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Objectives: Smartphone applications (apps) for antibiotic prescribing have been studied in observational
studies. Here, we assessed whether the use of a smartphone app increased appropriate antibiotic therapy
(AAT) in hospitals.
Methods: An antibiotic stewardship app (Firstline.org) was populated with local guidelines and tested in
a stepped-wedged cluster randomized trial in three hospitals in the Netherlands, Sweden, and
Switzerland. Defined clusters were randomized per hospital for the intervention (use of app) or standard
of care. Primary outcome was AAT assessed by chart review in 15 random patients per cluster per
intervention period. Secondary outcomes included clinical outcomes and user analytics. A questionnaire
identifying barriers to app use was disseminated. Multivariable multilevel logistic models with time
periods as fixed effects to adjust for time trend and treatment as fixed effects were employed to estimate
the odds ratio of treatment.
Results: Twelve clusters in the Netherlands (1085 patients) were included, 12 in Sweden (362 patients)
and 8 in Switzerland (653 patients). Overall, AAT was not increased (2.0% [95% CI, �5.92% to 9.97%]) in
the intervention arm compared with control across the three centres. Mean frequency of app use by
cluster was associated with an AAT increase (1.9% [95% CI, 1.18e2.62%]) across study centres; 3.2% in the
Netherlands (p < 0.01), 2.8% in Switzerland (p < 0.01), and remained similar in Sweden (0.4%; p 0.46). No
difference was found for the other secondary outcomes. Main barriers for app use reported in the
questionnaire were easily forgetting using the app and having other tools to help prescribing antibiotics.
Discussion: Overall, the introduction of a stewardship app did not significantly increase AAT, but a
prespecified secondary analysis of app use frequency was associated with a small but significant
improvement of AAT. Variable uptake of the app, coexisting routes to guidelines and the impact of the
COVID-19 pandemic during the trial likely had an impact on the results.
Trial registration number: ClinicalTrials.gov, trial number NCT03793946. Ramzy I. Helou, Clin Microbiol
Infect 2025;31:1172
© 2025 The Authors. Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and
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Introduction

Antibiotic resistance is an increasing global health problem and
an important cause of death worldwide [1,2]. Antibiotic use is
associated with the selection and spread of antibiotic resistance
[3e6]. International agencies such as the WHO and its member
states have called for a global action plan to combat antibiotic
resistance [7,8].

Additionally, the WHO and many governments are promoting
initiatives to implement programmes that help professionals in
prescribing appropriate antibiotic therapy (AAT) [9] with a focus on
antibiotic stewardship programmes (ASP) in hospitals [10]. ASPs
have been successful in reducing costs and in decreasing antibiotic
use [11,12] as well as the incidence of healthcare-associated in-
fections in hospitalized patients [13]. ASPs have used different in-
terventions to improve the practices of prescribers toward a more
appropriate use of antibiotics [14e18]. With the introduction of
computerized provider order entry in hospitals, clinical decision
support systems (CDSSs) have become an important part in ASPs
[19]. CDSSs have shown to facilitate the clinician in daily tasks such
as antibiotic prescription [20e23] but impact on outcomes such as
length of stay varied [20,24] and antibiotic use was not significantly
reduced in a multicentre randomized controlled trial [17].

Smartphone applications (apps) are increasingly being used for
clinical decision making by physicians in hospitals [25,26]. In a
systematic review, smartphone apps have shown a positive effect
on antibiotic prescription in hospitals [27], but the number of the
included studies was few and the quality was low. There is a need
for studies using randomized controlled designs to evaluate elec-
tronic tools that enhance appropriate antibiotic use. Therefore, we
evaluated the impact of an antibiotic stewardship (ABS) smart-
phone app on prescribing AAT in hospitals in an international,
multicentre stepped-wedge cluster randomized trial.

Methods

Design, setting, and study period

The full methods are described in the previously published
study protocol [28].

