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28  Abstract

29  Background: Digital antimicrobial stewardship (AMS) interventions, such as clinical
30  decision support systems, audit-and-feedback platforms, and electronic prescribing tools,
31  have been increasingly adopted to improve antibiotic use. However, the effectiveness of
32 these interventions across healthcare settings remains uncertain, and the certainty of the
33  evidence has not been comprehensively evaluated. The objective of this study was to
34  provide a comprehensive understanding of the role of digital interventions in optimizing
35  antimicrobial use and improving clinical outcomes within a broad spectrum of healthcare

36  settings.

37  Methods: We conducted a systematic review and meta-analysis of randomized controlled
38 trials evaluating digital AMS interventions that followed PRISMA 2020 guidelines and
39  registered in PROSPERO (CRD420251178854) and funded by the Wellcome Trust
40 CAMO-Net programme. Searches were performed across major databases. Primary
41  outcomes included the appropriateness of antibiotic prescriptions and the antibiotic
42  prescription rate. Secondary outcomes included 30-day mortality, 30-day hospital
43 readmission, and length of hospital stay (LOS). Random-effects models were used to pool
44  effect sizes. Risk of bias was assessed using RoB 2.0, and certainty of evidence was rated
45  using GRADE. A Summary of Findings table was prepared to present effect estimates,

46  sample sizes, and evidence certainty.

47  Results: Eleven RCTs met the inclusion criteria, and nine were included in the
48  quantitative synthesis. Digital AMS interventions did not show a significant effect on
49  appropriateness of antibiotic prescribing (RR 0.99, 95%CI 0.93—1.05; very low certainty).
50  There was no reduction in antibiotic prescription (RR 0.98, 95%CI 0.88-1.09), with

51  substantial statistical heterogeneity (I> = 71%) and very low certainty. Across clinical
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52 outcomes, digital AMS showed no effect on 30-day mortality (RR 0.91, 95%CI 0.77-
53 1.09; very low certainty) or 30-day readmission (RR 0.95, 95%CI 0.79-1.14; very low
54 certainty). For LOS, results were inconsistent across studies, and the pooled effect
55  showed no clinically meaningful change (MD 0.17 days, 95%CI —0.01 to 0.35; very low
56  certainty). Most trials had “some concerns” of bias due to deviations from intended

57  interventions.

58  Conclusion: Meta-analyses of digital AMS RCTs showed a lack of evidence with a high
59  level of certainty on antibiotic prescribing or clinical outcomes due to high heterogeneity
60 in interventions and study designs, as well as RCTs' limitations (no adoption/fidelity
61  metrics).

62

63  Keywords: Digital health interventions; antimicrobial stewardship; randomized
64  controlled trials.
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77  Introduction
78
79 Effective antimicrobial stewardship (AMS) programs optimize antimicrobial
80  prescribing, a cornerstone against AMR via judicious use, yet direct resistance reductions
81 lack robust evidence.! Therefore, proceed cautiously on resistance claims.>? These
82  programs typically involve coordinated actions by a multidisciplinary team, co-led by an
83 infectious disease (ID) physician and a clinical pharmacist, who oversee adherence to
84  guidelines, de-escalation protocols, and prospective audits. However, in lower- and
85  middle-income countries (LMICs) and rural areas of high-income countries (HICs),
86  critical components for successful AMS implementation are often absent or
87  underdeveloped due to shortages in human resources (e.g., limited ID specialists),
88  inadequate infrastructure, and financial constraints.*
89 The ID specialist shortage underscores the urgent need for innovative solutions,
90 such as digital health interventions, defined as a discrete function of digital health
91 technology providing a health objective.’ For AMS purposes, this may include computer-
92  based applications, mobile apps, eHealth platforms, and clinical decision support systems
93  (CDSS), which can democratize access to expert guidance in remote settings. These tools
94  usually allow leveraging real-time data integration, algorithmic guidance, and remote
95  consultation features to address common AMS challenges, such as overprescribing due
96 to diagnostic uncertainty.
97 Despite the growing proliferation of digital tools within AMS with a significant
98 acceleration over the past five years, building upon a decade of foundational
99  development, particularly since the onset of the COVID-19 pandemic, robust evidence
100  regarding their effectiveness in real-world clinical settings remains notably limited,

