 1.35

Information quality (1–7) 5.60 6 1.09 4.92 6 1.67 5.34 6 1.36

Interface quality (1–7) 5.18 6 1.27 4.44 6 1.93 4.91 6 1.56

Overall satisfaction (1–7) 5.45 6 1.04 4.49 6 1.62 5.09 6 1.36

aDifference between HS-A and HS-B, P< .01.
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Table 4. Recurring themes from postimplementation observations and semistructured interviews

Dimension Theme Source Example(s)

Effort expectancy Usability Observations “. . . [Two nurses] say they do not use the ‘green machine’ because there are ‘way

too many buttons’ and ‘it takes way longer than a calculator’.”

Interviews “I guess I wasn’t as comfortable using the keypad and so I would use the stylus

and even the stylus wasn’t as quick I guess.”

Issues related to medication

databases used by pac2

Observations a. “Nurse 1 tries to double-check the dose using the pac2. . . However, digoxin

per oral (PO) did not come up so she does it in her head.”

b. “[The nurse] Asks another nurse where to find something on PAC2. The nurse

is unable to find a med in the PAC2.”

Time efficiency Interviews a. “So while it does give you a lot of redundancy and makes sure that you know

what is going on with that baby and that medication, it’s almost overkill in

that it’s taking so much time. . .”

b. “Now, there were a couple of times where I was trying real hard to use it and

I would check every med on my MAR with your device and tonight I would

not have had time to do that.”

Performance

expectancy

Perceived usefulness Observations “Nurses (at least 2) report machine is most helpful w/ drips. One nurse used

PAC2 in addition to hand calculating doses. Another nurse reports doing the

same initially but using the PAC2 in place of hand calculations after having got-

ten used to using the PAC2.”

Interviews a. “Instead of me handwriting a system out while I can enter my dose, concentra-

tion, whatnot, into there, it will print all that out on the sticker, and I can at-

tach to my drugs at that point. . .”

b. “I liked it for drips. I don’t know that it really helps that much with our basic

medications that we give. I don’t think it makes it them any quicker or

decreases the errors, but I do like it for drips.”

Interviews a. “It’s always in default to the one that you don’t want 99% of the time on that

milligrams per kilo per unit. It’d be nice if it didn’t default to that one since

that’s a minority of the ones that are chosen. . .”

b. “We basically are weaning the patient because the baby is growing and getting

bigger, and the dose is staying the same. . . So, it will go, ‘alarm, alarm, alarm!’

You know, ‘dose is too low.’ And I’m like ‘So what?’”

Conditions of use Observations “The nurse double-checks a medication for another nurse. She has the dose al-

ready memorized so she tells me that she doesn’t need to calculate it.”

Observations “PAC2 was never used. A calculator was used. The situation was rushed and the

nurse had to ask for the pharmacist’s help calculating the second med.”

Interviews a. “So in the future, if there are times where I feel like there’s no reason I would

need to use it, again, referring back to say, Tylenol, as an easy dose, that’s

something very easily calculated. So it’s quick to do in your head, or just go

on a calculator, and I don’t need to use a complicated system for it.”

b. “[The device is most useful] for drugs that are uncommon to us, that we don’t

use that often, is what I found the most beneficial. Otherwise, drugs that we

use, sometimes every day, again, they’re just second nature to us and we al-

ready know what we’re doing with those.”

Existing alternative tools Observations “Med calculations done w/ calculator.”

Interviews a. “No, I use other . . . Like I said, I have other programs that I have on my

phone that are pretty much similar . . . It’s all on my phone.”

b. “It depends on what it is and where we get. Like if it’s a narcotic, then we can

use the calculator off the Pyxis system. . .”

Existing safety assurance

procedures

Observations “The nurse completes the verbal double check procedure [with another nurse].”

Interviews “I feel like it is vulnerable to errors. I feel like we do have a redundancy in check-

ing it with another nurse up here and that’s, there’s two people looking at the

same thing and one normally catches it if the other one’s made a mistake.”

Facilitating

conditions

Logistics issues Observations a. “They do the calculations in their head. The nurse tries to use the device but it

is not charged. . .”

b. “Finishes calculation with PAC2. The PAC2 doesn’t print. The nurse reports

this to be a common problem.”
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for me just to calculate it real quick and go ahead and give it if it’s

something that I give all the time. . . It slows me down on meds that I

give all the time.” The complexity of the device, especially compared

to other tools, seemed to be a primary reason for this. One nurse

explained:

“It was actually a little bit less useful than I thought that it would

be, just in that the amount of information that it asks for. Well I

feel that redundancy is good, you’re having to look-up so much

more information that actually impedes the process of giving the

medication . . . It can be up to 10 to 12 minutes . . . I think it slows

me down. . . I can use my phone and get the information this

quick or just even call the pharmacy and get the information

faster.”