The study design was a pragmatic stepped-wedged cluster
randomized trial. This study was conducted in three tertiary care
hospitals [28] in Rotterdam, the Netherlands (Erasmus Medical
Center [EMC]), Uppsala, Sweden (Uppsala University Hospital
[UUH]), and Geneva, Switzerland (Geneva University Hospitals
[HUG]) from September 1, 2020 until January 15, 2022 (EMC),
September 1, 2020 until December 1, 2021 (UUH), and March 1,
2021 until December 15, 2021 (HUG). Defined clusters (wards in
UUH, specialties in EMC and HUG) were randomized. At the EMC
and UUH, the study was performed with one baseline period, six
intervention periods in which clusters were added to the inter-
vention arm, and one sustainability period (Fig. 1). At the HUG, the
baseline period was followed by three intervention periods, and
one sustainability period. Intervention periods were approximately
4 weeks and extended if necessary to reach the aimed inclusion of
15 patients on antibiotic therapy in each cluster. This difference in
the number of intervention periods between centres was because
of the COVID-19 pandemic which impacted inclusion at all centres.

Study population and intervention

Medical and surgical clusters were eligible when antibiotic
therapy was prescribed in �15 patients per month. The primary
outcome, AAT was measured in random patients in intervention
and control periods. Patients were included if they were �18 years
and receiving systemic antibiotic therapy for �24 hours during
their stay.

The intervention consisted of implementation of the Firstline
stewardship app (Firstline.org, Firstline, Vancouver, Canada), which
contained local guidelines for prescribing AAT for each hospital
(Supplementary: Firstline app intervention). The control arm did
not have app access and could only access guidelines by conven-
tional route. Each intervention period commenced with an intro-
duction and explanation of the app on the intervention cluster
during a dedicated meeting. Before and after the meeting, a
download link was emailed to the physicians, which enabled them
to download and use the app based on their institutional e-mail
address. Additionally, the guidelines were available by conventional
routes such as a website (EMC), PDF files (UUH) or printed booklet
and PDF (HUG).

Outcomes

The intervention (app use) targeted prescribing physicians
(without restrictions by age and years of experience in the eligible
clusters), but the primary outcome was AAT in patients defined as
adequate selection of drug, route and dose of antibiotic treatments
in concordance with local guidelines at the patient level as
described before [29]. Outcomes were assessed by dedicated study
physicians who were not aware whether the patient was on an
intervention or control cluster and entered in electronic case report
forms for each study site. Secondary outcomes included user ana-
lytics of the app, AAT assessed by user analytics and clinical out-
comes (Supplementary: secondary outcome definitions).

Questionnaire on barriers to app use

A questionnaire to explore possible barriers to app use was
developed based on interviews with 18 physicians (7 in EMC, 6 in
UUH, and 5 in HUG) who had used the app for 2 weeks. Three
months after the start of the intervention in a specific cluster, a link
to the questionnaire was emailed to all physicians with access to
the app (Supplementary: questionnaire).

Statistical methods

By including 24 clusters with 15 patients for each of the 7 pe-
riods and an assumed intraentity correlation coefficient of 0.1, the
study had a power of 81% to detect an absolute improvement in
appropriate antimicrobial use by 10% from 60% to 70%. To account
for possible drop-outs of clusters or lower inclusion rates per
period, we aimed to include 36 clusters (Supplementary: Statistical
methods).

Role of the funding source

The international publicly supported Joint Programming Initia-
tive on Antimicrobial Resistance (JPIAMR) program 2017 (grant
number JPIAMR2017-045) funded the study and had no role in
study design, data collection, data analysis, data interpretation,
writing of the report or the decision to submit the paper for
publication.

Ethics

Study approval was obtained from the medical ethical com-
mittees of the EMC (MEC-2019-0172), UUH (2019-05075), and HUG
(2019-01061). The study was registered with ClinicalTrials.gov
(NCT03793946). Patients were asked for written informed con-
sent before study inclusion at the EMC and UUH, while at HUG

http://Firstline.org
http://ClinicalTrials.gov


Fig. 1. Overview study design and inclusion periods. Length of intervention periods varied to reach the aimed inclusion of 15 patients on antibiotic therapy in each cluster, but was
approximately 4 weeks per period. The sustainability period was approximately 2 months at EMC and UUH and 1 month at HUG.
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patients in the clusters received written information about the
study with the possibility to opt out.
Results

Patients included at intervention and control clusters

In total, 32 clusters were included; 12 each at EMC and UUH, and
8 at HUG; 16medical and 16 surgical clusters. In total, 2100 patients
were evaluated, of which 365 patients were included during the
baseline period, 1562 during the intervention periods and 173
Table 1
Study population in total and per study centre.