101  mostly from observational studies.” Building upon this identified gap, this review
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endeavors to critically analyze and synthesize findings exclusively from RCTs, supposed
to be more methodologically robust, seeking to provide a comprehensive understanding
of the role of digital interventions in optimizing antimicrobial use and improving clinical

outcomes within a broad spectrum of healthcare settings.

Methods

We conducted a systematic literature review in accordance with the
recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA).? We registered the protocol on PROSPERO (CRD420251178854)

prior to data extraction.

Search strategy

We conducted the search on August 22nd, 2025, in the following databases:
PubMed/Medline, BVS/LILACS, Scopus, and Embase. We used no filters for language
or date of publication.

A comprehensive search strategy was developed in consultation with a specialist
librarian at the University of Sdo Paulo. The review involved evaluating RTCs that
assessed digital interventions or included these digital tools as part of antimicrobial
stewardship interventions in all healthcare settings (primary care, acute hospitals, and
long-term care facilities). The query expression was a combination of at least 2 terms:
one related to antimicrobial stewardship (AMS) (“antimicrobial stewardship” or
“antibiotic stewardship” or “stewardship, antibiotic” or “stewardship, antimicrobial”),

and another to the intervention (“digital tool” or “computer” or “mobile” or “electronic”
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127  or “eHealth” or “Telemedicine”). The complete list of search terms is provided in
128  Supplementary Appendix 1.

129

130  Eligibility and study selection

131 Eligible articles explicitly described the use of digital interventions to enhance
132 antimicrobial stewardship, guiding prescribing or providing actionable stewardship
133 support, including computer-based audit-and-feedback systems, mobile applications
134 (mHealth), eHealth platforms, and clinical decision support systems (CDSS) in healthcare
135  settings. We excluded studies that focused solely on the use of automatic general alerts
136  integrated into the EMR without personalized recommendation input, justified by the
137  well-known phenomenon of alert fatigue.” We also excluded studies based on the use of
138  patient-facing applications unrelated to AMS decision-making. Furthermore, we
139  excluded studies with a non-randomized controlled trial (Non-RCT) design as described
140  in Figure 1. We chose to include only RCTs, as they represent the highest level of
141  evidence for evaluating interventions.

142 We first performed an initial screening of titles and abstracts to assess potential
143 relevance (done independently by APMP and MSG). Afterwards, we obtained full-text
144 articles, re-evaluated their eligibility, and determined their final inclusion or exclusion
145  (APMP and MSG, independently). Disagreement was solved by consensus.

146
147  Data extraction

148 Data extraction was carried out by two independent investigators (APMP and

149  MSQG). Disagreements were resolved through consensus.

150 The following data were extracted: author name, country of the study, year of

151  publication, study setting, sample size, type of randomization, unit of analysis (individual
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or cluster), patient population (adult or pediatric), type of digital intervention, multimodal
strategy, infection site, control group, outcomes, and analysis methods (intention-to-treat

or per-protocol).

Primary outcomes were appropriateness of antibiotic prescribing and antibiotic
prescription rate, with their specific definitions detailed in the supplementary material as
per the selected studies.

The secondary outcomes were: 30-day mortality, length of stay in days, and 30-
day hospital readmission. While cost and antimicrobial resistance were predefined in the
protocol, they were subsequently excluded from the analysis as a minimum of two studies

per outcome was required for quantitative synthesis.

Risk of bias

The articles were evaluated for risk of bias using the Cochrane Risk of Bias tool.!”

Two authors (MSG and APMP) reviewed the risk of bias of each study.

Certainty of evidence

The GRADE (Grading of Recommendations, Assessment, Development and

Evaluation) approach was used to assess the certainty of outcome evidence.!!

