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ABSTRACT
Background Drug dosing errors are among the most 

frequent causes of preventable harm in paediatrics. Due 

to the complexity of paediatric pharmacotherapy and the 

working conditions in healthcare, it is not surprising that 

human factor is a well- described source of error. Thus, 

a clinical decision support system (CDSS) that supports 

healthcare professionals (HCP) during the dose prescribing 

step provides a promising strategy for error prevention.

Methods The aim of the trial was to simulate the 

dose derivation step during the prescribing process. 

HCPs were asked to derive dosages for 18 hypothetical 

patient cases. We compared the CDSS PEDeDose, which 

provides a built- in dose calculator to the Summary of 

Product Characteristics (SmPC) used together with a 

pocket calculator in a randomised within- subject trial. 

We assessed the number of dose calculation errors and 

the time needed for calculation. Additionally, the effect of 

PEDeDose without using the built- in calculator but with a 

pocket calculator instead was assessed.

Results A total of 52 HCPs participated in the trial. The 

OR for an erroneous dosage using the CDSS as compared 

with the SmPC with pocket calculator was 0.08 (95% CI 

0.02 to 0.36, p<0.001). Thus, the odds of an error were 

12 times higher while using the SmPC. Furthermore, there 

was a 45% (95% CI 39% to 51%, p<0.001) time reduction 

when the dosage was derived using the CDSS. The 

exploratory analysis revealed that using only PEDeDose but 

without the built- in calculator did not substantially reduce 

errors.

Conclusion Our results provide robust evidence that the 

use of the CDSS is safer and more efficient than manual 

dose derivation in paediatrics. Interestingly, only consulting 

a dosing database was not sufficient to substantially 

reduce errors. We are confident the CDSS PEDeDose 

ensures a higher safety and speeds up the prescribing 

process in practice.

INTRODUCTION

Background and objectives

In paediatric pharmacotherapy, dosing is 
particularly complex. Historically, clinical 
trials for regulatory approval were rarely 
done.1 Therefore, the available clinical 
dosing evidence is often limited or of high 

risk of bias. Thus, most drugs marketed for 
adults lack approval for paediatric popula-
tions and are prescribed off- label.2 3 Addi-
tionally, developmental changes affecting 
the pharmacokinetics have to be considered 
when prescribing.4 As a consequence, paedi-
atric drug dosages are usually calculated indi-
vidually, mostly based on the child’s age, body 
weight or surface.5 When considering both, 
the effort to search for appropriate dosing 
information and the need to manually calcu-
late individual dosages, it is not surprising that 
dosing errors are a main cause of preventable 
harm in paediatric pharmacotherapy.6–9 Espe-
cially in clinical settings, where resources are 
often limited and timing of a treatment can 
be critical, the likelihood of human errors 
is even greater.10 11 Consequently, there is a 
need to prevent dosing errors by supporting 
the physicians that prescribe the dosage as 
well as the clinical pharmacists that validate 
the prescriptions. Clinical decision support 

WHAT IS ALREADY KNOWN ON THIS TOPIC

 ⇒ Drug dose calculation errors are a well- reported 

source of preventable harm in paediatrics. Clinical 

decision support systems (CDSSs) that support 

prescribers during the dose derivation step seem a 

promising strategy for error prevention.

WHAT THIS STUDY ADDS

 ⇒ This simulation study shows that by reducing the 

human factor during the dose calculation step by 

using the CDSS PEDeDose, dose calculation errors 

and dose derivation time can be reduced.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Best practices should include the use of CDSS for 

dose calculation in children when they have shown 

to improve the patient’s safety. Health authorities 

and insurances might reward and encourage health-

care providers to use them.
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systems (CDSS) are thus regarded as a promising strategy 
to address the unique needs of paediatric pharmaco-
therapy.12

PEDeDose is a CDSS to facilitate drug dosing in paediat-
rics.13 14 It provides healthcare professionals (HCPs) with 
structured dosing information and a built- in dose calcu-
lator. The CDSS was developed to prevent dosing errors 
by either supporting prescribers directly or to validate 
already prescribed dosages. In accordance with the Euro-
pean Medical Device Regulation, the PEDeus is a certi-
fied manufacturer of the class IIa medical device software 
PEDeDose. A comprehensive description of PEDeDose 
and its validation has been published previously.13

We hypothesised that the use of a CDSS with a built- in 
dose calculator leads to a reduction of dose calculation 
errors and makes the dose prescribing step more effi-
cient when compared with manual calculation using a 
pocket calculator. To assess this, a randomised within- 
subject simulation trial was conducted, where HCPs were 
asked to calculate dosages for hypothetical but clinically 
relevant patient cases.

METHODS

Trial design

We conducted a randomised within- subject trial to esti-
mate the impact of the CDSS PEDeDose on the number 
of dose calculation errors and the time needed for the 
derivation. As interventions, we defined either the 
Swiss Summary of Product Characteristics (SmPC)15 
used together with a pocket calculator (control) or 
the CDSS PEDeDose14 with its built- in calculator (full). 
Furthermore, we exploratively assessed the impact of the 
PEDeDose web application without using the built- in 
calculator but using a pocket calculator instead (basic). 
A pool of 18 items, each representing one drug prescrip-
tion for a hypothetical paediatric patient, was created 
(online supplemental file 1). The items were developed 
by the main author (LH) and reviewed by two clinical 
pharmacists (KK and PV) with extensive experience in 
the field of paediatrics and neonatology. Only drugs with 
a paediatric label were selected so that a reference dosage 
was available in the Swiss SmPC. For each participant the 
trial consisted of three consecutive blocks. To each block 
one of the three interventions and six items drawn from 
the pool were randomly assigned without replacement. 
The trial design is visualised in figure 1.