Study centres combined EMC

Control Intervention Control In

Number of patients, n (%) 856 (40.8) 1244 (59.2) 494 (45.5) 59
Age, median (IQR) 64 (26) 64 (28) 62 (22) 61
Sex, n (%)
Women 425 (49.6) 603 (48.5) 227 (46.0) 25

Cluster type, n (%)
Medical 442 (51.6) 658 (52.9) 273 (55.3) 32
Surgical 414 (48.4) 586 (47.1) 221 (44.7) 26

EMC, Erasmus Medical Center; HUG, Geneva University Hospitals; IQR, interquartile ran
during the sustainability period (Table S1). Approximately half of
the patients were men (51%) and half of the patients were admitted
to medical clusters (52%) (Table 1). Patients were most often
diagnosed with cystitis (182/2100; 9%), hospital-acquired pneu-
monia (136/2100; 6%), and community-acquired pneumonia (121/
2100; 6%) (Table S2).

The mean number of app users remained stable at EMC and
UUH (11 and 10 unique users per day, respectively), despite the fact
that more users had app access, but kept increasing until the end of
study at HUG (17 unique users per day) (Fig. 2). The mean number
of app users during the sustainability period decreased at EMC was
UUH HUG

tervention Control Intervention Control Intervention

1 (54.5) 196 (54.1) 166 (45.9) 166 (25.4) 487 (74.6)
(27) 68 (19) 69 (23) 62 (39) 69 (34)

3 (42.8) 94 (48.0) 93 (56.0) 104 (62.7) 257 (52.8)

9 (55.7) 97 (49.5) 91 (54.8) 72 (43.4) 238 (48.9)
2 (44.3) 99 (50.5) 75 (45.2) 94 (56.6) 249 (51.1)

ge; UUH, Uppsala University Hospital.



Fig. 2. Unique daily app users per study centre. Unique daily app users per study centre and time of introduction of the app. Continuous line: EMC (Erasmus Medical Center); dashed line:
UUH (Uppsala University Hospital); dotted line: HUG (Geneva University Hospitals). The users before introduction of the app were interviewees and volunteers who tried the app before the
actual study. They did not participate in the study. At HUG the app was introduced but use was stopped due to the impact of the COVID pandemic, therefore users were not zero at the time of
start of the study introduction.
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stable at UUH and increased at HUG. App use was higher at medical
clusters than surgical clusters at all study centres. The most
frequently viewed antibiotic, guideline and pathogen across all
centres were amoxicillineclavulanate (851 views), community-
acquired pneumonia (513), and Pseudomonas aeruginosa (270),
respectively (Table 2 and Table S3). No guideline for antibiotic
therapy was available for infections of 17.6% (191/1085) of the
included patients in EMC, 7.2% (26/362) in UUH, and 28.2% (184/
653) in HUG.
Appropriateness of therapy including choice, route, and the dose of
the antibiotics

Adjusted for time trend and clustering of patients, AAT was
49.8% in the control group and 52.5% in the intervention group at
EMC; 53.2% and 50.8% at UUH; 48.5% and 52.0% at HUG, respec-
tively. Estimated effects adjusted for time trend and clustering are
shown in Fig. 3. A subanalysis for antibiotic choice, route, and dose
also showed no difference for any of the three centres (Tables S4
and S5).

Combining the results of the three centres was possible because
the 95% CI of the effects largely overlap, i.e. there was no indication
of qualitative or quantitative heterogeneity. The combined point
estimate for the effect across the centres was a 2.0%-point increase
in appropriate therapy, which was not statistically significant (95%
CI, �5.92 to 9.97).
Table 2
Most frequently viewed screens by study centres combined.

