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Abstract

Background: The administration of drugs in pediatric emergency care is a time-consuming process and is associated with a
higher occurrence of medication errors compared with adult care. This is attributed to the intricacies of administration, which
involve calculating doses based on the child's weight or age. To mitigate the occurrence of adverse drug events (ADEs), the
PedAMINES (Pediatric Accurate Medication in Emergency Situations; Geneva University Hospitals) mobile app has been
developed. This app offers a step-by-step guide for preparing and administering pediatric drugs during emergency interventions
by automating the dose calculation process. Although previous simulation-based randomized controlled trials conducted in
emergency care have demonstrated the efficacy of the PedAMINES app in reducing drug administration errors, thereis alack of
evidence regarding its economic implications.

Objective: This study aims to evaluate the cost-effectiveness of implementing the PedAMINES app for 4 emergency drugs:
epinephrine, norepinephrine, dopamine, and midazolam.

Methods: The economic evaluation was conducted by combining hospital datafrom 2019, previoustrial outcomes, information
extracted from existing literature, and PedAMINES maintenance costs. The cost per avoided medication error was calcul ated,
along with the number of admini strations needed to achieve a positive return on investment. Subsequently, Monte Carlo simulations
were used to identify the key parameters contributing to result uncertainty.

Results. Thestudy revealed the number of preventable errors per administration for the 4 examined drugs: 0.513 for epinephrine,
0.484 for norepinephrine, 0.500 for dopamine, and 0.671 for midazolam. The cost-effectiveness ratios per ADE prevented were
computed as follows: US $4808 for epinephrine, US $9705 for norepinephrine, US $6957 for dopamine, and US $2074 for
midazolam. Accounting for the economic impact of ADES, the analysis estimated that 16 administrations of epinephrine, 17 of
norepinephrine and dopamine, and 13 of midazolam would be required to attain a positive return on investment. This corresponds
to roughly one-third of the annual administrations at a major university hospital in Switzerland. The primary factors influencing
the uncertainty in the estimated cost per ADE include the cost of maintenance of the app, the likelihood of an ADE resulting from
an administration error, and the frequency of underdosing in the trial’s control group.

Conclusions; A dedicated mobile app presents an economically viable solution to alleviate the health and economic burden of
drug administration errorsin in-hospital pediatric emergency care. The widespread adoption of thisapp is advocated to pool costs
and extend the benefits on a national scale in Switzerland.
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Introduction

Medication errors are among the most common medical errors,
with a significant health and economic impact on health care
systems [1]. Incorrect drug doses increase the risk of adverse
drug events (ADEs), which can adversely affect patient health
outcomes, consume human and material resources, and increase
health care costs [2-5]. Pediatric patients are at increased risk
because most drugs administered intravenously to children are
provided in vials originally prepared for the adult population,
which must be dosed and prepared according to each child’s
individual weight, varying widely between age groups [6,7].
This risk may be further increased in pediatric emergency
departments (PED) and pediatric intensive care units (PICUs)
due to the complexity of stressful and high-risk situations
encountered [8-10]. In addition, comorbidities and poor health
status increase the likelihood of ADE [11,12]. Although health
information technology (HIT) plays an increasingly important
role in modern medicine, notably by improving the safety of
the medication process[13-17], thereis limited evidence of its
effectiveness and efficiency [15], particularly in pediatrics
[16-19]. Therefore, the need for clinical and cost-effectiveness
evidence to support the implementation of digital health
interventions to prevent medication error-related ADE in
pediatric emergency care has become increasingly important.

Previoustrials have demonstrated the ability of amobile medical
app, PedAMINES (Pediatric Accurate Medication in Emergency
Situations, Geneva University Hospitals), to significantly reduce
out-of-hospital and in-hospital medication errorsfor intravenous
drug administration compared with conventional preparation
methods during simulation-based pediatric resuscitation [20,21].
The app guides the user through the preparation and
administration of drugs by automatically calculating the correct
weight-based doses and providing a detailed preparation
sequence. This study evaluated the cost-effectiveness and net
economic benefit of using the app compared with conventional
drug preparation methods to reduce the rates of medication
errors and ADEs during intravenous drug administration in
pediatric emergency care in atertiary hospital. The hypothesis
was that the use of the app could be a cost-effective strategy at
the societal |evel to reduce medication errors and the associated
economic burden in pediatric emergency medicine.

Methods

Intervention

PedAMINES provides automatic calculation support for the
injection of drugs at pediatric doses. Registered as a medical
device, it consists of 2 main parts. The first part features a
welcome screen wherethe user is prompted to enter the patient’s
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weight or age. Once this information is entered, the user is
directed to a screen where each of the drugs listed for direct
intravenous injection or continuous infusion can be selected
from a menu on the left-hand side, with a detailed preparation
procedure displayed on the right-hand panel, following a
standardized and simplified path. The second part isan interface
for editing, managing, and sharing drug lists with other users.
Additional information about the app’s interface has been
published previously [17]. Multicenter randomized controlled
trials have demonstrated the effectiveness of the app in reducing
pediatric dosing errors during emergency drug injections in
life-threatening critical situations[20,21]. Datafrom thesetrials
are used below to examine the app’s cost-effectiveness.

Economic Evaluation

Initially, the reduction in error rates for direct intravenous
administration of pediatric doses of epinephrine using the app
was evaluated in the prehospital setting [20]. Epinephrine was
selected duetoitsfrequent use as afirst-line agent in emergency
situations, especialy in pediatric cardiopulmonary resuscitation
(CPR) and its extensive coveragein scientific literature, making
it astandard reference and comparator drug. Subsequently, the
findingsfrom prehospital settingswere extrapol ated to the PICU
environment of atertiary hospital in Switzerland.

In the economic evaluation, the costs (ie, maintenance, update,
and training costs) as well as the health benefits (ie, avoided
administration errors with associated consegquences) and
nonhealth benefits (avoided costs, time saved) of using the app
in pediatric care at the Geneva University Hospitals were
considered. First, a cost-effectiveness analysis was performed,
expressed as the cost per error avoided. Second, a simple
decision-analytic model was used to translate the reduction in
error rates into prevented ADEs of varying severity and,
ultimately, avoided costs. The cost per ADE avoided was then
used to determine the minimum number of patients per year
that would need to be treated with the app for the intervention
to be cost-neutral.

The analysis was then extended to another commonly used
direct intravenous drug in the prehospital setting, midazolam
[20]. Finally, to assess the potential benefits of using the app
in multiple contexts, the app’s use for the continuous infusion
of norepinephrine and dopamine in the in-hospital emergency
care setting (ie, PED) was further investigated. The choice of
these 2 vasopressors was based on previous experience with
their use [21]. In addition, dosing recommendations and
preparation methods for the continuous infusion of
norepinephrine were similar to those for epinephrine [22]. The
costs and benefits of using the application were evaluated
separately for each drug to provide a conservative perspective
on implementing the application for only one drug at atime.
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Intervention Costs

We first estimated the direct costs of using the app from the
provider's perspective. The upfront investment cost of
developing the app was not included in the cost-effectiveness
calculations (ie, US $186,026), but we did include the annual
recurring costs of maintenance and upgrades. These costs were
estimated to be 20% of the development costs (ie, US $37,205)
per year.