We report this study in concordance with the ‘Reporting 
Guidelines for Healthcare Simulation Research: Exten-
sions to the CONSORT and STROBE Statements’.16 17

Participants

Our target population consisted of physicians and phar-
macists in Switzerland. We focused the recruitment on 
physicians and pharmacists working in children’s hospi-
tals, general hospitals with paediatric clinics and HCPs 
working in the ambulatory setting that is, public pharma-
cists and general practitioners. To ensure a high quality 

of the collected data, the trial was conducted under 
the supervision of the main author. Participants gave 
informed consent to the data collection and received a 
small monetary compensation for their participation.

The participants were mainly recruited via convenience 
sampling by directly contacting the responsible head of 
department in Swiss children’s hospitals, general hospi-
tals with paediatric clinics or by the company’s newsletter. 
Furthermore, snowball sampling was used as many of the 
participating HCPs were also helping recruiting their 
colleagues.

Interventions

The CDSS PEDeDose encompasses a database with 
general paediatric dosing information and a built- in 
calculator for individualised dosing. The built- in calcu-
lator makes PEDeDose a CDSS. However, the general 
dosing information can also be consulted without using 
the built- in calculator. Thus, we defined three inter-
ventions: The Swiss SmPC used together with a pocket 
calculator (control), the CDSS PEDeDose (full) and 
the PEDeDose dosing information used together with 
a pocket calculator (basic). The study was powered to 
compare the CDSS PEDeDose (full) to the SmPC used 
together with a pocket calculator (control). The SmPC 
is a full- text electronic resource, while the data of the 
PEDeDose database is highly structured. Thus, to isolate 
the effect of structuring drug dosing information, we 
exploratorily assessed the impact of using PEDeDose 

Figure 1 Visualisation of the trial design. The name of the 

interventions correspond to the CDSS PEDeDose with built- 

in calculator (full), PEDeDose used together with a pocket 

calculator (basic), and SmPC used together with a pocket 

calculator (control). CDSS, clinical decision support system; 

SmPC, Summary of Product Characteristics.
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without the built- in calculator. An example of the struc-
tured dosing information from PEDeDose is shown in 
online supplemental file 2.

Simulation setup

The trial was developed using the Gorilla Experiment 
Builder (www.gorilla.sc), a web- based trial platform.18 
We conducted the trial at the participants workplace. 
Depending on the availability participants were using 
their own computers or were provided with a notebook 
for the trial. The Gorilla website was opened in a browser 
while the interventions (ie, SmPC or PEDeDose websites) 
were opened either in a different browser tab or window, 
depending on the participants preferences. Before the 
trial started, every participant was briefed about the aim 
and the design of the trial. Subsequently, the participants 
were required to solve a dedicated test example with 
the PEDeDose built- in calculator (full). This ensured 
that the participants fully understood the capabilities of 
PEDeDose, such as the possibility to convert the calcu-
lated dosage to the correct dosing unit (eg, mg to mL).

Participants were instructed to round the calculated 
dosage to a maximum of two decimal places. If a dose 
range was provided by the respective dosing information, 
participants were asked to submit a range as a result, too.

Outcomes

The primary outcome was the correctness of the derived 
dosage, a binary variable with 1=error and 0=correct. The 
secondary outcome was the time needed to solve an item.

Since the dosing information that the participants were 
required to use was specified in advance and no additional 
clinical evaluation was required, there was an objectively 
correct dosage for every item within the corresponding 
dosing information (SmPC or PEDeDose). Errors were 
defined as submitted responses that exceeded clinically 
non- relevant deviations of 5% or 10% for drugs with 
narrow or wide therapeutic windows, respectively (online 
supplemental file 1). Even though the participants were 
required to submit dose ranges as a range, we did not 
consider it an error if the submitted dosage was a single 
dosage that was within the correct window. We reviewed 
all erroneous responses and tried to determine the 
possible cause of error. For the errors that were found 
in the full block (ie, PEDeDose with built- in calculator), 
the logging data of the PEDeDose built- in calculator were 
additionally analysed. This allowed us to assess whether 
the participant had specified the calculator inputs incor-
rectly (ie, drug, indication, route of administration, birth-
date, weight, height and gestational age).

The secondary outcome response time was defined as 
the time difference (in seconds) for each item between 
the time stamp on the mouse click that initialised item 
loading and the click that submitted the result. We 
defined outliers in the time outcome as values greater 
than three SD for each intervention. We removed outliers 
and missing values and analysed only complete items.

Covariates

The following categorical participant covariates were 
assessed prior to the trial start: The type of institution 
where the participant was working as an unordered factor 
(children’s hospital, general hospital with children’s 
clinic, public pharmacy or doctor’s office), their profes-
sion (physician, pharmacist), their working experience as 
an ordered factor (<5 years, 5–10 years, >10 years), and 
whether they had been already using PEDeDose in their 
daily work (yes, partly, no).