This suggests that one of the reasons that nurses may not have

perceived pac2 to be time-efficient was because it did indeed require

additional work and, thus, time—both to find the necessary patient

information and to input that information into pac2.

Finally, while participants still saw the potential utility of a por-

table DST like pac2, they envisioned a system that addresses some

of the aforementioned usability issues: “. . . [a decision support tool]

that could be easily integrated into the programs itself installed into,

say, a tablet. . . or again our personal devices. . ..” In other words,

nurses wanted a tool that integrates with the other systems that they

use and on a device with which they are already familiar.

Performance expectancy

The recurring themes that emerged along this dimension in the post-

implementation phase are very similar to those discovered pre-im-

plementation (1) usefulness, (2) conditions of use, (3) existing tools,

and (4) existing approaches.

First, nurses found pac2 useful for certain types of calculations,

and also appreciated specific functions. For instance, some spoke

about how the tool helped them with drips, which tend to involve

more complicated calculations (ie volume/time rather than just vol-

ume). Additionally, many found pac2’s label printing functions use-

ful: “One thing I found that I’ve enjoyed the most about it, is the

printing system that you all tied to it as well.” One participant went

on to explain that this feature saved her the step of handwriting the

label (ie a process efficiency). On the other hand, some nurses also

identified functionality issues that affected their perceptions of use-

fulness, such as the device failing to account for common situations

in which a nonstandard dosage may be desired (eg weaning patients

off medications).

Second, during both observations and interviews, it emerged that

many nurses did not find pac2 useful when they were under time

pressure or when they were giving “routine” medications with

which they were very familiar. For instance, during an emergency,

one RA observed, “PAC2 was never used. A calculator was used.

The situation was rushed and the nurse had to ask for the pharma-

cist’s help calculating the second med.” In another instance where

pac2 was not used, it was noted: “[the nurse] mentions that the pac2

device is good for infrequently administered drugs (eg dopamine and

dobutamine) but not really helpful for ‘everyday’ medications.” Sim-

ilarly, an interview participant stated, “If it’s something we don’t

give very often, I think it’s helpful. If it’s something that we give all

the time, I don’t know that it’s that much error proof with it.” This

is likely a major reason for the relatively low usage—since most of

the medications administered were routine, and nurses were confi-

dent in these calculations, pac2 was considered unnecessary.

Third, since pac2’s function overlapped with existing tools, par-

ticipants tended to use the most convenient tool in a given context.

For example, if the nurse needed to get a medication from the Pyxis

MedStation Unit, they may have chosen to use its built-in calculator.

As one nurse explained, “It depends on what it is and where we get

[it].” In addition, smartphone applications continued to be widely

used postimplementation.

Finally, many participants also continued to be confident in their

existing safety procedures, which could have also contributed to the

perception that pac2 was unnecessary.

Facilitating conditions

The RAs noticed several instances when the nurses attempted to use

pac2, but were unable—the device was inaccessible in the ward or

was out of battery charge. There were also times when the device

failed to print.

Effect of device
Workload

Table 5 reports the average patient load pre- and postimplementa-

tion, the mean weighted ratings for each of the 6 NASA-TLX dimen-

sions, and the global workload score. HS-B nurses reported a lower

patient load postimplementation, t (7) ¼ 2.67, P< .05. However,

none of the other pre-/post-test differences were statistically signifi-

cant after applying the Bonferroni correction for the number of t-

tests (N¼14, corrected P< .0035). Furthermore, differences be-

tween the pre-/post-test scores were not significant based on the

repeated-measures ANOVA test; nor was there an interaction be-

tween testing period and NASA-TLX dimension. In other words, the

cognitive load for the nurses to perform bedside dose calculation

tasks, with or without pac2’s assistance, did not differ significantly.

Table 5. Mean weighted ratings and global workload from the NASA-TLX and post/predifferences

Construct

HS-A (N¼ 16) HS-B (N¼ 8) Combined (N¼ 24)

Pre Post Diff. Pre Post Diff. Pre Post Diff.