Thedirect costs of using the app from the provider’s perspective
were initialy estimated. The upfront investment cost of
developing the app, totaling US $186,026, was not included in
the cost-effectiveness calculations [23,24]. However, annual
recurring costs for maintenance and upgrades, estimated at 20%
of the development costs (US $37,205 per year), wereincluded.
It was assumed that hardware costs would be zero, as the app
can be easily installed on standard hospital equipment such as
smartphones or tablets commonly used in ambulances [25,26].
In addition, the cost of aninitial 15-minute basic training session
on the app, along with annual 15-minute refresher sessions for
medical staff, was included. These training costs were valued
based on the salaries of nurses and physiciansin pediatric care
at the institution’s accounting services, resulting in an annual
training cost of approximately US $5 for nurses and US $7.5
for physicians. For instance, in 2019, the PED employed 60
full-time equivalent nurses and 22.8 full-time equivalent
physicians, resulting in atotal annual training cost of about US
$1400.

I nter vention Outcomes and Benefits

The medication errors considered in the analysis are defined as
deviations from the correct weight-based dose by more than or
less than 10% [27]. The number of errors reported in patients
with and without the assistance of the app for emergency drug
preparation was previously identified [20]. Using this
information, a ratio of preventable errors per epinephrine
administration was calculated. Subsequently, the maintenance
and training costs outlined earlier were used to quantify the
resources invested per error avoided.

To estimate the avoided costs associated with the reduction in
errors (Ng,), the potentialy prevented adverse drug events
(Napg) attributableto error reduction were then estimated using
scientific literature and hospital data as sources of information.
ADEs were defined according to the criteria of the National
Coordinating Council for Medication Error Reporting and
Prevention, categorized asfollows: (1) temporary patient harm
requiring intervention (Category E) and (2) temporary patient
harm requiring initial or prolonged hospitalization (Category
F) [28]. The probability that a medication error would result in
an ADE was calculated, along with the probability that an error
would result in temporary harm requiring either intervention
(Ncat g) or prolonged hospitalization (N4 ) [29-32]. Due to
the lack of evidence on mortality from medication errors in
pediatric emergency care, a conservative assumption was made
that an error would never result in patient death. Although some
patients may experience multiple concurrent ADES in 15% of
cases [29], for simplicity, it was assumed that an error could
resultin at most 1 ADE.

https://www.jmir.org/2024/1/e52077
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NADE = Nerr EP(ADE)
NCat E = NADE [(Pca g
NCat F = NADE [(Pca by

These ADEswerethen converted into costs. For ADEsrequiring
intervention, the cost consequences were estimated as the
average excess reimbursement received by the hospital for
complication-related hospital stays (ie, +90%; Multimedia
Appendix 1), which was applied to the average cost of ahospital
stay. Studiesreporting outcomesfor ADESrequiring prolonged
length of stay (LOS) in adult [33,34] and pediatric [35,36]
popul ations were reviewed. However, the heterogeneity of these
studies, which was highly dependent on the setting and thetype
of drug studied, did not allow an exact number of avoidable
hospital daysto be determined. Therefore, theincreasein LOS
dueto opioid-related adverse eventsin surgical hospitalizations,
equivalent to an additional 0.64 days [33], was used as a
reference. The cost of these additional days resulting from an
ADE was evaluated using the average daily hospital cost at the
Geneva University Hospitals.

As an additional potential benefit, the economic value of time
saved by using the app compared with standard drug dose
calculations was included. The previously identified time
savings per drug injection [20] were val ued using corresponding
wage information.

Economic Analysis

All costs and outcomes were identified for a single year, 2019.
The cost and outcome data described above were used to
calculateincremental cost-effectivenessratios (ICERS; ICERg,
and ICER,pg) [37]. The ICER is expressed as the ratio of the
difference in cost between 2 strategies (ie, between the app
[Cappl and conventional [C,,] drug preparation methods) to
the difference in effectiveness between the app (Eyp) and the
conventional method (Egyy,)-

Capp — Ceonv =~ M+ U+T —TA

ICER,,, =

Eapp - Econv Ner'r app Nerr conv

Capp — Ceonv M+U+T—-TA

ICERADEzE — =3 N
app conv ADE app ADE conv

Subsequently, an analysis was conducted that included the
economic benefit of avoiding ADEs, and the results were
expressed in terms of the minimum number of administrations
required to achieve a positive return on investment (ROI). To
perform this cal culation, the costs of using the app (maintenance
[M], update[U], and training costs [ T]) were compared with its
monetary benefits derived from the time saved during
administration (TA).

A probabilistic sensitivity analysis of the parameters was then
performed to reflect the uncertainty in the decision problem,
using either a uniform or normal distribution where available
(Table 1). Therelative impact of uncertainty in key parameters
on the number of uses required to achieve a positive ROl was
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also determined. In addition, Monte Carlo (MC) simulation [36]
was used, involving random sampling based on probability
distributions of the parameters, to provide further insightsinto
the uncertainty surrounding the calculated values [38].

To maintain consistency with the timing of other data used and
to mitigate the potential impacts of the COVID-19 pandemic
on costs in 2020 and 2021, all costs in the following analyses
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were converted to US dollars based on the costs in CHF from
the in-hospital trial conducted in 2019 [21] (exchange rate of
CHF 1=US $1.03 as of December 31, 2019). All parameters
used in the calculations are detailed for epinephrine (Table 1)
and for norepinephrine, dopamine, and midazolam (Multimedia
Appendix 2). Analyses were performed using Microsoft Excel
2016 (version 16.0.5254.1000).

Table 1. Variables and distributions used in the analysis.

Parameter Distribution? Mean SD Cl 95% Reference

Total number of epinephrine administrationsinvestigated inthe  Fixed value 76 _b — [20]

2021 prehospital trial

Preparation time to intravenous epinephrine administration in the  Normal 191.6 80.3 34.2-349 [20]

experimental group (ie, with app support), in seconds

Timeto intravenous epinephrine administration in the control group  Normal 201.1 734 56.2-344 [20]

(ie, without app support), in seconds

Number of epinephrine overdoses (>10% of the prescribed dose) Uniform 20 — 16-24 [20]

in the experimental group

Number of epinephrine overdoses (>10% of prescribed dose) in ~ Uniform 7.0 — 5.6-84 [20]

the control group

Number of epinephrine underdoses (>10% of prescribed dose) in  Uniform 20 — 16-24 [20]

the experimental group

Number of epinephrine underdoses (>10% of prescribed dose) in  Uniform 36.0 — 28.8-43.2 [20]

the control group

Probability of an ADES Normal 11.1% 1.1% 9.1%-13.5% [28]

Probability of temporary patient harm and need for initial or pro- Norma 3% 1.89% 0.6%-8% [28]

longed hospitalization (category F)

Probability of temporary patient harm and complication (category Normal 97% 1.89% 92%-99.4% [28]

E)

Daily cost of an inpatient stay in the PICUY, in US $, 2019 Uniform 229.7 — 18382757 Hospital ac-
counting

Increased cost of hospitalization due to complications: 91.84% of  Uniform 22,0800 — 17,664-26,496  (Multimedia

PICU cost, in US $, 2019 Appendix 1)

Costs of using and maintaining the app, including the softwareand  Uniform 37,205.3 — 29,764.2- Expert opinion

resources used to use the app each year. 44,646.3 +[23,24]

Cost of training anurse in the PEDS, in US $, 2019 Uniform 8855 — 708.4-1052.6  Hospital ac-
counting + ex-
pert opinion

Cost of training a physician in the PED, in US $, 2019 Uniform 522.7 — 418.1-627.3 Hospital ac-
counting + ex-
pert opinion

Conditional length of stay, ie, the number of days of prolonged Normal 0.6 0.1 0.4-0.9 [33]

hospitalization in the event of an ADE.