Sample size

The sample size estimation was done in collaboration 
with the Clinical Trial Unit of the University of Basel, 
Switzerland. An a priori error rate of 20% for the control 
study arm was assumed based on the results of previous 
research estimating a 26.5% error rate for dose calcu-
lation using a pocket calculator.19 A 50% overall error 
reduction at a significance level of 5% with >80% power 
resulted in a total of 600 items that need to be rated. We 
aimed to test the two arms for the confirmatory analysis 
with six items per arm, which resulted in an estimated 
sample size of 50 participants (600 items/12 items per 
participant=50 participants) (online supplemental file 
3). Adding an equal number of items for the exploratory 
arm, the resulting total number of items that need to be 
rated was 900, which corresponds to 18 items per partic-
ipant.

Randomisation

Randomisation was done on the level of the interven-
tions and the items (figure 1). Thus, for each participant 
the order of the three interventions was randomised, 
while for each intervention 6 out of the pool of 18 items 
were randomly drawn without replacement. The Gorilla 
Experimental Builder enabled to design the randomisa-
tion procedure directly into the trial, thus taking care of 
the participant allocation.18

Statistical methods

Statistical analyses were performed in R V.4.1.1.20 The 
relevant functions and additional packages used are 
denoted as function {package}. The only continuous 
variable was the secondary outcome response time per 
item, which was transformed using the natural logarithm 
to achieve normality of the residuals. Orthogonal sum- 
to- zero contrasts for the unordered factors ’institution’ 
and ‘profession’ applying  contr. sum {stats} were used. 
The lower- level effects were thus estimated at the level of 
the grand mean and interpreted accordingly. We applied 
difference coding for the ordered factors ‘experience’, 
‘PEDeDose user’ and the exploratory version of the vari-
able ‘intervention’ using  contr. sdif {MASS}.21 Thus, each 
level of the ordered factors was compared with their 
previous level. The contrast coding scheme is provided 
in online supplemental file 4.

For the primary outcome ‘error’, we fitted a generalised 
linear mixed- effects model (GLMM) with a logit- link 
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function using glmer {lme4}.22 The secondary outcome 
‘time’ was assessed by fitting a linear mixed- effects model 
(LMM) using lmer {lmerTest}.23 All models were derived 
by starting with maximal model specification based on 
the trial design, and then sequentially reducing model 
complexity until a non- singular fit was achieved.24 We 
started by defining by- subject and by- item random inter-
cepts and slopes (ie, crossed- random effects) on each type 
of intervention. The main variable ‘intervention’ and the 
additional covariates were treated as fixed variables.

In exploratory analyses, we assessed the impact of struc-
turing the dosing information by adding the interven-
tion basic (ie, PEDeDose without the built- in calculator). 
Thus, the binary variable for the intervention became an 
ordered three- level factor (control, basic, full). As a sensi-
tivity analysis, we created a model that is only adjusted for 
the order of the interventions.

For all models also an unadjusted model was built, 
containing only the variable ‘intervention’ as well as only 
random intercepts for both subject and item, respec-
tively. We derived Wald confidence intervals. The p values 
for the linear models were derived via Satterthwaite’s df 
method.23 The estimated marginal means for the ‘inter-
vention’ variable for all the models were calculated 
using emmeans {emmeans}.25 The summary outputs of the 
models are reported in online supplemental file 2.

RESULTS

Participants

In total, 53 HCPs participated in the study from January 
to July 2022. One participant was excluded because of 
non- adherence to the protocol by solving all items using 
PEDeDose with its built- in calculator. Thus, a final sample 
of 52 participants was included. The participant flow and 
randomisation order are visualised in figure 2.

The characteristics of the participants are summarised 
in table 1.

Missing values and outliers

Of the total 936 items rated, there were 4 responses (0.4%) 
classified as missing, three in the full intervention, which 
were accidentally skipped and 1 in the control interven-
tion, where a string was entered instead of a number. For 
the time outcome, there were in total six samples (0.6%) 
not analysed, consisting of the four missing responses 
and two outliers, one in the full intervention and one in 
the control intervention. The removal of the outliers was 
justified by the fact that some participants were required 
to respond to phone calls related to their clinical work.

Numbers analysed

Overall, 932 items were analysed for the primary 
outcome, which corresponds to 311, 312 and 309 items 
for the interventions control, basic and full, respectively. 
For the secondary outcome, 930 items were analysed, 
which corresponds to 310, 312 and 308 items for the 
interventions control, basic and full, respectively. The 

number of errors and median time per intervention 
are depicted in figure 3 and figure 4, respectively. The 
total number of errors was 70 (22%), 49 (16%) and 14 

Figure 2 Participant flow chart. The order of the 

interventions and the corresponding number of participants 

assigned is shown as well. The name of the interventions 

correspond to the CDSS PEDeDose with built- in calculator 

(full), PEDeDose used together with a pocket calculator 

(basic) and SmPC with pocket calculator (control). CDSS, 

clinical decision support system; SmPC, Summary of 

Product Characteristics.

Table 1 Participant characteristics

Variable names No (%)

Participants (total) 52 (100)

Institution

  Children’s hospital 21 (40)

  General hospital with children’s clinic 20 (39)

  Public pharmacy/doctor’s office 11 (21)

Profession

  Physician 20 (38)

  Pharmacist 32 (62)

Experience

  <5 years 20 (39)

  5–10 years 20 (39)

  >10 years 12 (22)

PEDeDose user

  No 20 (39)

  Partly 11 (21)

  Yes 21 (40)
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(5%) errors for the control, basic and full intervention, 
respectively. The median time (Q

1
, Q

3
) needed for the 

dose derivation was 161 s (118, 225), 132 s (96, 173) and 
86 s (67, 116) seconds for the control, basic (explor-
atory) and full intervention, respectively. Figure 5 
depicts the number of errors stratified by intervention 
order and type.