Data analysis

We performed the analysis using the RStudio software version 1.4 using package

meta. Meta-analyses were used to generate summary relative risk estimates and 95%
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confidence intervals (CI). Random-effects models were used due to high heterogeneity.
Summary associations were interpreted as statistically significant (p < 0.05) if the 95%
ClIs did not include the value of 1.0 in their range. Statistical heterogeneity was measured

using 12

Results

Study selection

We identified 5,286 articles through database searches, of which 2,177 duplicates
were removed. Following title and abstract screening of the 3,109 articles, 3,092 articles
were removed. The remaining 17 full-text articles were assessed for eligibility, and six
were excluded with reasons (Figure 1). Ultimately, 11 articles that documented RCTs!?-

22 published between 2019 and March 2025, were included in the review.

Study characteristics

The 11 included randomized controlled trials collectively enrolled a total of
764,377 participants. Most articles reported RCTs that were conducted in high-income
countries, predominantly in the USA (6/11) and Europe (4/11), with most published from
2022 onward (Table S1). Study settings included inpatient hospitals (n=5), emergency
departments (n=2), a nursing home (n=1), and primary care, including one telemedicine-

based service (n=3).

Among the 11 included trials, five enrolled adult populations, four pediatric
populations, and two mixed or general populations. Respiratory tract infections were the

most commonly studied condition (5), followed by urinary tract infections (3). Clinical
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199  decision support systems (CDSS) were the predominant digital intervention, used in 8 of

200  the studies (Table S1).

201 Two studies were excluded from the quantitative synthesis due to outcome
202  incompatibility or insufficient data. Of the nine studies synthesized, one was judged to be
203  at high risk of bias and five to have some concerns, primarily due to deviations from
204  intended interventions (RoB 2.0 Domain 2) related to period and carryover effects in

205  crossover trials (Figure 2).

206
207
208 )
209 [ Identification of studies via databases and registers
210
211 = Records identified from*:
212 o Databases (n =5,286) Records removed before
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o :
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218 v
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*Number of articles disaggregated per database

**Covidence used to remove duplicates

Figure 1. PRISMA flow diagram for meta-analysis of digital interventions for
antimicrobial stewardship
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Figure 2: Meta-analysis of randomised controlled studies evaluating the use of digital
interventions in antimicrobial stewardship: results of the risk of bias assessment for each

study. Scores are shown for each criterion.
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252 Publication bias could not be formally assessed using funnel plots because each
253  outcome included a limited number of studies (2—5), which was insufficient for reliable
254  interpretation.

255

256  Primary outcomes

257 The pooled rate of appropriateness of antibiotic prescribing (RR: 0.99, 95%CI:
258  0.93 - 1.05; p-value =0.14; I = 49%) and antibiotic prescription rate did not demonstrate
259  a significant difference between digital intervention and control groups (RR: 0.98,

260  95%CI: 0.88 - 1.09; p-value < 0.01; I>=71) (Figure 3A and 4B).

261
a Experimental Control Weight Weight
Study Events Total Events Total Risk Ratio RR 95%-Cl (common) (random)
Helou 2025 541 859 455 707 0.98 [0.91; 1.05] 61.8% 68.6%
Williams 2023 284 549 255 478 0.97 [0.86; 1.09] 33.8% 28.5%
Rutten 2022 71 189 28 106 1.42 [0.99; 2.05] 4.4% 2.9%
Common effect model 1597 1291 1.00 [0.93; 1.06]  100.0% .
Random effects model 0.99 [0.93; 1.05] . 100.0%
Heterogeneity: /% = 49%, v* < 0.0001, p = 0.14 I
0.5 1 2
Experimental Control Weight Weight
Study Events Total Events Total Risk Ratio RR 95%-Cl (common) (random)
Williams 2023 455 549 370 478 = 1.07 [1.01; 1.14] 39.5% 32.3%
van der Maat 2020 101 402 179 597 0.84 [0.68; 1.03] 14.4% 15.5%
Nelson 2022 309 443 381 498 — = 0.91 [0.84; 0.99] 35.8% 30.4%
Rutten 2022 114 189 57 106 1.12 [0.91; 1.39] 7.3% 15.3%
Gulliford 2019 32 78 28 66 0.96 [0.65; 1.42] 3.0% 6.4%
Common effect model 1661 1745 éi; 0.98 [0.93; 1.03] 100.0% .
Random effects model 0.98 [0.88; 1.09] . 100.0%
Heterogeneity: 12 = 71%, v = 0.0085, p < 0.01 I T |
0.75 1 1.5
262
263