Patient load 2 1.93 �0.067 2.5 1.63 �0.88* 2.17 1.83 �0.35

Mental demand 176.09 152.81 �23.28 194.38 188.13 �6.25 182.19 164.58 �17.60

Physical demand 14.84 12.5 �2.34 3.44 10.94 7.5 11.04 11.98 0.94

Temporal demand 175 180.16 5.16 124.38 98.13 �26.25 158.13 152.81 �5.31

Performance 50 66.41 16.41 35.94 19.06 �16.88 45.31 50.63 5.31

Effort 59.06 111.25 52.19 182.50 68.75 �113.75 100.21 97.08 �3.13

Frustration 81.09 128.13 47.03 62.5 56.56 �5.94 74.90 104.27 29.38

Global score 37.07 44.00 6.92 40.21 29.44 �10.77 38.12 39.14 1.02

*P< .05.
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Finally, the main effect of the NASA-TLX dimensions, F(5, 115)

¼ 15.14, P< .0001, followed by Tukey’s post hoc comparisons of

means indicated that scores on the rating scales for mental and tem-

poral demands were significantly higher than for all other scales ex-

cept task effort (P< .05). This likely reflects the cognitive effort and

fast pace, respectively, that the dose calculation task requires.

Medication errors

The device log analysis indicated that, of the dosage calculations

performed using pac2 (N¼1202), about 20% were flagged as high

and about 12% as low (ie above and below the safe therapeutic

range, respectively). Our qualitative data suggest that only some of

these flagged calculations were actual dosing errors. For instance,

one nurse expressed irritation when pac2 alerted her to low dosages

that were actually appropriate for their treatment goal (ie weaning

patients off medications), “We basically are weaning the patient be-

cause the baby is growing and getting bigger, and the dose is staying

the same. . . So, it will go, ‘alarm, alarm, alarm!’ You know, ‘dose is

too low.’ And I’m like ‘So what?’” On the other hand, though, dur-

ing an observation session, a participant described how pac2 sup-

ported a prescriber’s decision-making; the RA noted, “She said at

another time the device flagged a ‘low’ dose and this helped the MD

decide to ‘DC’ (discontinue) the medication.” Another nurse com-

mented during an interview that: “. . . for our neo-nurses it’s been

beneficial. I know they’ve caught a couple of errors or even just

maybe a dose that’s been out of range.”

Overall, the number of voluntarily reported medication errors

attributed to the administration stage was small. In the NICU, there

were 5 administration errors reported pre-implementation and 4

reported postimplementation. In the PICU, only 2 administrative

errors were reported pre-implementation, and none were reported

postimplementation. Among all the reviewed reports, there was only

one that “required intervention to save life,” and it occurred pre-im-

plementation.

DISCUSSION

Successful laboratory tests cannot guarantee that a technology will

have desirable outcomes in the field35; thus, we deployed and evalu-

ated a laboratory-tested handheld DST in pediatric critical care set-

tings. The commercial device, pac2, was designed to assist nurses in

translating medication orders to correct volumes and rates of admin-

istration for intravenous and other liquid medications. It was

intended to reduce the incidence of dosing errors during medication

administration.

Although our qualitative data indicate that pac2 may have had

some effect on medication prescription and administration, overall,

its effect was limited. This was likely due to low participant use.

While many reported that pac2 was useful in certain situations (ie

complex calculations) and that some of its features were particularly

helpful (ie printing function), major barriers related to nurses’ risk

perceptions, the critical care environment, and pac2’s usability

emerged. If routine use of such mobile DSTs is necessary to reduce

the occurrence of medication dosing errors, these barriers must be

addressed in both their implementation and design.

Addressing points of vulnerability
Our findings offer insights into potential strategies that those re-

sponsible for implementing mobile tools like pac2 may need to em-

ploy in order to mitigate underlying barriers to use in 2 key

situations: when (1) administering “routine” medications and (2)

facing time constraints.

Routine medications

The perception that pac2 was unnecessary when administering com-

mon, or routine, medications with which participants were very fa-

miliar raises several questions: What level of use is required to

reduce dosing errors? Is routine use necessary? Can this outcome be

achieved if use is limited to specific situations (eg new medications)?

Are errors indeed less likely for routine medications?

While knowledge deficits may be an issue for infrequently ad-

ministered medications,57,58 the lack of familiarity may also lead to

greater attention and care in administration tasks.58 In contrast, the

familiarity and comfort with routine medications may contribute to

the perception that these medications are lower risk,58 leading to de-

creased vigilance. The research on adherence to safety procedures

such as nurse double checks seems to support this—adherence tends

to be lower when administering routine medications.57,58

The literature does not provide a definitive answer, but there is

some evidence that errors are more likely for common medica-

tions.59–61 If this is the case, it indicates a need for educational inter-

ventions to address such misperceptions prior to the implementation

of mobile DSTs similar to pac2. On the other hand, if errors are less

likely, it may not be reasonable to expect routine use of such tools.

Instead, nurses should be encouraged to use them to complete com-

plex calculations and as an “incidental learning” tool. In the latter

case, those responsible for implementing the technology should ex-

pect use to be relatively low and evaluations may need to focus on

longer-term effectiveness, as the benefits may not be immediately

visible. Further research is needed to better understand the nature

and root cause of dosing errors in various settings in order to facili-

tate effective implementation of similar technological interventions.