US $: CHF exchange rate on 31 December 2019 Fixed value 1.03 — — [39]

AV here the information on the distribution of the variable was not available, a uniform distribution with a Cl of +20% was assumed.

BNot applicable.

CADE: adverse drug event.

dpicu: pediatric intensive care unit.
€PED: pediatric emergency department.
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Dopamine, Norepinephrine, and Midazolam
Replication

The app supports the preparation of multiple drugs for direct
intravenous injection or continuous infusion. Therefore, the
same methodology described above was applied to 3 other
injectable drugs. norepinephrine, dopamine, and midazolam.
The use of the app with dopamine and norepinephrine has been
studied in the in-hospital setting [21], while its use with
midazolam has been investigated in the same prehospital study
as epinephrine [20], demonstrating the app’s value in different
emergency contexts and preparation methods. All parameters
for these additional analyses are provided in Multimedia
Appendix 2. Replicating the analysis for different settings and
types of drugsis crucial for reinforcing the external validity of
the results. The selected drugs include 2 for direct intravenous
administration in a prehospital setting by paramedics and 2 for
continuous infusion in an in-hospital setting by nurses and
physicians.

Ethical Considerations

This study uses preexisting secondary data that was published
before our analysis. The 2 principal trials referenced in this
study underwent ethical review by the Geneva Cantonal Ethics
Committee, asdocumented in the original publications[20,21].
For the first trial in 2016, the Geneva Cantonal Ethics
Committee did not assign an approval code at the time, while
for the second trial, the approval code was Req-2019-00773.
As aresult, additional ethical review was not required for this
research. Furthermore, no individual participants from any of
the studies used in this analysis can be identified.

Results

Cost Per Error Prevented Using the App for
Epinephrine, Dopamine, Norepinephrine, and
Midazolam

The number of errors and ADEs prevented using the app for
direct intravenous epinephrine was calculated (Table 2). An

Brunner et al

error rate of 44 (57.9%) out of 76 injections was observed for
epinephrine injection in the prehospital setting using
conventional preparation methods, compared with 4 (5.4%) out
of 74 injections using the app, resulting in areduction in error
rate of 53.8% (95% CI 38.4-66.4) [20]. The cost per prevented
ADE was estimated at US $4808. Unfortunately, there was no
available information on the cost of ADEs in Switzerland to
contextualize thisvalue. However, in Japan, the cost of an ADE
was estimated at US $8258.23 [40], which is twice as high as
the cost of preventing an ADE with the PedAMINES app. The
literature provides limited information on the economic burden
of ADEsin pediatric care. Inthe German emergency population,
the mean cost of an ADE was €2743 (~US $2970) [41]. In the
US population older than 64 years, the cost of ADE-related
hospital admission hasbeen estimated at US$17,796 [42]. These
estimates highlight the challenges in determining ADE-related
costs, which are highly dependent on context, the specific types
of costs considered, and the population studied. However, they
confirm the general range of costs associated with an ADE.

The number of errors ADEs prevented using the app for direct
intravenous midazolam and continuous infusions of
norepinephrine and dopamine was calculated (Table 2). Using
the same calculation method as for epinephrine, the cost per
error prevented for these 3 drugs was determined. It was found
that preventing an ADE associated with norepinephrine would
be the most expensive, while preventing an ADE associated
with midazolam would be the least expensive. This analysis
was repeated, accounting for an annual device cost of US $600
(acquisition of 2 tablets costing US $300 each annually), and
showed similar results (more details in Multimedia Appendix
3).

Table 2. Preventable errors, preventable ADE? cost per prevented error, and cost per prevented ADE using the app for epinephrine, dopamine,

norepinephrine, and midazolam.

Drugs Preventable errorsper  Preventable ADE per  Cost per preventeder-  Cost per prevented
administration, n administration, n ror,inUS$ ADE, inUS$

Epinephrine (direct IVb) 0.513 0.057 534 4808

Dopamine (continuous infusion) 0.500 0.056 772 6957

Norepinephrine (continuous infusion) 0.484 0.054 1077 9705

Midazolam (direct V) 0.671 0.074 230 2074

8ADE: adverse drug event.
B1v: intravenous.

Number of Drug AdministrationsRequired to Achieve
a Positive ROI Using the App for Epinephrine,
Dopamine, Norepinephrine, and Midazolam

Overal, the number of epinephrine administrations required to
achieve a positive ROl was found to be 16 (Table 3).

https://www.jmir.org/2024/1/e52077

Extrapolating to 2019, when the PICU of Geneva University
Hospitals reported 40 administrations, a positive ROl could
have been achieved for the remaining 24 administrations.

Similarly, acomparable number of drug administrationsrequired
to achieve a positive ROI with the app was estimated (Table 3).

JMed Internet Res 2024 | vol. 26 | €52077 | p. 5
(page number not for citation purposes)


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

JOURNAL OF MEDICAL INTERNET RESEARCH

In 2019, using the app in our PICU with any of these drugs
would have achieved a positive ROI.

The number of administrations required to achieve a positive
ROI and theresults of 10,000 Monte Carlo simulationsfor each
of these drugs are shown in Table 3. In 95% of the simulations,

Brunner et al

apositive ROl would be obtained with the app after amaximum
of 23 administrations of epinephrine, a maximum of 24
administrations of dopamine, amaximum of 35 administrations
of norepinephrine, and a maximum of 19 administrations of
midazolam.

Table 3. Number of drug administrations required to achieve a positive ROI? and the result of Monte Carlo simulations.

Drug administrations required to

achieve a positive ROI (calculat-

Drug administrations to achieve aposi- 10tal administrationsat the

Drugs ed), n tive ROI in 95% of cases (calculated), n PICUPin 2019, n
Epinephrine (direct IV°) 16(15.8) 23(23.0) 40

Dopamine (continuous infusion) 17 (16.2) 24 (23.4) 100
Norepinephrine (continuous infusion) 17 (16.7) 35(24.7) 141

Midazolam (direct 1V) 13(12.1) 19 (18.1) 250

3ROI: return on investment.
bpicu: pediatric intensive care unit.
CV: intravenous.

Sensitivity Analysis

Sengitivity analysisof individual variables provided information
on the relative importance of each parameter in the model used
to predict the number of epinephrine administrations required
to achieve a positive ROI. The independent effect of each

parameter on the resultsisillustrated in atornado plot (Figure
1). Maintenance and usage costs, the probability of occurrence
of an ADE, and the frequency of underdosing in the control
group were identified as the parameters with the strongest
individual influence on the number of administrations required
to achieve a positive ROI.

Figure 1. Deterministic sensitivity analysis (tornado plot): epinephrine. Relative importance of the uncertainty according to the variables used in the
analysis. ADE: adverse drug event; cat: category; CLOS: conditional length of stay; ctrl grp: control group; epi: epinephrine; exp grp: experimental
group; hosp: hospital; Nb: number; OD: overdoses; prob: probability; ROI: return on investment; UD: underdoses.