264  Figure 3: Effect of digital interventions for antimicrobial stewardship on the
265  appropriateness of antibiotic prescription (a) and antibiotic prescription rate (b). RR:
266  Relative Risk; 95% CI, 95% confidence interval.

267

268
269  Secondary outcomes

270 The pooled rate did not indicate a difference in mortality within 30 days (RR:

271 0.91, 95%CI: 0.77 - 1.09; p-value = 0.81; 1> = 0%) and rate of hospital readmission (RR:
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272 0.95, 95%CI: 0.79 - 1.14; p-value = 0.16; 1> = 49%) between groups (Figure 4A and 4B).
273  Moreover, the pooled data suggested a 17% increase in LOS with the use of digital
274  intervention, but the 95% confidence interval crossed the null (MD: 0.17; 95%CI —0.01

275  to 0.35). (Figure 4C).

d
Experimental Control Weight Weight
Study Events Total Events Total Risk Ratio RR 95%-Cl (common) (random)
Helou 2025 41 1071 41 856 —4*’1— 0.80 [0.52; 1.22] 18.5% 17.2%
Williams 2023 1 549 1 478 T 0.87 [0.05; 13.88] 0.4% 0.4%
Ridgway 2021 194 3535 194 3314 y 0.94 [0.77; 1.14] 81.1% 82.4%
1
i
Common effect model 5155 4648 ﬁ 0.91 [0.77; 1.09] 100.0% .
Random effects model 0.91 [0.77; 1.09] . 100.0%
Heterogeneity: 12=0%, =0, p =0.80 I T !
0.1 051 2 10
Experimental Control Weight Weight
Study Events Total Events Total Risk Ratio RR 95%-Cl (common) (random)
Helou 2025 125 1071 119 856 —'—T}— 0.84 [0.66; 1.06] 27.1% 37.6%
Ridgway 2021 374 3535 344 3314 — 1.02 [0.89; 1.17] 72.9% 62.4%
ol
i
Common effect model 4606 4170 i 0.97 [0.86; 1.09] 100.0% .
Random effects model 0.95 [0.79; 1.14] . 100.0%
Heterogeneity: /2 = 49%, v* = 0.0092, p = 0.16 I J !
0.75 1 1.5
C
Experimental Control Weight Weight
Study Total Mean SD Total Mean sD Mean Difference MD 95%-Cl (common) (random)
Gohil 2024 27907 6.50 6.6000 27505 6.30 5.8000 —*I— 0.20 [0.10; 0.30] 49.9% 37.3%
Gohil 2024 22782 7.10 6.9000 21998 6.80 5.9000 —=—— 0.30 [0.18;0.42] 37.8% 35.8%
Ridgway 2021 3535 4.50 4.3900 3314 4.54 4.4200 —_—— -0.04 [-0.25;0.17] 12.2%  26.9%
Common effect model 54224 52817 <|> 0.21 [ 0.14; 0.28] 100.0% .
Random effects model Ol | 0.17 [-0.01; 0.35] . 100.0%

Heterogeneity: 1> = 74%, v = 0.0195, p = 0.02 f T
04 02 0 02 04

276
277  Figure 4: Effect of digital interventions for antimicrobial stewardship on the 30-day

278  mortality (a), 30-day hospital readmission (b), and length of hospital stay (LOS) (c).