Model estimations

A generalised linear mixed- effects model with a logit- link 
was defined to estimate the adjusted odds ratio (OR) for 
dose derivation errors. The regression formula for the 
generalised linear mixed- effects model is shown below 
in R notation (I). The model included the covariates 

Figure 3 Bar plot depicting the number of errors stratified by the type of intervention. The name of the interventions 

correspond to the CDSS PEDeDose with built- in calculator (full), PEDeDose used together with a pocket calculator (basic) and 

SmPC with pocket calculator (control). CDSS, clinical decision support system; SmPC, Summary of Product Characteristics.

Figure 4 Violin plot depicting the median time per participant stratified by the type of intervention. The violin plot depicts the 

distribution of the datapoints and is mirrored on the y- axis. Below each plot the overall median (Q1, Q3) of the intervention is 

shown. The name of the interventions correspond to CDSS PEDeDose with built- in calculator (full), PEDeDose used together 

with a pocket calculator (basic) and SmPC with pocket calculator (control). CDSS, clinical decision support system; SmPC, 

Summary of Product Characteristics.
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for institution and previous PEDeDose user. Experience 
was not included because of singularity. Profession was 
not included due to potential multicollinearity with the 
variable institution as almost all physicians were working 
in a Children’s hospital. No crude difference between 
the different professions was observed. We used a linear 
mixed- effects model for the time outcome. The model 
was built with the same covariates as before but including 
experience, as there was no issue with singularity (II). 
The results of the multivariable models are depicted in 
table 2.

(I) error~intervention + institution+user (intervention | 

subject) + (intervention | item)
(II) log(time) ~ intervention + institution+experience + user + 

(intervention | subject) + (intervention | item)
Additional results of the models are reported in online 

supplemental file 4.

Ancillary analyses

Exploratory analyses

Additionally, we explored the impact of using structured 
dosing information while using a pocket calculator. The 
model formula of the generalised linear mixed- effects 
model (III) and the linear mixed- effects model (IV) for 
error and time, respectively, are shown below. Due to 
singularity, we had to exclude the random slopes for both 
item and subject. The results of the multivariable models 
of the exploratory analysis are depicted in table 3. The 
odds of an error were 4.5 times higher for the basic inter-
vention as compared with of full. Also the odds of an 
error were 1.4 times higher for the control intervention 
than for basic. The sensitivity analysis did not indicate 
that the intervention order influenced the number of 
errors (online supplemental file 4).

(III) error~intervention + institution+user + (1 | subject) + 

(1 | item)
(IV) log(time) ~ intervention + institution+experience + user 

+ (intervention | subject) + (intervention | item)
Additional results of the models are reported in online 

supplemental file 4.

Analysis of error types

For each error that occurred, we assumed the most 
plausible error type. The logging data of the PEDeDose 
built- in calculator was used to improve the determination 
of the error type in the full intervention. The results of 
the analysis of error types are provided in table 4.

DISCUSSION

In this simulation trial, we showed that the CDSS 
PEDeDose (full) significantly reduced the number of 
dose calculation errors and was more efficient when 
compared with either the structured PEDeDose dosing 
information (basic) or the full- text SmPC (control) used 
together with a pocket calculator.

Strengths and limitations

A general limitation of simulation studies is the lack of 
control over the participants’ mindset. For this study, it 
means that the participants might not have been as careful 
while deriving the dosages as they would be while working 
with real patients. We tried to address this limitation by 
comparing the interventions within each participant and 
by conducting the trial at their workplace. Randomisa-
tion of the interventions per block as well as on item- level 
controlled for biases of allocation. Additionally, we see 
the use of a within- subject design as a major strength of 
this study as it accounts for subject specific characteristics 

Figure 5 Number of errors stratified by intervention order and type. The name of the interventions correspond to the CDSS 

PEDeDose with built- in calculator (full), PEDeDose used together with a pocket calculator (basic) and SmPC with pocket 

calculator (control). CDSS, clinical decision support system; SmPC, Summary of Product Characteristics.
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(eg, being good or bad at calculus) and enhances the 
study’s overall power. Our study evaluated the dosing of 
a single drug for a single indication. In clinical settings, 
there are often additional considerations necessary (eg, 
dose adjustments due to renal insufficiency, comor-
bidities or drug–drug interactions). However, in this 
study, the impact of the CDSS PEDeDose was evaluated 
in isolation, what we see as a strength. Since the SmPC 
was defined as the reference dosing information, only 
prescriptions for drugs with a paediatric label could be 
created. In paediatric practice, however, the majority of 
drugs are prescribed off- label.3 Thus, to retrieve off- label 

dosing information additional sources must be consulted, 
which might even further increase the time needed to 
derive the appropriate dosage. Furthermore, we found 
that it was worthwhile to conduct the study on site as the 
amount of missing data was very low (<2%) for all inter-
ventions. The assumed error types should be interpreted 
carefully as the true cause of error cannot be determined. 
The types of errors are strongly depending on the item 
itself and only limited information can be extracted from 
the participants’ response. For example, not every active 
ingredient has a loading and a maintenance dose that 
may be confused.