Cost complication

Usage and maintenance cost

Prob of ADE
MNb UD ctrlgrp
MNb OD exp grp

Prob catE
Nb UD exp grp
Mb OD ctrigrp

MNurse training cost
Physician training cost
Prep time ctrl grp
Prep time exp grp
Prob catF
Daily cost hosp stay
CLOS

118 128

138 148

158 16.8 17.8 18.8 158 208

Administrations required to achieve a positive ROI

Probability distributions were used (Table 1) to assess the
sensitivity of the results to parameter uncertainty. The

https://www.jmir.org/2024/1/e52077

distribution of results from the MC simulation is shown in a
histogram (Figure 2). In this histogram, the gray bars represent
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the cumulative frequency, while the dark bars show the
frequency of individual outcomes from the simulation.
Subsequently, cumul ative frequencies of these simulations based
on probabilistic variations of the variables are displayed in
Figure 3. In thisfigure, the grey line marks the threshold below
which 95% of the simulations fall, while the black line
represents the cumulative frequency of the Monte Carlo

Brunner et al

simulations. Out of 10,000 MC simulations, 95% achieved a
positive ROI within 23 administrations. The sensitivity analysis
reveals similar results for norepinephrine, midazolam, and
dopamine. Therefore, cumulative simulation frequencies and
tornado plots are provided in the supplementary material
(Multimedia Appendices 4-5).

Figure2. Proportion of simulationswith apositive return on investment by the number of administrations: epinephrine. The number of administrations
reguired to achieve a positive return on investment on 10,000 Monte Carlo simulations.
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Discussion

Principal Findings

To the best of current knowledge, this study offers the most
comprehensive economic analysis to date of using a medical
mobile app to reduce medication errors and prevent ADEs in
pediatric emergency care, compared with conventiona drug
preparation methods (Multimedia Appendix 6). The costs and
benefits are presented from Geneva University Hospitals
perspective and could be extrapolated to the Swiss health care
system. The cost per error prevented for epingphrinewas US $
534, and the cost per ADE prevented was US $ 4808. For
epinephrine, the ROI becomes positive and profitable after the
16th injection, which is economically compelling given its
frequent use in PICUs and PEDs globally. In 2019, Geneva
University Hospitals administered epinephrine 40 times. This
finding for epinephrine can be extended to other specific drugs.
Similarly, considering the cost-effectiveness of midazolam,
norepinephrine, and dopamine, it indicatesthat numerous other
medications could derive advantages from the app for safe
preparation and administration, especialy high-risk drugs
susceptible to significant patient harm if improperly prepared
(eg, chemotherapeutics, narcotics, anticoagulants, electrolytes).
Furthermore, with no upfront development costs and only
maintenance expenses, if the app is purchased, achieving a
positive ROI would be accelerated, and the additional cost of
preventing an ADE would be reduced.

Limitations and Future Work

This study has limitations, primarily related to the composite
study framework used. First, ADE estimates were based on
existing literature, which remains scarce in thisfield and limits
generalization. Second, the partial reliance on data from
simulated trials may be critiqued for itslack of external validity.
However, high-fidelity simulations have been shown to
effectively simulate real-life scenarios for evaluating research
guestions and technologies that are challenging to assess in
real-world settings [43]. In addition, there is currently no data
available on whether mobile apps reduce medication errors or
ADEsinreal-life settings. It is plausible that medication errors
could potentially be higher in routine practice without app
support due to external factors not accounted for in ssmulated
trials. If so, this could underestimate the app’s ability to further
reduce medication errors and ADEs in real-world settings and,
consequently, the marginal cost of error reduction.

Third, while evidence suggests comparable medication error
rates between in-hospital and prehospital settings [20,21],
prehospital medication error rates were applied to thein-hospital
setting, acknowledging differences in contexts and health care
providersinvolved. Fourth, data specific to drug volumes used
in the PED of Geneva University Hospitals were not available
asthey were not separately recorded. Therefore, the number of
drug administrations required to achieve a positive ROl was
estimated based on drug volumes administered in the PICU of
Geneva University Hospitals, assuming app use in both PED
and PICU settings.

Fifth, the reported error rate from the literature may have been
underestimated, as medication errors are often underreported
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due to a lack of recognition or reluctance to report [44-46].
Sixth, our study’s cost list was not exhaustive. Extremely rare
ADEs, such as death due to medication errorsin pediatric care,
were not included. In addition, indirect economic or health
impacts, such asthe effect of medication errors on patient quality
of life, were not considered, presenting a conservative view of
potential costs related to medication errors.

Finally, hospital systemsmay prefer integrated solutionswithin
their workflows, and requiring staff to use personal devices
without compensation could present challenges. However,
PedAMINES, as an evidence-based app, providesareliable and
immediate solution to enhance medication safety, which may
not always be achievable with existing hospital systems or in
low-resource settings. Previous publications have demonstrated
the app’s usability and technol ogy acceptance during simulated
pediatric in- and out-of-hospital CPR, affirming its practical
applicability and effectiveness [47].

While this study primarily focused on the use of PedAMINES
for epinephrine, we have already assessed the app’ s effectiveness
for other direct intravenous emergency drugs (midazolam, 10%
dextrose, and sodium bicarbonate) [20], aswell asfor continuous
infusions (dopamine and norepinephrine) [21]. The consistent
decrease in risk to approximately 5% for all drugs, regardless
of their varying degrees of preparation difficulty, reflects the
app’s ability to secure the preparation stage of the medication
process, irrespective of the drugs. Future work should include
real-world studies to validate the app’s broader applicability
and potential to reduce medication errors across different
pediatric settings, such as onco-hematology or in low-resource
countries. In addition, future studies should address the
effectiveness of the app concerning age or weight categories
separately. This approach will provide a clearer understanding
of the factors influencing error rates in medication
administration.

Comparison With Previous Work

The literature has evaluated various interventions to reduce the
economic burden of medication errors, including electronic
systems, process interventions, patient-centered approaches,
and interprofessional education programs|[1]. Specificaly, smart
pumps have demonstrated cost-effectiveness in pediatric care
by reducing administration errors[48,49], achieving a positive
ROI of 1.15. At Geneva University Hospital (HUG) in 2019,
using PedAMINES for 40 annual epinephrine administrations
would have yielded an ROI of 2.5. Unlike the previoustrials of
the authors, the impact of a mobile app on reducing drug
administration errors in pediatric care has not yet been
extensively studied. The findings of this study underscore the
potential of consumer-grade technology to enhance medical
care efficiency in preparing and administering weight-based
emergency drug doses, thereby improving medication safety.

PedAMINES has effectively reduced medication errors and
ADEs during the administration of pediatric drug doses,
particularly with epinephrine, at a reasonable cost per ADE
prevented. In the Netherlands, Jeserun et al [50] reported acost
of €17.69 (~US $19.16) per error prevented using barcode
administration, which is lower than our findings with
PedAMINES. However, this discrepancy may beinfluenced by
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the specific focus of this study, which evaluated the app’s
benefits with alimited range of drugs and settings.

Theseresultsare notably influenced by several key parameters:
the cost of complications, the expenses for maintenance and
usage, and the probability of ADEs. Given the constraints of
our study and the limited evidence available for the Swiss
context, we made necessary assumptions for these variables.

First, the annual maintenance and usage costs were estimated
at 20% of the development cost, based on established models
in the literature [23,24]. This figure reflects insights provided
by PedAMINES developers regarding the ongoing resources
required for app maintenance.