Time constraints

Our data also show that time constraints, whether due to emergen-

cies or high patient load, were barriers to pac2 use. Unfortunately,

these situations tend to be particularly error-prone,15,62,63 and are

where DSTs may have the greatest potential for impact. Although

there are strategies that may be effective in the high patient load

context—both organizational (eg increase staff) and individual (eg

share suggestions from “super users”)—they do not address

emergency situations.

Technology gap

In both of the above situations, if a tool was needed, nurses tended

to use the simplest, most convenient tool possible. Thus, even

though existing tools (eg conventional calculators) may be

insufficient and nurses seem to desire a more sophisticated solution,

pac2 was too complex and resource intensive to be practical in these

contexts. Interestingly, these situations have also been associated

with non-adherence to other safety protocols.57,58,64 Taken to-

gether, it suggests that these may be persistent points of vulnerability

in hospitals’ defenses against errors, and that they may continue to

be unless the design of mobile DSTs like pac2 is improved.

Improving mobile decision support technologies
The results of this study provide some insights into how developers

may improve nurse acceptance and address this technology gap.

Along with existing features that provide process efficiencies (eg

printing function), there are opportunities to improve nurse
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acceptance by customizing the tool for the setting (eg default to the

units needed most often) and accounting for exceptions (eg where a

nonstandard dose may be required). More importantly, though, con-

venience and time efficiency may be improved with a system that is

integrated into the hospitals’ existing IT infrastructure—leveraging

the tools, such as smartphones, and systems, such as electronic

health record, that already exist in the environment. The optimal so-

lution may be one that is flexible enough to address context-specific

needs and that nurses may customize according to their individual

preferences.

As many others have discussed, the extent to which commercial

technologies, including standalone DSTs, may be customized is of-

ten limited.65,66 While there are cases where custom DSTs have been

locally developed and integrated into commercial systems,67 this is

relatively rare and, obviously, requires sufficient local resources.

More commonly, though, vendors want to maintain complete con-

trol over their proprietary systems, including the available DSTs and

the platforms through which they are accessed.66 Thus, it remains

unclear whether a commercial mobile DST like the one our partici-

pants envisioned will be developed at all and, if it is, whether it will

be flexible enough to meet pediatric critical care nurses’ needs and

expectations.

Finally, our findings also underscore the importance of extensive

user-centered usability testing, especially formative studies, during

the development of mobile DSTs so that issues are identified and

addressed as early as possible—ideally before the tool becomes

widely available.

Limitations
This study had 2 major limitations. First, participation was volun-

tary and not all nurses participated in all study activities. Because

participants likely represent a particularly motivated and tech-savvy

group, it is possible that non-participants would be even less likely

to use pac2. This suggests an even greater need to address the bar-

riers identified in this study; however, more research is also needed

to determine whether there may be additional barriers when such

technology is implemented more broadly. Second, we utilized medi-

cation error data from voluntary reporting systems, which tend to

underestimate errors.68 For this study, though, the bigger concern

was observation bias—that participation in the study would change

reporting behaviors. We minimized this risk by leveraging hospitals’

existing quality assurance mechanisms rather than collecting this in-

formation directly from participants.

Despite these limitations, this was a comprehensive, multi-site

evaluation that used a mixed methods approach to generate key

insights into nurses’ acceptance of commercial handheld DSTs to

reduce medication dosing errors in pediatric critical care settings.

End-user acceptance is essential to realizing the value of such tech-

nologies; our data suggest ways to improve the design and imple-

mentation of mobile DSTs in order to facilitate acceptance. These

findings add to the growing evidence base on end-user acceptance

and effectiveness of DSTs in the field. It also addresses a gap in this

literature, as few studies have evaluated mobile DSTs, particularly

commercial tools, in healthcare settings.

CONCLUSION

The results of this study show that regardless of its potential for re-

ducing AMEs, the commercial, standalone handheld decision sup-

port device evaluated was not routinely used by participants and

thus achieved very limited impacts on error reduction and workload.

We conclude that, although a mobile tool may be necessary to pro-

vide just-in-time medication administration decision support to pe-

diatric critical care nurses, portability does not guarantee routine

use—implementation efforts, as well as the tool’s usability and time

efficiency, are critical for adoption. Nurses may be more likely to ac-

cept a mobile DST that is integrated into the existing IT infrastruc-

ture, provides clear process efficiencies, is flexible enough to address

context-specific needs, and is customizable according to individual

preferences. This research should inform efforts to develop and de-

ploy similar patient safety technologies.
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