Table 2 Effect of the intervention on error and time

Errors

OR 95% CI P value

Multivariable model

Intervention

full vs control

0.08 0.02 to 0.36 <0.001

Institution

Children’s hospital

1.27 0.75 to 2.15 0.382

Institution

General hospital

1.12 0.74 to 1.70 0.587

PEDeDose user

partly vs no

0.57 0.27 to 1.29 0.178

PEDeDose user 

yes vs partly

0.88 0.37 to 2.11 0.771

Unadjusted model

Intervention

full vs control

0.15 0.08 to 0.27 <0.001

Time

Time change (%) 95% CI P value

Multivariable model

Intervention

full vs control

−45 −51 to −39 <0.001

Institution

Children’s hospital

−18 −26 to −8 <0.001

Institution

General hospital

3 −6 to 12 0.585

Experience

5–10 years vs <5 years

3 −11 to 18 0.722

Experience

>10 years vs 5–10 years

1 −16 to 15 0.862

PEDeDose user

partly vs no

6 −9 to 26 0.472

PEDeDose user

yes vs partly

-8 −22 to 9 0.357

Unadjusted model

Intervention

full vs control

−45 −48 to −42 <0.001

The table shows the results of the confirmatory analyses comparing the CDSS PEDeDose (full) with the SmPC (control). The 

multivariable and unadjusted models with only the intervention variable and random intercepts for both subject and item are presented. 

The reference category for each comparison of the ordered categorical variables is marked in bold.

CDSS, clinical decision support system; SmPC, Summary of Product Characteristics.
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Table 3 Effect of the interventions on error and time

Errors

OR 95% CI P value

Multivariable model

Intervention

basic vs control

0.67 0.44 to 1.03 0.068

Intervention

full vs basic

0.22 0.12 to 0.42 <0.001

Institution

Children’s hospital

1.37 0.9 to 2.08 0.143

Institution

General hospital

0.97 0.68 to 1.38 0.860

Experience

5–10 years vs <5 years

1.36 0.79 to 2.36 0.273

Experience

>10 years vs 5–10 years

1.15 0.64 to 2.05 0.644

PEDeDose user

partly vs no

0.51 0.26 to 1.00 0.050

PEDeDose user

yes vs partly

1.33 0.68 to 2.62 0.402

Unadjusted model

Intervention

basic vs control

0.67 0.44 to 1.02 0.063

Intervention

full vs basic

0.22 0.12 to 0.41 <0.001

Time

Time change (%) 95% CI p- value

Multivariable model

Intervention

basic vs control

−20 −27 to −12 <0.001

Intervention

full vs basic

−31 −38 to −23 <0.001

Institution

Children’s hospital

−18 −26 to −10 <0.001

Institution

General hospital

3 −6 to 12 0.545

Experience

5–10 years vs <5 years

2 −11 to 17 0.793

Experience

>10 years vs 5–10 years

-2 −16 to 13 0.749

PEDeDose user

partly vs no

-1 −15 to 16 0.913

PEDeDose user

yes vs partly

-6 −20 to 10 0.467

Unadjusted model

Intervention

basic vs control

−20 −24 to −16 <0.001

Intervention

full vs basic

−31 −35 to −27 <0.001

The table shows the results of the exploratory analyses comparing the CDSS PEDeDose (full) with the structured PEDeDose dosing 

information and a pocket calculator (basic), and basic with the SmPC and a pocket calculator (control). The multivariable and 

unadjusted models with only the intervention variable and random intercepts for both subject and item are presented. The reference 

category of the comparisons is marked in bold.

CDSS, clinical decision support system; SmPC, Summary of Product Characteristics.
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Finally, maximal model specification including by- sub-
ject and by- item random intercepts and slopes whenever 
possible allowed the model to be more flexible in param-
eter estimation and thus limits inflation of type I error.24

Interpretation

The CDSS PEDeDose significantly improved the error 
rate as compared with the SmPC by reducing the odds 
of an error by a factor of 12. Furthermore, the CDSS 
PEDeDose significantly reduced the time needed for 
the dose derivation by 45%. The effect remained signifi-
cant when estimating the unadjusted effect of the inter-
vention, thus giving us strong confidence in our results. 
The sensitivity analysis did not indicate an effect of the 
intervention order on the number of errors. Even more 
so, the adjusted analysis suggested that the covariates (ie, 
fixed effects) had a negligible impact on both outcomes. 
In contrast, there was high variability between partici-
pants and items, (ie, random effects) leading to broad 
CIs, especially in the two blocks using pocket calculator. 
However, the variability was drastically reduced when 
the CDSS PEDeDose is used. This demonstrates that the 
CDSS PEDeDose was able to mitigate the uncertainty 
produced by the human factor, while other factors such 
as experience do not suffice. Thus, the CDSS PEDeDose 
increased the overall safety of the individually calculated 
dosages in our simulation. Furthermore, since there were 
no noteworthy differences between frequent PEDeDose 
users, infrequent users and new users, we could demon-
strate that the usability of the CDSS PEDeDose is excel-
lent.

Our exploratory analyses revealed that the structuring of 
the dosing information did not substantially improve the 
error rate, but only the time needed. Although our study 
was not powered to detect these differences, it was still 
interesting to see that the differences between PEDeDose 
with pocket calculator and the CDSS PEDeDose was still 
striking with fivefold lower odds for an error and 31% 
reduction of time when using the CDSS.