Second, the probability of ADE was informed by literature
specific to pediatric emergency settings [28]. A conservative
approach was adopted by assuming no fatalities associated with
ADEs were prevented by the app, potentially underestimating
its overall benefits. In England, drug error reduction software
has been shown to prevent approximately 100 deaths across
745,170 admissions, with more harmful errors reported for
pediatric patients [51]. Whileit is challenging to determine the
exact extent to which medication errors in pediatric care lead
to fatalities, these results suggest that the use of PedAMINES
could provide nonaccounted benefits, potentially preventing
deaths due to medication errors and thereby yielding significant
cost savings.

Brunner et al

Our MC simulations, accounting for parameter uncertainty,
demonstrated that a positive ROl was achieved in 95% of
scenarios after just 23 epinephrine administrations. This
contrasts with the 40 annual epinephrine administrations at
HUG, highlighting the potential for PedAMINES to yield
positive economic outcomes when scaled nationally or
internationally and applied to multiple drugs.

Further research, ideally on a national or multinational scale,
would be essential to confirm the broader impact and
cost-effectiveness of integrating PedAMINES across various
health care settings.

Conclusions

This study highlights PedAMINES as a consumer-grade,
cost-effective mobile app designed to enhance medication safety,
particularly in pediatric emergency care. This demonstratesits
ability to swiftly achieve a positive ROl and underscore its
potential economic value, especially if expanded to include
other medications. However, the interpretation of the findings
is constrained by the limitations inherent in literature review
and simulation-based methodologies. Moving forward, it is
crucia to validate in real-world settings whether the reduction
in medication errors and ADEs achieved with PedAMINES
trans atesinto tangible economic benefits and improved patient
outcomes. Thisempirical validation will provide deeper insights
into the app’s practical impact and its potential rolein enhancing
pediatric health care delivery.

Acknowledgments

This study was funded by the Swiss National Science Foundation (grant SNSF_32003B_182374). The funders had no rolein the
design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval
of the manuscript; and decision to submit the manuscript for publication.

We would like to thank nurse Yann Levy-Jamet, Application Manager at Geneva University Hospitals, for generously supplying
us with institutional data concerning drug administration within the pediatric intensive care unit.

Conflictsof Interest

The PedAMINES (Pediatric Accurate Medication in Emergency Situations) app is not available on the Google Play Store or the
Apple App Store. All authors declare no competing interests. The PedAMINES mobile app is owned by Geneva University
Hospitals and is not currently available for commercial use. As employees of Geneva University Hospitals, JNS, FE, and SM
may receive institutional benefitsif the app is commercialized in the future.

Multimedia Appendix 1

Average increase in cost weight in the cardiovascular category, 2019 (Swiss Diagnosis Related Groups).

[DOCX File, 22 KB-Multimedia Appendix 1]

Multimedia Appendix 2

Variables and distributions used in the analysis.
[DOCX File, 29 KB-Multimedia Appendix 2]

Multimedia Appendix 3

Sensitivity analysis with device cost added.
[DOCX File, 20 KB-Multimedia Appendix 3]

https://www.jmir.org/2024/1/e52077

JMed Internet Res 2024 | vol. 26 | €52077 | p. 9
(page number not for citation purposes)


https://jmir.org/api/download?alt_name=jmir_v26i1e52077_app1.docx&filename=95a6275f72e8f5ed54f035714ae4d44f.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e52077_app1.docx&filename=95a6275f72e8f5ed54f035714ae4d44f.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e52077_app2.docx&filename=fb776b14470f368bc4f3fe32c9396a3c.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e52077_app2.docx&filename=fb776b14470f368bc4f3fe32c9396a3c.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e52077_app3.docx&filename=e98c0cd78edd4ccec1dd0171f1535f87.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e52077_app3.docx&filename=e98c0cd78edd4ccec1dd0171f1535f87.docx
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Brunner et al

Multimedia Appendix 4

Sensitivity analysis, cumulative frequencies: norepinephrine, midazolam, and dopamine.
[DOCX File, 31 KB-Multimedia Appendix 4]

Multimedia Appendix 5

Deterministic sensitivity analysis (tornado plot): norepinephrine, midazolam, and dopamine.
[DOCX File, 33 KB-Multimedia Appendix 5]

Multimedia Appendix 6

Review of the economic evidence.
[DOCX File, 26 KB-Multimedia Appendix 6]

References

1.  Ahsani-Estahbanati E, Sergeevich Gordeev V, Doshmangir L. Interventions to reduce the incidence of medical error and
itsfinancial burden in health care systems: a systematic review of systematic reviews. Front Med (Lausanne). 2022;9:875426.
[FREE Full text] [doi: 10.3389/fmed.2022.875426] [Medline: 35966854]

2. Henry Basil J, Mohd Tahir NA, Menon Premakumar C, Mhd Ali A, Seman Z, Ishak S, et al. Clinical and economic impact
of medication administration errors among neonates in heonatal intensive care units. PLoS One. 2024;19(7):e0305538.
[FREE Full text] [doi: 10.1371/journal.pone.0305538] [Medline: 38990851]

3. Leporini C, de Sarro C, PalleriaC, Caccavo |, Piro B, Citraro R, et al. Pediatric drug safety surveillance: a 10-year analysis
of adverse drug reaction reporting datain Calabria, Southern Italy. Drug Saf. 2022;45(11):1381-1402. [FREE Full text]
[doi: 10.1007/s40264-022-01232-w] [Medline: 36112324]

4.  Classen DC, Pestotnik SL, Evans RS, LIoyd JF, Burke JP. Adverse drug eventsin hospitalized patientsxcess length of stay,
extra costs, and attributable mortality. Jama. 1997;277(4):301-306. [doi: 10.1001/jama.277.4.301]

5. FormicaD, SultanaJ, Cutroneo PM, Lucchesi S, AngelicaR, Crisafulli S, et a. The economic burden of preventable adverse
drug reactions: a systematic review of observational studies. Expert Opin Drug Saf. 2018;17(7):681-695. [doi:
10.1080/14740338.2018.1491547] [Medline: 29952667]

6.  Tansuwannarat P, Vichiensanth B, Sivarak O, Tongpoo A, Promrungsri P, Sriapha C, et al. Characteristics and consequences
of medication errorsin pediatric patients reported to ramathibodi poison center: a 10-year retrospective study. Ther Clin
Risk Manag. 2022;18:669-681. [FREE Full text] [doi: 10.2147/TCRM.S363638] [Medline: 35795851]

7.  Badgery-Parker T, Li L, Fitzpatrick E, Mumford V, Raban MZ, Westbrook JI. Child age and risk of medication error: a
multisite children's hospital study. J Pediatr. 2024;272:114087. [FREE Full text] [doi: 10.1016/].jpeds.2024.114087)
[Medline: 38705229]

8.  Henry Basil J, Premakumar C, Mhd Ali A, Mohd Tahir NA, Mohamed Shah N. Prevalence, causes and severity of medication
administration errorsin the neonatal intensive care unit: a systematic review and meta-analysis. Drug Saf.
2022;45(12):1457-1476. [doi: 10.1007/s40264-022-01236-6] [Medline: 36192535]

9.  Alghamdi AA, KeersRN, Sutherland A, Ashcroft DM. Prevalence and nature of medication errors and preventable adverse
drug events in paediatric and neonatal intensive care settings: a systematic review. Drug Saf. 2019;42(12):1423-1436.
[FREE Full text] [doi: 10.1007/s40264-019-00856-9] [Medline: 31410745]