Category Screens

Guidelines Community-acquired pneumonia (513)
Pyelonephritis (460)
Hospital-acquired pneumonia (381)

Antibiotics Amoxicillineclavulanate (851)
Piperacillin/tazobactam (524)
Ciprofloxacin (427)

Pathogens Pseudomonas aeruginosa (270)
Enterococcus faecalis (230)
Escherichia coli (208)
Appropriateness of antibiotic therapy associated with app use

As a prespecified secondary analysis, mean user analytics was
associated with an increase in AAT (adjusted for the design and
clustering) from 49.8% in the control group to 53.0% in the inter-
vention group at EMC (3.2%), 53.2e53.6% (0.4%) in UUH, and from
49.3% to 52.1% (2.8%) at HUG. The corresponding estimated effects
of user analytics (i.e. adjusted for time trend and clustering) had
p < 0.01 in EMC and HUG and p 0.46 in UUH. In all three hospitals
combined, the increase was 1.9% (95% CI, 1.18e2.62%). Thus, the
more frequently the app was used per patient in an individual
cluster, the higher the chance of AAT. During the sustainability
period, we did not see an overall effect on prescribing AAT (EMC
[estimated difference compared with last intervention period
adjusted for clustering]: �3%; p 0.57; UUH [0.9%; p 0.92]; or HUG
[�3.6%; p 0.7]).
Clinical outcomes

Effects on length of stay did vary numerically across centres, but
did not significantly change in either centre (Table 3). No difference
was found for mortality, intensive care unit admission or read-
missionwithin 30 days between the intervention group and control
groups. Infectious diseases/clinical microbiologist consultations
were 69.4% in the intervention group at EMC, 54.1% at UUH, and
26.3% at HUG and did not differ from the control group.
Experienced barriers to app use

A total of 74 physicians (32 at the EMC, 30 at the UUH, and 12 at
the HUG) responded to the questionnaire. In the four items in the
domain, the device that contains the app, downloading and usewas
not experienced as a problem, but 47% of respondents believed that
smartphones are a frequent vector of pathogen transmission. No
barriers were experienced regarding the four items in trustwor-
thiness of the app. In the domain of the seven items in user friend-
liness of and skills needed for app use, easily forgetting to use the app
(59% of respondents) was identified as a barrier (Table 4).



Fig. 3. Forest plot for difference in the probability for appropriate therapy per study centre. The difference in the probability for appropriate therapy for the study centres combined was
2.0% (95% CI: -5.92 to 9.97). Positive values indicate appropriate therapy was more likely with use of the app, while negative values indicate appropriate therapy was less likely.
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Discussion

In this study, the primary analysis overall did not demonstrate a
significant difference in the quality of antibiotic prescribing after
the introduction of the ABS app. Taking app use on the cluster level
into account in the prespecified secondary analysis, more frequent
use was associated with a small but statistically significant increase
of AAT. The latter observed association needs to be interpreted with
some caution, given the limitation of a relatively small sample size.
Although the primary clinical outcomes were not associated with
app introduction, its low use may be because of its introduction
during the COVID-19 pandemic and potentially related to the re-
ported barriers of app use, such as easily forgetting to use the app,
and having other tools to help prescribing antibiotics. Thus, our
study also emphasizes the need for addressing barriers that hinder
Table 3
Secondary outcomes.

EMC (Rotterdam, The Netherlands) Control (N ¼ 494) Intervention (N ¼ 485)

Length of stay, median (IQR) 10 (13e25) 8 (13)
In-hospital mortality, n (%) 20 (4.0) 14 (2.9)
Transfer to intermediate care or ICU, n (%) 37 (7.5) 25 (5.2)
Unplanned readmission, n (%) 70 (14.2) 59 (12.2)
ID-consultation, n (%) 296 (59.9) 278 (57.3)
C. difficile, n (%) 8 (1.6) 2 (0.4)
MDRO, n (%) 13 (2.6) 6 (1.2)

UUH (Uppsala, Sweden) Control (N ¼ 196) Intervention (N ¼ 132

Length of stay, median (IQR) 10 (11) 10 (13)
In-hospital mortality, n (%) 11 (5.6) 10 (7.6)
Transfer to intermediate care or ICU, n (%) 4 (2.0) 2 (1.5)
Unplanned readmission, n (%) 30 (15.3) 19 (14.4)
ID-consultation, n (%) 126 (64.3) 78 (59.1)
C. difficile, n (%) 2 (1.0) 0 (0.0)
MDRO, n (%) 5 (2.6) 2 (1.5)