We were surprised by the high number of errors in the 
SmPC block (27 of the 70 errors) where the maximum 
dosage was not respected. Thus, we would like to high-
light the example of the drug isoniazid, where the SmPC 
states the maximum daily dose even multiple times. This 
error type occurred also frequently when only the struc-
tured dosing information was used (17 of 49 errors), 
even though the maximum dosage is highlighted in 
a dedicated field. None of this type of error occurred 
while the participants were using the CDSS PEDeDose as 
the built- in calculator does respect the maximum dose. 
This again highlights the importance of providing HCPs 
with individualised dosing recommendations as repeat-
edly stating the maximum daily dosage obviously does 
not suffice and might even be conceptually similar to 
the pitfalls of over- alerting.26 Analysis of the PEDeDose 
logging data revealed that most of the errors committed 
with the CDSS PEDeDose could be prevented with a 
reasonable integration into the prescribing software, 
such as wrong birthdate entries or transcription errors.

Generalisability

Based on the strong results and the inevitability of 
human errors, we are confident that the use of the CDSS 
PEDeDose will generally enhance the safety of prescribed 
dosages in practice. Furthermore, the time reduction that 
is achieved with the use of the CDSS PEDeDose might 
be further enhanced in clinical practice. Especially, for 
off- label prescriptions where additional resources need 
to be consulted. Overall, it must be noted that our study 
measured the isolated effect of the web application of the 
CDSS PEDeDose. This is in contrast to real- world studies 
where the magnitude of the measured effect will be modi-
fied by the way the CDSS is integrated into a primary soft-
ware (ie, a clinical information system), CDSS uptake (ie, 
percentage of CDSS use),27 vigilant HCPs11 28 or by other 
measures implemented to prevent such types of errors. 
These factors might influence the effect in different ways. 
A bad integration of the CDSS in a clinical information 
system will compromise usability, uptake and can enable 
additional types of errors to occur. On the other hand, 
a good integration will simply rule out even more types 
of errors by design (eg, transcription errors). Interest-
ingly, clinical information system providers do not need 
to conduct usability tests as compared with European 
medical device manufacturers.29 30 Last but not least, we 
think that it is undisputable that we should prevent the 
occurrence of an error in the first place by using a dose 
calculator rather than to rely on post hoc measures or on 
the commendable vigilance of the HCPs.10 11 28

Table 4 Assumed error types identified based on the 

participants’ response

Error counts

Error types Control Basic Full

Total error count 70 49 14

Protocol deviations* 12 5 4

Decimal error 2 3 0

Maximum dose not respected 27 17 0

Daily versus single dose 6 0 0

Wrong information used† 11 11 4

Transcription error N/A N/A 1

Wrong CDSS user entry/selection N/A N/A 4

Unknown 16 13 1

Column values exceed the total error count when multiple 

error types were identified. The categories correspond to the 

CDSS PEDeDose (full), PEDeDose dosing information with a 

pocket calculator (basic) and the SmPC with a pocket calculator 

(control).

*For example, dosage was not converted to the dispensing unit.

†For example, the loading dose was used instead of the 

maintenance dose.

CDSS, clinical decision support system; N/A, error type 

not possible or not identifiable for this intervention; SmPC, 

Summary of Product Characteristics.
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Comparison with literature

Even though there are a multitude of dosing calculators 
freely available, surprisingly, almost all lack a conformité 
européenne (CE) marking.31 Furthermore, there are only 
few contemporary studies that assess dose prescribing 
errors in a simulation.19 32 33 Siebert et al found significant 
error reduction with the use of a mobile app during drug 
preparation in paediatric emergency settings.32 33 Inter-
estingly, the baseline error rates in both studies were strik-
ingly high with values of 63%33 and 75%32 as compared 
with the 23% in our study. However, comparison is limited 
as they did not assess the dose calculation step in isola-
tion. Thus, we want to highlight the most similar study 
by van der Zanden et al that assessed the former website- 
integrated dosing calculator of the Dutch Paediatric 
Formulary.19 34 However, the calculator is not available 
anymore. They found 26% and 17% clinically relevant 
errors in the manual group and in the calculator group, 
respectively. This resulted in a non- significant estimated 
mean difference of 7% in favour of the calculator group. 
However, they used a between- subject design and a 2 min 
time limit per item. We think that the use of a within- 
subject instead of a between- subject design was a major 
strength in our study. Furthermore, we did not impose 
a time limit, as otherwise we could not estimate the time 
needed for the dose derivation. A time limit probably 
would have increased the manual error rate even further, 
but the results would be influenced by the participants’ 
reading speed.

CONCLUSION AND OUTLOOK

We demonstrated that the CDSS PEDeDose with its 
built- in calculator significantly reduced the error rate 
and time needed for the dose derivation for paediatric 
patients and neonates when compared with the SmPC 
in a simulation trial. The high variability in error rates 
within HCPs could be mitigated when PEDeDose was 
used. Interestingly, no substantial improvement of struc-
tured (basic) versus full- text (control) dosing information 
was found. Our simulation showed that by limiting the 
human factor and by providing guidance during the dose 
derivation step, dose calculation errors can be reduced. 
A reasonable integration of the CDSS into the electronic 
workflow of paediatric prescribing may even further limit 
the human factor during the prescribing step, and thus 
could prevent additional error types by design.

Acknowledgements We would like to cordially thank Gilles Dutilh, PhD from the 

Clinical Trial Unit of the University of Basel for his support in designing the study 

and for conducting the sample size estimation. This study could not have been 

done without the help of engaged healthcare professionals, which were providing 

their valuable time to participate. Thus, we are very thankful for all the participants 

who allowed and trusted us to analyse their performance.