10. Alsabri M, Eapen D, Sabesan V, Tarek Hassan Z, Amin M, Elshanbary AA, et a. Medication errorsin pediatric emergency
departments: a systematic review and recommendations for enhancing medication safety. Pediatr Emerg Care.
2024;40(1):58-67. [doi: 10.1097/PEC.0000000000003108] [Medline: 38157396]

11. Agarwal S, Classen D, Larsen G, Tofil NM, Hayes LW, Sullivan JE, et al. Prevalence of adverse eventsin pediatric intensive
care unitsin the United States. Pediatr Crit Care Med. 2010;11(5):568-578. [doi: 10.1097/PCC.0b013e3181d8e405]
[Medline: 20308932]

12. Larsen GY, Donadson AE, Parker HB, Grant MJC. Preventable harm occurring to critically ill children. Pediatr Crit Care
Med. 2007;8(4):331-336. [doi: 10.1097/01.PCC.0000263042.73539.99] [Medline: 17417126]

13. Seidling HM, Bates DW. Evaluating the impact of health IT on medication safety. Stud Health Technol Inform.
2016;222:195-205. [doi: 10.3233/978-1-61499-635-4-195]

14. Hutton K, Ding Q, Wellman G. The effects of bar-coding technology on medication errors: a systematic literature review.
JPatient Saf. 2021;17(3):€192-e206. [doi: 10.1097/PTS.0000000000000366] [Medline: 28234729]

15. Ahtiainen HK, Kallio MM, Airaksinen M, Holmstrém AR. Safety, time and cost eval uation of automated and semi-automated
drug distribution systemsin hospitals: a systematic review. Eur JHosp Pharm. 2020;27(5):253-262. [FREE Full text] [doi:
10.1136/ejhpharm-2018-001791] [Medline: 32839256]

16. Kahn S, Abramson EL. What is new in paediatric medication safety? Arch Dis Child. 2019;104(6):596-599. [doi:
10.1136/archdischild-2018-315175] [Medline: 30154183]

https://www.jmir.org/2024/1/e52077 JMed Internet Res 2024 | vol. 26 | €52077 | p. 10
(page number not for citation purposes)

RenderX


https://jmir.org/api/download?alt_name=jmir_v26i1e52077_app4.docx&filename=dcd5381ec6f92811c72dafb7636ada80.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e52077_app4.docx&filename=dcd5381ec6f92811c72dafb7636ada80.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e52077_app5.docx&filename=c664760cb3c669f0505bac8cb62edc28.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e52077_app5.docx&filename=c664760cb3c669f0505bac8cb62edc28.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e52077_app6.docx&filename=51f75ae03b7f16d6a2b7351c51a596d6.docx
https://jmir.org/api/download?alt_name=jmir_v26i1e52077_app6.docx&filename=51f75ae03b7f16d6a2b7351c51a596d6.docx
https://europepmc.org/abstract/MED/35966854
http://dx.doi.org/10.3389/fmed.2022.875426
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35966854&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0305538
http://dx.doi.org/10.1371/journal.pone.0305538
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38990851&dopt=Abstract
https://europepmc.org/abstract/MED/36112324
http://dx.doi.org/10.1007/s40264-022-01232-w
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36112324&dopt=Abstract
http://dx.doi.org/10.1001/jama.277.4.301
http://dx.doi.org/10.1080/14740338.2018.1491547
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29952667&dopt=Abstract
https://europepmc.org/abstract/MED/35795851
http://dx.doi.org/10.2147/TCRM.S363638
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35795851&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0022-3476(24)00190-2
http://dx.doi.org/10.1016/j.jpeds.2024.114087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38705229&dopt=Abstract
http://dx.doi.org/10.1007/s40264-022-01236-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36192535&dopt=Abstract
https://europepmc.org/abstract/MED/31410745
http://dx.doi.org/10.1007/s40264-019-00856-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31410745&dopt=Abstract
http://dx.doi.org/10.1097/PEC.0000000000003108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38157396&dopt=Abstract
http://dx.doi.org/10.1097/PCC.0b013e3181d8e405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20308932&dopt=Abstract
http://dx.doi.org/10.1097/01.PCC.0000263042.73539.99
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17417126&dopt=Abstract
http://dx.doi.org/10.3233/978-1-61499-635-4-195
http://dx.doi.org/10.1097/PTS.0000000000000366
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28234729&dopt=Abstract
https://ejhp.bmj.com/lookup/pmidlookup?view=long&pmid=32839256
http://dx.doi.org/10.1136/ejhpharm-2018-001791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32839256&dopt=Abstract
http://dx.doi.org/10.1136/archdischild-2018-315175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30154183&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Brunner et al

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

Ehrler F, Siebert IN. PedAMINES: a disruptive mHealth app to tackle paediatric medication errors. Swiss Med WKkly.
2020;150:w20335. [FREE Full text] [doi: 10.4414/smw.2020.20335] [Medline: 32920794]

Rinke ML, Bundy DG, Velasquez CA, Rao S, Zerhouni Y, Lobner K, et al. Interventions to reduce pediatric medication
errors. a systematic review. Pediatrics. 2014;134(2):338-360. [doi: 10.1542/peds.2013-3531] [Medline: 25022737]
Ruano M, Villamafian E, Pérez E, Herrero A, Alvarez-Sala R. New technol ogies as astrategy to decrease medication errors:
how do they affect adults and children differently? World J Pediatr. 2016;12(1):28-34. [doi: 10.1007/s12519-015-0067-6]
[Medline: 26684316]

Siebert N, Bloudeau L, Combescure C, Haddad K, Hugon F, Suppan L, et al. Effect of a mobile app on prehospital
medication errors during simulated pediatric resuscitation: arandomized clinical tria. JAMA Netw Open. 2021;4(8):€2123007.
[EREE Full text] [doi: 10.1001/jamanetworkopen.2021.23007] [Medline: 34459905]

Siebert JN, Ehrler F, Combescure C, Lovis C, Haddad K, Hugon F, et al. A mobile device application to reduce medication
errors and time to drug delivery during simulated paediatric cardiopulmonary resuscitation: a multicentre, randomised,
controlled, crossover trial. Lancet Child Adolesc Health. 2019;3(5):303-311. [doi: 10.1016/S2352-4642(19)30003-3]
[Medline: 30797722]

Bougouin W, Slimani K, Renaudier M, Binois'Y, Paul M, DumasF, et a. Epinephrine versus norepinephrine in cardiac
arrest patientswith post-resuscitation shock. Intensive Care Med. 2022;48(3):300-310. [doi: 10.1007/s00134-021-06608-7]
[Medline: 35129643]

Ren, Xing T, Chen X, Chai X. Research on software maintenance cost of influence factor analysis and estimation method.
2011. Presented at: Proceedings of the 2011 3rd International Workshop on Intelligent Systems and Applications; May
28-29, 2011; Wuhan, China. [doi: 10.1109/isa.2011.5873461]

Singh C, SharmaN, Kumar N. Analysis of software maintenance cost affecting factors and estimation models. I nternational
Journal of Scientific & Technology Research. 2019;8:276-281. [FREE Full text]

Lumley HA, Flynn D, Shaw L, McCldland G, Ford GA, White PM, et al. A scoping review of pre-hospital technology to
assist ambulance personnel with patient diagnosis or stratification during the emergency assessment of suspected stroke.
BMC Emerg Med. 2020;20(1):1-21. [FREE Full text] [doi: 10.1186/s12873-020-00323-0] [Medline: 32336270]