HUG (Geneva, CH) Control N ¼ 166) Intervention (N ¼ 454

Length of staydmedian (IQR) 7 (9e25) 11 (23)
In-hospital mortality, n (%) 11 (6.6) 17 (3.7)
Transfer to intermediate care or ICU, n (%) 6 (3.6) 12 (2.6)
Unplanned readmission, n (%) 19 (11.4) 47 (10.4)
ID consultation, n (%) 43 (25.9) 147 (32.4)
C. difficile, n (%) 1 (0.6) 5 (1.1)
MDRO, n (%) 6 (3.6) 31 (6.8)

The incidence of Clostridoides difficile infections and prevalence of multidrug resistant
analysis.
In-hospital mortality: in-hospital mortality within 30 calendar after hospital admission
Unplanned readmission: unplanned readmission within 30 days.
Infectious disease (ID)-consultation: ID-consult within first 5 days after start antimicrob
EMC, Erasmus Medical Center; HUG, Geneva University Hospitals; ICU, intensive care un

a Difference in mean for length of stay (LoS); difference in probability for binary (i.e. a
b Analysis not possible with this model and/or not possible because of small numbers
c Not possible to fit in model with time trend, therefore time trend is omitted.
d Not possible to fit in model with time trend and clusters, therefore Chi-square analy
app use to ensure high uptake of the app, because higher uptake
was associated with higher AAT.

Forgetting to use the app was the most frequently mentioned
perceived barrier, which may have been because of the way of
introduction, i.e. introducing the intervention consecutively per
cluster over a longer period of time instead of an introductory
period (including marketing) at the same time for all potential
users [30]. Moreover, there was a lack of reminders to use the app
after its introduction, whereas insufficient uptake was identified as
a factor for lack of effect on antibiotic use of a decision support tool
[17,20,21]. ABS tools integrated into the electronic health records
system may sidestep this problem [20]. Another barrier experi-
enced by some questionnaire respondents was the possible nega-
tive impression it leaves on patients and the disapproval of app use
by infectious diseases physicians and clinical microbiologists.
Differencea p 95% CI OR for the probability p 95% CI c2 p

�0.96 0.66 �5.24 to 3.32 b b b b
�1.2%c 0.33 �3.5 to 1.2 b b b b
b b b 0.74 0.52 0.30e1.83 b
0.90% 0.80 �5.8 to 7.5 0.87 0.63 0.49e1.54 b
7.50% 0.14 �2.5 to 17.6 1.37 0.19 0.85e2.21 b
b b b 0.99 0.98 0.39e2.51 b
�1.5%c 0.11 �3.3 to 0.3 b b b b

) Differencea p 95% CI OR for the probability p 95% CI c2 p

2.44 0.48 �4.37 to 9.26 b b b b
b b b 1.40 0.56 0.45e4.37 b
b b b 0.90 0.90 0.19e4.39 b
0.8% 0.89 �10.6 to 12.2 1.64 0.28 0.67e3.98 b
�5.20% 0.53 �21.2 to 10.9 0.71 0.39 0.32e1.57 b
d d d d d d 0.24
d d d d d d 0.52

) Differencea p 95% CI OR for the probability p 95% CI c2 p

�1.61 0.75 �11.62 to 8.39 b b b b
b b b 0.88 0.89 0.15e5.24 b
�0.7%c 0.66 �3.8 to 2.4 b b b b
�9.2% 0.07 �19.3 to 0.9 0.34 0.10 0.10e1.24 b
�3.5% 0.66 �19.1 to 12.2 0.84 0.71 0.32e2.17 b
d d d d d d 0.57
4.1% 0.17 �1.9 to 10.1 1.82 0.43 0.42e7.93 b

micro-organisms (MDRO) infection or colonisation were too low for a meaningful

(all cause).

ial OR after 5 days of start antimicrobial.
it; IQR, interquartile range; UUH, Uppsala University Hospital.
ll other) outcomes.
.

sis was performed, see p value in the last column.



Table 4
Questionnaire responses.