Contributors LH wrote the manuscript and collected the data. PV was leading the 

project. LH, RS, and PV designed the study. LH and RS analysed the data. PV, RS, 

KK, MW, and MG reviewed the manuscript. LH is responsible for the overall content 

as the guarantor.

Funding The authors have not declared a specific grant for this research from any 

funding agency in the public, commercial or not- for- profit sectors.

Competing interests LH as a PhD student is funded by PEDeus. LH, KK, MW and 

PV are employees of PEDeus. MG is a member of the board of directors of PEDeus 

as well as the medical director of the University Children’s Hospital Zurich. None 

of the authors has any ownership in either institution. The PEDeus is a 100% 

subsidiary company of the University Children’s Hospital Zurich. The authors have 

no additional conflicts of interest to declare that are relevant to the content of this 

article.

Patient and public involvement Patients and/or the public were not involved in 

the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication Not applicable.

Ethics approval This study involves human participants but the study did not fall 

within the scope of the Swiss human research act. This was clarified in advance 

with the responsible ethics comitee exempted this study. Participants gave 

informed consent to participate in the study before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available in a public, open access 

repository. The data and the R scripts for the statistical analysis are available at 

https://osf.io/k86j4/.

Supplemental material This content has been supplied by the author(s). It has 

not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 

peer- reviewed. Any opinions or recommendations discussed are solely those 

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 

responsibility arising from any reliance placed on the content. Where the content 

includes any translated material, BMJ does not warrant the accuracy and reliability 

of the translations (including but not limited to local regulations, clinical guidelines, 

terminology, drug names and drug dosages), and is not responsible for any error 

and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 

Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 

permits others to distribute, remix, adapt, build upon this work non- commercially, 

and license their derivative works on different terms, provided the original work is 

properly cited, appropriate credit is given, any changes made indicated, and the 

use is non- commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD

Lukas Higi http://orcid.org/0000-0002-9093-4178

REFERENCES
 1 European Medicines Agency. 10- year report to the european 

commission. general report on the experience acquired as a result of 
the application of the paediatric regulation. 2016;

 2 Schrier L, Hadjipanayis A, Stiris T, et al. Off- Label use of medicines 
in neonates, infants, children, and adolescents: a joint policy 
statement by the European Academy of paediatrics and the 
European Society for developmental perinatal and pediatric 
pharmacology. Eur J Pediatr 2020;179:839–47. 

 3 Di Paolo ER, Stoetter H, Cotting J, et al. Unlicensed and off- label 
drug use in a Swiss paediatric university hospital. Swiss Med Wkly 
2006;136:218–22. 

 4 Rodieux F, Wilbaux M, van den Anker JN, et al. Effect of kidney 
function on drug kinetics and dosing in neonates, infants, and 
children. Clin Pharmacokinet 2015;54:1183–204. 

 5 Bartelink IH, Rademaker CMA, Schobben AFAM, et al. Guidelines 
on paediatric dosing on the basis of developmental physiology 
and pharmacokinetic considerations. Clin Pharmacokinet 
2006;45:1077–97. 

 6 Gates PJ, Meyerson SA, Baysari MT, et al. The prevalence of dose 
errors among paediatric patients in hospital wards with and without 
health information technology: a systematic review and meta- 
analysis. Drug Saf 2019;42:13–25. 

 7 Glanzmann C, Frey B, Meier CR, et al. Analysis of medication 
prescribing errors in critically ill children. Eur J Pediatr 
2015;174:1347–55. 

 8 Wong ICK, Ghaleb MA, Franklin BD, et al. Incidence and nature of 
dosing errors in paediatric medications: a systematic review. Drug 
Saf 2004;27:661–70. 

 9 Horri J, Cransac A, Quantin C, et al. Frequency of dosage 
prescribing medication errors associated with manual prescriptions 
for very preterm infants. J Clin Pharm Ther 2014;39:637–41. 

 10 Russell J, Grimes J, Teferi S, et al. Pediatric dose calculation issues 
and the need for human factors–informed preventative technology 
optimizations. PatientSaf 2022;4:48–61. 

c
o
p
y
rig

h
t.

 o
n
 J

a
n
u

a
ry

 9
, 2

0
2
4

 a
t U

n
iv

e
rs

ity
 L

ib
ra

ry
 Z

u
ric

h
. P

ro
te

c
te

d
 b

y
h
ttp

://b
m

jp
a
e
d
s
o
p
e
n
.b

m
j.c

o
m

/
b

m
jp

o
: firs

t p
u

b
lis

h
e

d
 a

s
 1

0
.1

1
3

6
/b

m
jp

o
-2

0
2

2
-0

0
1

7
2

6
 o

n
 2

5
 J

a
n
u
a
ry

 2
0
2
3
. D

o
w

n
lo

a
d
e
d
 fro

m
 



11Higi L, et al. BMJ Paediatrics Open 2023;7:e001726. doi:10.1136/bmjpo-2022-001726

Open access

 11 Sutherland A, Ashcroft DM, Phipps DL. Exploring the human factors 
of prescribing errors in paediatric intensive care units. Arch Dis Child 
2019;104:588–95. 

 12 Weinberg ST, Monsen C, Lehmann CU, et al. Integrating web 
services/applications to improve pediatric functionalities in electronic 
health records. Pediatrics 2021;148:e2021052047. 

 13 Higi L, Käser K, Wälti M, et al. Description of a clinical decision 
support tool with integrated dose calculator for paediatrics. Eur J 
Pediatr 2022;181:679–89. 