Pulsiri N, Vatananan-Thesenvitz R, Sirisamutr T, Wachiradilokditors P. Save lives: areview of ambulance technologies

in pre-hospital emergency medical services. 2019. Presented at: Proceedings of the 2019 Portland I nternational Conference
on Management of Engineering and Technology (PICMET); August 25-29, 2019; Portland, OR. [doi:
10.23919/picmet.2019.8893973]

Roumeliotis N, Pullenayegum E, Rochon P, Taddio A, Parshuram C. A modified delphi to define drug dosing errorsin
pediatric critical care. BMC Pediatr. 2020;20(1):488. [FREE Full text] [doi: 10.1186/s12887-020-02384-3] [Medline:
33087096]

TakataGS, Mason W, Taketomo C, Logsdon T, Sharek PJ. Devel opment, testing, and findings of a pediatric-focused trigger
tool to identify medication-related harm in US children's hospitals. Pediatrics. 2008;121(4):€927-e935. [doi:
10.1542/peds.2007-1779] [Medline: 18381521]

Ji H-H, Song L, Xiao JW, Guo Y-X, Wei P, Tang T-T, et a. Adverse drug events in Chinese pediatric inpatients and
associated risk factors: aretrospective review using the Global Trigger Tool. Sci Rep. 2018;8(1):2573. [FREE Full text]
[doi: 10.1038/s41598-018-20868-2] [Medline: 29416072]

Cohen AL, Budnitz DS, Weidenbach KN, Jernigan DB, Schroeder TJ, Shehab N, et al. National surveillance of emergency
department visits for outpatient adverse drug eventsin children and adolescents. J Pediatr. 2008;152(3):416-421. [doi:
10.1016/j.jpeds.2007.07.041] [Medline: 18280852]

Sikdar KC, Alaghehbandan R, Macdonald D, Barrett B, Collins KD, Gadag V. Adverse drug events among children
presenting to a hospital emergency department in Newfoundland and Labrador, Canada. Pharmacoepidemiol Drug Saf.
2010;19(2):132-140. [doi: 10.1002/pds.1900] [Medline: 20033910]

Kausha R, Bates DW, Landrigan C, McKennaKJ, Clapp MD, Federico F, et al. Medication errors and adverse drug events
in pediatric inpatients. JAMA. 2001;285(16):2114-2120. [doi: 10.1001/jama.285.16.2114] [Medline: 11311101]

Oderda GM, Said Q, Evans RS, Stoddard GJ, Lloyd J, Jackson K, et al. Opioid-related adverse drug eventsin surgical
hospitalizations: impact on costs and length of stay. Ann Pharmacother. 2007;41(3):400-406. [doi: 10.1345/aph.1H386]
[Medline: 17341537]

Amelung S, Meid AD, Nafe M, Thalheimer M, Hoppe-Tichy T, Haefeli WE, et al. Association of preventable adverse drug
events with inpatients' length of stay-a propensity-matched cohort study. Int J Clin Pract. 2017;71(10):€12990. [doi:
10.1111/ijcp.12990] [Medline: 28873271]

SilvaDCB, Araujo OR, Arduini RG, Alonso CFR, Shibata ARO, Troster EJ. Adverse drug eventsin a paediatric intensive
care unit: a prospective cohort. BMJ Open. 2013;3(2):e001868. [FREE Full text] [doi: 10.1136/bmjopen-2012-001868]
[Medline: 23427200]

Silber JH, Rosenbaum PR, Even-Shoshan O, Shabbout M, Zhang X, Bradlow E, et al. Length of stay, conditional length
of stay, and prolonged stay in pediatric asthma. Health Serv Res. 2003;38(3):867-886. [FREE Full text] [doi:
10.1111/1475-6773.00150] [Medline: 12822916]

https://www.jmir.org/2024/1/e52077 JMed Internet Res 2024 | vol. 26 | €52077 | p. 11

(page number not for citation purposes)


https://doi.org/10.4414/smw.2020.20335
http://dx.doi.org/10.4414/smw.2020.20335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32920794&dopt=Abstract
http://dx.doi.org/10.1542/peds.2013-3531
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25022737&dopt=Abstract
http://dx.doi.org/10.1007/s12519-015-0067-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26684316&dopt=Abstract
https://europepmc.org/abstract/MED/34459905
http://dx.doi.org/10.1001/jamanetworkopen.2021.23007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34459905&dopt=Abstract
http://dx.doi.org/10.1016/S2352-4642(19)30003-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30797722&dopt=Abstract
http://dx.doi.org/10.1007/s00134-021-06608-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35129643&dopt=Abstract
http://dx.doi.org/10.1109/isa.2011.5873461
https://www.researchgate.net/publication/343670195_Analysis_Of_Software_Maintenance_Cost_Affecting_Factors_And_Estimation_Models
https://bmcemergmed.biomedcentral.com/articles/10.1186/s12873-020-00323-0
http://dx.doi.org/10.1186/s12873-020-00323-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32336270&dopt=Abstract
http://dx.doi.org/10.23919/picmet.2019.8893973
https://bmcpediatr.biomedcentral.com/articles/10.1186/s12887-020-02384-3
http://dx.doi.org/10.1186/s12887-020-02384-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33087096&dopt=Abstract
http://dx.doi.org/10.1542/peds.2007-1779
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18381521&dopt=Abstract
https://doi.org/10.1038/s41598-018-20868-2
http://dx.doi.org/10.1038/s41598-018-20868-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29416072&dopt=Abstract
http://dx.doi.org/10.1016/j.jpeds.2007.07.041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18280852&dopt=Abstract
http://dx.doi.org/10.1002/pds.1900
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20033910&dopt=Abstract
http://dx.doi.org/10.1001/jama.285.16.2114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11311101&dopt=Abstract
http://dx.doi.org/10.1345/aph.1H386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17341537&dopt=Abstract
http://dx.doi.org/10.1111/ijcp.12990
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28873271&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=23427200
http://dx.doi.org/10.1136/bmjopen-2012-001868
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23427200&dopt=Abstract
https://europepmc.org/abstract/MED/12822916
http://dx.doi.org/10.1111/1475-6773.00150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12822916&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Brunner et al

37.

38.

39.

40.

41.

42.

43.

45,

46.

47.

48.

49,

50.

51.

Espinosa O, Rodriguez-Lesmes P, Romano G, Orozco E, Basto S, AvilaD, et al. Use of cost-effectiveness thresholds in
healthcare public policy: progressand challenges. Appl Health Econ Health Policy. 2024. [doi: 10.1007/s40258-024-00900-5]
[Medline: 38995492]

Zio E, Zio E. Monte Carlo Simulation: The Method. London, United Kingdom. Springer; 2013.