Domain (# items) Barriers experienced (N ¼ 74) (%)

The device that contains the app (four items) Smartphones are a frequent vector of pathogen transmission (47%)
Trustworthiness of the app (four items) No barriers mentioned
User friendliness of and skills needed for

app use (seven items)
Easily forgetting to use the app (59%)

Efficacy of app use (six items) Availability of other tools to help prescribe antibiotics (44%)
The app is redundant (33%)
Using two devices (the app and a computer) to prescribe antibiotics is impractical (33%)

Expected outcome of using the app (five items) App use does not improve own antibiotics prescribing (26%)
Socials norms on app use (12 items) “Patients think physicians do not know how to handle the situation when they check the app” (32%)

App use adjacent to patients is unprofessional (33%)
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Although patients recognize the need for the use of digital devices
in healthcare settings, explaining the purpose of such tools can help
improve understanding and acceptance [31,32]. Additionally, in-
fectious diseases societies promote use of CDSSs in support of ASPs
[19]. Identifying and addressing barriers regarding the use of an
ASP app in hospitals are necessary to implement apps to improve
antibiotic prescribing and subsequent patient outcomes.

The lack of overall impact of our stewardship appmay have been
because of the selection of three hospitals inwhich ASP teams were
already active plus the disruptive effect of the COVID-19 pandemic.
In participating hospitals with a website or paper booklet, a sig-
nificant improvement in AAT was shownwhen taking app use into
account in the secondary analyses, indicating that an ABS app may
be a valuable tool in these settings. In contrast to other studies
[27,33], the most frequently identified barrier experienced by app
users (~60%) was forgetting to use it and to a lesser extent (33%)
that the added value of the app may have been offset by the
availability of other tools for appropriate antibiotic prescribing. In a
Tanzanian study, a mobile CDSS including point-of-care diagnostics
was successfully implemented and reduced antibiotic use in a
primary care paediatric setting. This tool facilitated decisions on
whether to start antibiotic therapy, whereas our study focused on
the appropriateness of already initiated treatment [34]. Identifying
the specific settings in which the implementation of these tools
may or may not be efficient would be highly valuable. Two sys-
tematic reviews showed that CDSSs can reduce antibiotic use for
patients with respiratory tract infections [35,36]. However, direct
comparison is hampered by the fact that our study population
included a broader range of infections, was more diverse, and the
study objective differed. An increase in the adherence to antibiotic
guidelines was shown in studies with less robust study designs
such as observational or beforeeafter studies [30,37e39]. However,
in our study, we also showed that actual app use was associated
with a significant increase in prescribing AAT. These findings indi-
cate that results from studies with non-randomized designs should
be interpreted cautiously [17,18,40], but also that implementation
and adherence to an intervention should be assessed concomi-
tantly and taken into account when analysing the results.

A strength of our study is the stepped-wedge cluster random-
ized study design, which can model and adjust for underlying
temporal trends [41] in contrast to beforeeafter studies [42].
Moreover, the addition of the potential impact on clinical out-
comes, actual use of the app by clinicians and experienced barriers
to use are important for future implementation of an app in clinical
settings. A limitation of our study was caused by the COVID-19
pandemic, which required us to change the study design in one
hospital. Additionally, many hospital clusters were temporarily
converted to COVID-19 clusters which negatively impacted the
number of patient inclusions and resulted in a lower than intended
sample size, leading to study delays. Another possible study limi-
tation is that the assessment of appropriate prescribing can be
subjective, e.g. when deviating from the guideline with a valid
reason such as allergy or prior antibiotic therapy. Furthermore, no
direct link between app use and individual patient prescriptionwas
possible; rather, an ecological analysis was performed. If this would
impact the outcome, it would rather be an underestimation of the
effect such as by not accounting for not initiating or stopping
antibiotic therapy because only patients with �24 hours of anti-
biotics were included. Cases where antibiotic prescriptions were
discontinued following tool consultation were excluded (e.g.
asymptomatic bacteriuria, COVID-19, chronic obstructive pulmo-
nary disease (COPD) exacerbations, and perioperative prophylaxis)
which could underestimate the effect of the tool.

In conclusion, this is the first study with a robust study design to
evaluate an ABS app without the intrinsic biases and confounding
of a beforeeafter observational study. Our findings could not
demonstrate an overall increased appropriate antibiotic use after
app introduction but the study was significantly challenged by the
launch during an unprecedented global pandemic. However, more
frequent app use was associated with increased appropriateness of
antibiotic prescribing. Overall, our study has identified key ele-
ments for the successful use of an ABS app, such as the way of
implementation, and identification of user barriers. Because data
algorithms, AI solutions, and app use in healthcare systems are
rapidly increasing, further well-designed clinical studies are
needed to define the value and positioning of an ABS app in clinical
practice.
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