 14 PEDeus Ltd. PEDeDose. Available: https://www.pededose.ch/en/ 
[Accessed 5 Sep 2022].

 15 Refdata Foundation. SwissMedicInfo. Available: https://www. 
swissmedicinfo.ch/?Lang=EN [Accessed 17 Feb 2022].

 16 Cheng A, Kessler D, Mackinnon R, et al. Reporting guidelines for 
health care simulation research: extensions to the CONSORT and 
STROBE statements. Adv Simul (Lond) 2016;1:25:25:. 

 17 Schulz KF, Altman DG, Moher D, et al. Consort 2010 statement: 
updated guidelines for reporting parallel group randomised trials. 
BMJ 2010;340:c332. 

 18 Anwyl- Irvine AL, Massonnié J, Flitton A, et al. Gorilla in our midst: 
an online behavioral experiment builder. Behav Res Methods 
2020;52:388–407. 

 19 van der Zanden TM, de Hoog M, Windster JD, et al. Does a dose 
calculator as an add- on to a web- based paediatric formulary reduce 
calculation errors in paediatric dosing? A non- randomized controlled 
study. Paediatr Drugs 2020;22:229–39. 

 20 R Core Team. R: A language and environment for statistical 
computing. 2021; Available: https://www.R-project.org/

 21 Venables WN, Ripley BD. Modern applied statistics with s. In: 
Modern applied statistics with S. New York, NY: Springer, 2002. 

 22 Bates D, Mächler M, Bolker B, et al. Fitting linear mixed- effects 
models using lme4. J Stat Softw 2015;67:1–48. 

 23 Kuznetsova A, Brockhoff PB, Christensen RHB. lmertest package: 
tests in linear mixed effects models. J Stat Soft 2017;82:1–26. 

 24 Barr DJ, Levy R, Scheepers C, et al. Random effects structure for 
confirmatory hypothesis testing: keep it maximal. J Mem Lang 
2013;68:255–78. 

 25 Lenth RV. Emmeans: estimated marginal means, aka least- squares 
means. 2022. Available: https://CRAN.R-project.org/package= 
emmeans

 26 Beeler PE, Bates DW, Hug BL. Clinical decision support systems. 
Swiss Med Wkly 2014;144:w14073. 

 27 Kouri A, Yamada J, Lam Shin Cheung J, et al. Do providers use 
computerized clinical decision support systems? A systematic 
review and meta- regression of clinical decision support uptake. 
Implement Sci 2022;17:21:21:. 

 28 Kerker- Specker C, Brühwiler LD, Paula H, et al. Critical 
incident reporting on medication errors regarding units of 
measurement and calculations. Z Evid Fortbild Qual Gesundhwes 
2020;158–159:S1865- 9217(20)30164- 1:54–61:. 

 29 European Parliament and the Council of the European Union. 
Regulation (EU) 2017/745 of the european parliament and of the 
council of 5 april 2017 on medical devices, amending directive 
2001/83/EC, regulation (EC) no 178/2002 and regulation (EC) no 
1223/2009 and repealing council directives 90/385/EEC and 93/42/
EEC; 2017.

 30 Fischer S, Schwappach DLB. Efficiency and safety of electronic 
health records in switzerland- A comparative analysis of 2 
commercial systems in hospitals. J Patient Saf 2022;18:645–51. 

 31 Koldeweij C, Clarke J, Nijman J, et al. Ce accreditation and barriers 
to Ce marking of pediatric drug calculators for mobile devices: 
Scoping review and qualitative analysis. J Med Internet Res 
2021;23:e31333. 

 32 Siebert JN, Ehrler F, Combescure C, 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:S2352- 4642(19)30003- 3:303–11:. 

 33 Siebert JN, Bloudeau L, Combescure C, et al. Effect of a mobile 
APP on prehospital medication errors during simulated pediatric 
resuscitation: a randomized clinical trial. JAMA Netw Open 
2021;4:e2123007. 

 34 Dutch pediatric formulary. Available: https://kinderformularium.nl/ 
[Accessed 5 Sep 2022].

c
o
p
y
rig

h
t.

 o
n
 J

a
n
u

a
ry

 9
, 2

0
2
4

 a
t U

n
iv

e
rs

ity
 L

ib
ra

ry
 Z

u
ric

h
. P

ro
te

c
te

d
 b

y
h
ttp

://b
m

jp
a
e
d
s
o
p
e
n
.b

m
j.c

o
m

/
b

m
jp

o
: firs

t p
u

b
lis

h
e

d
 a

s
 1

0
.1

1
3

6
/b

m
jp

o
-2

0
2

2
-0

0
1

7
2

6
 o

n
 2

5
 J

a
n
u
a
ry

 2
0
2
3
. D

o
w

n
lo

a
d
e
d
 fro

m
 


	Impact of a clinical decision support system on paediatric drug dose prescribing: a randomised within-­subject simulation trial
	Abstract
	Introduction﻿﻿
	Background and objectives

	Methods
	Trial design
	Participants
	Interventions
	Simulation setup
	Outcomes
	Covariates
	Sample size
	Randomisation
	Statistical methods

	Results
	Participants
	Missing values and outliers
	Numbers analysed
	Model estimations
	Ancillary analyses
	Exploratory analyses
	Analysis of error types


	Discussion
	Strengths and limitations
	Interpretation
	Generalisability
	Comparison with literature

	Conclusion and outlook
	References