279  RR: Relative Risk; MD: Mean Difference; 95% CI, 95% confidence interval.

280

281 Although heterogeneity was very high, we did not perform subgroup analysis, as
282  stratification would yield too few studies per group, and thus pooled results despite the
283 high heterogeneity.

284 Finally, we prepared a Summary of Findings from RCTs (Table S2) using the

285 GRADE approach to summarize the magnitude of effects of digital interventions for
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286  antimicrobial stewardship, the available body of evidence, and the certainty of the

287  evidence for each outcome.

288

289

290  Discussion

291

292 This systematic review and meta-analysis evaluated the efficacy of digital

293  antimicrobial stewardship interventions in randomized controlled trials. Overall, we
294  found no statistically significant benefits for key outcomes: 30-day mortality,
295  readmissions, antimicrobial prescription rate, and appropriateness. While the point
296  estimate indicated a 17% increase in LOS with the use of digital intervention, the results
297  were imprecise and compatible with no effect. This finding warrants careful interpretation
298  and emphasizes the need to reassess how these tools are designed, implemented, and
299  evaluated. The evidence base was predominantly hospital-based, with only one study
300  conducted in primary care, one in a nursing home facility, and none specifically designed
301  for resource-limited or remote settings lacking on-site infectious diseases expertise. This
302  gap is particularly concerning given that a systematic review published in 2022
303  highlighted that only 26% of LMIC hospitals have formalized AMS programs, with the
304  scarcity of infectious diseases expertise cited as the foremost barrier, leading to reliance
305 on suboptimal prescribing and heightened AMR risks in resource-constrained
306  environments.??

307 The eleven trials evaluated a diverse range of digital tools, most often clinical
308  decision support systems (CDSS) integrated with electronic health records (EHR) or used
309 as standalone systems, along with order sets, prediction algorithms, and feedback on
310  prescribing. Many of these tools use simple rule-based designs that interrupt workflows
311  and do not fully consider the patient's specific situation, local infection patterns, or how

312 clinicians work, which can increase mental workload and lead to low use or alert fatigue,
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313  a well-documented challenge with rule-based CDSS.?* To improve future digital AMS
314  tools, it is imperative to focus on designing them with users in mind, better integration
315  with workflows and EHR systems, and more practical recommendations tailored to the
316  context, such as linking to the reason for treatment, kidney function, allergies, past
317  microbiology results, and previous antibiotic use, while reducing unnecessary alerts.?
318  Importantly, only a single trial assessed long-term effects on antimicrobial resistance, and
319  another one conducted cost analyses, which limits understanding of broader population
320  impacts. Whether these tools can be scaled up affordably is also highlighted in a recent
321  qualitative synthesis of systematic reviews on digital AMS interventions. 2

322 Key limitations of the included RCTs make it harder to draw firm conclusions.
323 The trials differed greatly in their design elements, the intensity of their implementation,
324  ranging from providing simple information to interrupting workflows with prompts, and
325  the degree to which they were carried out, which reduces the comparability of the results
326  and may weaken the overall findings. Most studies were conducted in a single hospital
327 and in well-equipped settings, which limits their relevance to settings with limited
328  technology. Although three trials were conducted in primary care, two were excluded
329  from the meta-analysis for the reasons previously described, thereby limiting the
330  generalizability of the results to this setting. Common methodological problems included
331  risks of bias, incomplete details on other interventions happening at the same time, and
332 varying definitions of what counts as "appropriate" antimicrobial use. Many studies were
333 too small to reliably detect effects on patient outcomes and did not evaluate how well the
334  tools worked in practice, such as ease of use, acceptance by users, alert overload, and how
335  often recommendations were followed, which are crucial for understanding why some
336  results were neutral or showed unintended effects, as well as longer hospital stays.