IMF. Representative exchange ratesfor selected currencies for December 2019. International Monetary Fund. URL: https:/
www.imf.org/external/np/fin/data/rms_mth.aspx?Sel ectDate=2019-12-31& reportType=REP [accessed 2024-01-17]
Iwasaki H, Sakuma M, IdaH, Morimoto T. The burden of preventable adverse drug events on hospital stay and healthcare
costs in Japanese pediatric inpatients: the JADE study. Clin Med Insights Pediatr. 2021;15:1179556521995833. [FREE
Full text] [doi: 10.1177/1179556521995833] [Medline: 33746523]

Meier F, Maas R, Sonst A, Patapovas A, Miiller F, Plank-Kiegele B, et al. Adverse drug eventsin patients admitted to an
emergency department: an analysisof direct costs. Pharmacoepidemiol Drug Saf. 2015;24(2):176-186. [doi: 10.1002/pds.3663]
[Medline: 24934134]

Riaz M, Brown JD. Association of adverse drug events with hospitalization outcomes and costs in older adultsin the USA
using the nationwide readmissions database. Pharmaceut Med. 2019;33(4):321-329. [doi: 10.1007/s40290-019-00286-7]
[Medline: 31933184]

Cheng A, Auerbach M, Hunt EA, Chang TP, Pusic M, Nadkarni V, et a. Designing and conducting simulation-based
research. Pediatrics. 2014;133(6):1091-1101. [doi: 10.1542/peds.2013-3267] [Medline: 24819576]

Hobgood C, Bowen JB, Brice JH, Overby B, Tamayo-Sarver JH. Do EMS personnel identify, report, and disclose medical
errors? Prehosp Emerg Care. 2006;10(1):21-27. [doi: 10.1080/10903120500366011] [Medline: 16418087]

Stratton KM, Blegen MA, Pepper G, Vaughn T. Reporting of medication errors by pediatric nurses. J Pediatr Nurs.
2004;19(6):385-392. [doi: 10.1016/j.pedn.2004.11.007] [Medline: 15637579]

Taylor JA, Brownstein D, Christakis DA, Blackburn S, Strandjord TP, Klein EJ, et al. Use of incident reports by physicians
and nursesto document medical errorsin pediatric patients. Pediatrics. 2004;114(3):729-735. [doi: 10.1542/peds.2003-1124-L ]
[Medline: 15342846]

Siebert N, Gosetto L, Sauvage M, Bloudeau L, Suppan L, Rodieux F, et al. Usahility testing and technology acceptance
of an mHealth app at the point of care during simulated pediatric in- and out-of-hospital cardiopulmonary resuscitations:
study nested within 2 multicenter randomized controlled trials. IMIR Hum Factors. 2022;9(1):€35399. [FREE Full text]
[doi: 10.2196/35399] [Medline: 35230243]

Manrique-Rodriguez S, Sanchez-Galindo AC, L6pez-Herce J, Callgja-Hernandez MA, Martinez-Martinez F, |glesias-Peinado
I, et a. Implementing smart pump technology in a pediatric intensive care unit: a cost-effective approach. Int JMed Inform.
2014;83(2):99-105. [doi: 10.1016/j.ijmedinf.2013.10.011] [Medline: 24296271]

SilvaRCLD, QuinellatoLouro T, Peregrino AADF, SilvaCRLD, Marta CB, Itria A. Cost-effectiveness of infusion pumps
to reduce errorsin a Pediatric ICU. Rev Bras Enferm. 2019;72(3):617-623. [FREE Full text] [doi:
10.1590/0034-7167-2018-0526] [Medline: 31269124]

Jessurun JG, Hunfeld NGM, van Dijk M, van den Bemt PMLA, Polinder S. Cost-effectiveness of central automated unit
dose dispensing with barcode-assisted medication administration in a hospital setting. Res Social Adm Pharm.
2022;18(11):3980-3987. [FREE Full text] [doi: 10.1016/j.sapharm.2022.07.006] [Medline: 35853809]

Sutherland A, Gerrard WS, Patel A, Randall M, Weston E. Theimpact of drug error reduction software on preventing
harmful adverse drug eventsin England: aretrospective database study. BMJ Open Qual. 2022;11(3):e001708. [FREE Full
text] [doi: 10.1136/bmjog-2021-001708] [Medline: 35820711]

Abbreviations

ADE: adverse drug event

CPR: cardiopulmonary resuscitation

HIT: health information technology

HUG: Geneva University Hospital

ICER: incremental cost-effectivenessratio
LOS: length of stay

MC: Monte Carlo

PED: pediatric emergency department
PedAMINES: Pediatric Accurate Medication in Emergency Situations
PICU: pediatric intensive care unit

ROI: return on investment

https://www.jmir.org/2024/1/e52077 JMed Internet Res 2024 | vol. 26 | €52077 | p. 12

(page number not for citation purposes)


http://dx.doi.org/10.1007/s40258-024-00900-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38995492&dopt=Abstract
https://www.imf.org/external/np/fin/data/rms_mth.aspx?SelectDate=2019-12-31&reportType=REP
https://www.imf.org/external/np/fin/data/rms_mth.aspx?SelectDate=2019-12-31&reportType=REP
https://journals.sagepub.com/doi/10.1177/1179556521995833?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
https://journals.sagepub.com/doi/10.1177/1179556521995833?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1177/1179556521995833
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33746523&dopt=Abstract
http://dx.doi.org/10.1002/pds.3663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24934134&dopt=Abstract
http://dx.doi.org/10.1007/s40290-019-00286-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31933184&dopt=Abstract
http://dx.doi.org/10.1542/peds.2013-3267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24819576&dopt=Abstract
http://dx.doi.org/10.1080/10903120500366011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16418087&dopt=Abstract
http://dx.doi.org/10.1016/j.pedn.2004.11.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15637579&dopt=Abstract
http://dx.doi.org/10.1542/peds.2003-1124-L
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15342846&dopt=Abstract
https://humanfactors.jmir.org/2022/1/e35399/
http://dx.doi.org/10.2196/35399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35230243&dopt=Abstract
http://dx.doi.org/10.1016/j.ijmedinf.2013.10.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24296271&dopt=Abstract
https://www.scielo.br/scielo.php?script=sci_arttext&pid=S0034-71672019000300617&lng=en&nrm=iso&tlng=en
http://dx.doi.org/10.1590/0034-7167-2018-0526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31269124&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1551-7411(22)00210-8
http://dx.doi.org/10.1016/j.sapharm.2022.07.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35853809&dopt=Abstract
https://bmjopenquality.bmj.com/lookup/pmidlookup?view=long&pmid=35820711
https://bmjopenquality.bmj.com/lookup/pmidlookup?view=long&pmid=35820711
http://dx.doi.org/10.1136/bmjoq-2021-001708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35820711&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Brunner et al

Edited by A Coristine, A Mavragani; submitted 22.08.23; peer-reviewed by R Rivera, C Asuzu, J Walsh, CM Premakumar; comments
to author 09.07.24; revised version received 19.07.24; accepted 20.08.24; published 25.10.24

Please cite as:

Brunner L, Sebert JN, Ehrler F, Manzano S Marti J

Evaluating the Economic Impact of the PedAMINES App in Reducing Medication Errorsin Pediatric Emergency Care: Cost-Effectiveness
Analysis

J Med Internet Res 2024;26:e€52077

URL: https.//wwww.jmir.org/2024/1/e52077

doi: 10.2196/52077

PMID:

©Loic Brunner, Johan N Siebert, Frédéric Ehrler, Sergio Manzano, Joachim Marti. Originally published in the Journal of Medical
Internet Research (https://www.jmir.org), 25.10.2024. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (https.//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided the origina work, first published in the Journal of Medical Internet Research (1SSN
1438-8871), isproperly cited. The complete bibliographicinformation, alink to the original publication on https.//www.jmir.org/,
as well asthis copyright and license information must be included.

https://www.jmir.org/2024/1/e52077 JMed Internet Res 2024 | vol. 26 | €52077 | p. 13
(page number not for citation purposes)

RenderX


https://www.jmir.org/2024/1/e52077
http://dx.doi.org/10.2196/52077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