337  Collectively, these limitations resulted in a very low certainty of evidence across all
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338  outcomes according to the GRADE approach. Most included trials had "some concerns"
339  of bias, primarily related to deviations from intended interventions, and the small number
340  of studies per outcome contributed to imprecision bias. Another limitation is that cluster-
341 randomized RCTs lacked adjustment for clustering. This potentially biased results toward
342  significance. No LOS medians were reported, so we used the mean difference (MD)
343  assuming normality. As a result, the true effects of digital antimicrobial stewardship
344  interventions remain uncertain, and the observed estimates should be interpreted with
345  considerable caution.

346 Our results align with and extend prior syntheses in this field. A qualitative
347  synthesis of systematic reviews of hospital-based digital AMS interventions reported
348 improvements in antimicrobial use and prescribing appropriateness but underscored
349  heterogeneity and limited evidence for patient-centered outcomes.?® A systematic review
350  and perspective on telehealth in AMS published in 2021 highlighted the promise of
351  remote stewardship support and audit-and-feedback models, particularly where expertise
352  islimited.?” However, although earlier reviews suggested reductions in antimicrobial use,
353  their scope was largely confined to non-randomized studies published up to 2020, limiting
354  causal inference and leaving uncertainty about clinical outcomes. Consequently, the
355  literature has lacked a comprehensive synthesis focused on more recent RCTs assessing
356  the impact of digital interventions on AMS outcomes. Our review addresses this gap;
357  however, the evidence showed no significant impact on downstream outcomes (clinical
358  outcomes, LOS, mortality), suggesting it may not be sufficient to support implementation
359  decisions.

360 These findings are especially important for remote areas, where effective AMS is
361  hindered by poor access to information and expert teams.?* Clinicians often lack timely

362  access to key data needed for good antimicrobial decisions, such as past lab results, local
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363  patterns of bacterial resistance, recent antibiotic use, kidney function trends, and allergy
364  records.?® Even when digital systems are available, issues such as poor system
365  compatibility, unreliable internet, and incomplete data can make decisions even harder.?
366 At the same time, AMS experts, such as infectious disease doctors, microbiologists, and
367  clinical pharmacists, are usually based in big city hospitals, leaving rural clinics and
368 smaller facilities without ongoing support for reviewing prescriptions, following
369  guidelines, or discussing complex cases. These problems are often worse in LMICs,
370  where limited testing tools and unstable drug supplies lead to overuse of broad-spectrum
371 antibiotics and delays in switching to safer options.’® Overall, these barriers highlight the
372  need for digital and telehealth tools that not only provide decision support but also
373  connect remote clinicians with specialists, extending expert AMS functions to places
374  where traditional teams cannot be present.!?’*! Debate persists on the RCT suitability
375  for digital health interventions, which are behavioral by nature, meaning their efficacy
376  hinges on clinician behavior, workflow integration, implementation fidelity, adoption
377 rates, and innovation fatigue. Included studies omitted adoption metrics (e.g.,
378  recommendation adherence), risking premature inefficacy conclusions.3?

379 Despite limitations of a small, heterogeneous set of RCTs, this review's key
380  strengths include its focus on randomized evidence, emphasis on critical clinical
381  outcomes (e.g., LOS, mortality), and identification of research gaps in digital AMS
382  evaluation, particularly the need for advanced frameworks such as RE-AIM or MRC
383  guidance and expansion to primary care, resource-limited, and remote settings.

384 In conclusion, high heterogeneity in interventions and designs yielded
385 inconclusive RCT evidence (high certainty) for digital AMS effects on prescribing and
386  clinical outcomes. RCTs prove suboptimal for behavioral digital health tools, where

387  efficacy depends on adoption and fidelity metrics. Prioritize context-fit AMS platforms
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388  for resource-limited/remote settings: user-centered co-design, offline-first/low-
389  bandwidth infrastructure, local-aligned decision support minimizing alert fatigue, plus
390 remote prospective audit via asynchronous review, targeted nudges, and off-site ID
391  escalation for equity. Embed evaluations of processes, adherence, usability, resistance
392  trends, and cost-effectiveness to enable safe scale-up and sustained optimization in
393  underserved contexts.
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