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Abstract

Rising antimicrobial resistance (AMR) presents a profound threat to global health, driven in part by complex and often
poorly understood patterns of antimicrobial utilization across healthcare systems. Traditional stewardship approaches
focused on guideline adherence, formulary controls, or individual prescribing behaviors are insufficient when viewed
against the scale and dynamism of resistance evolution. Systems-level modeling offers a broader analytical lens,
enabling researchers and stewardship teams to examine antimicrobial use not as isolated prescribing events but as
interconnected patterns shaped by clinical workflows, patient demographics, institutional pressures, and microbial
ecology. From a macro perspective, systems models integrate multi-source data including electronic health records,
pharmacy distributions, resistance phenotypes, and patient-flow dynamics to map utilization trends across wards,
hospitals, and regional care networks. These models reveal latent drivers of inappropriate use, identify clusters of high-
risk prescribing, and detect feedback loops that accelerate resistance emergence. Agent-based simulations and
compartmental models can further characterize how antimicrobial pressure influences microbial population shifts,
revealing pathways through which resistant strains develop, propagate, and persist within healthcare environments.
Narrowing the focus, this study emphasizes how advanced modeling techniques, such as machine learning-enhanced
forecasting, causal inference frameworks, and network-based transmission analysis, can guide precision stewardship
interventions. By simulating the outcomes of alternative policies such as formulary restrictions, diagnostic stewardship,
or targeted provider education systems-level models enable proactive selection of strategies most likely to reduce
selective pressure while preserving clinical effectiveness. Ultimately, integrating systems-level modeling into
antimicrobial stewardship transforms reactive management into anticipatory control. Such an approach not only
optimizes utilization patterns but also helps suppress emerging resistance pathways, contributing to a more
sustainable, resilient antimicrobial ecosystem across healthcare settings.

Keywords: Antimicrobial stewardship; Resistance modeling; Systems-level analysis; Utilization patterns; Predictive
simulation; Healthcare optimization

1. Introduction

1.1. The escalating threat of antimicrobial resistance (AMR) in clinical ecosystems

Antimicrobial resistance (AMR) has become one of the most urgent threats to global health systems, undermining the
effectiveness of antibiotics, prolonging hospital stays, and increasing morbidity and mortality across patient
populations [1]. Hospitals face disproportionate risk because they serve as concentrated hubs of antimicrobial use,
invasive procedures, and high-acuity care, all of which accelerate selective pressure for resistant organisms [2]. Rising
prevalence of multidrug-resistant pathogens such as carbapenem-resistant Enterobacterales and methicillin-resistant
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Staphylococcus aureus has created unprecedented challenges for infection prevention and therapeutic decision-making

[3].

Compounding this threat is the expanding reservoir of resistance genes circulating through hospital wastewater,
equipment surfaces, and patient microbiomes [4]. As treatment options narrow, stewardship failures have escalating
consequences, raising the likelihood of untreatable infections and cascading outbreaks. AMR is therefore not merely a
microbiological issue but a systemic risk affecting every layer of hospital operations and patient safety [5].

1.2. Limitations of conventional stewardship approaches lacking systems-level insight

Traditional antimicrobial stewardship (AMS) programs focus on clinician prescribing behavior, formulary restrictions,
and periodic audits of utilization patterns. While essential, these approaches often overlook the complex organizational,
behavioral, and environmental factors that shape antimicrobial exposure within hospitals [6]. Conventional
stewardship frameworks rarely account for interdependencies between patient flow, diagnostic delays, staffing
patterns, and supply-chain pressures, all of which influence prescribing pathways more powerfully than isolated
clinician decisions [7].

Furthermore, most stewardship interventions are reactive, triggered only after utilization spikes or resistance trends
become apparent. This lag impedes the capacity to intervene early, allowing inappropriate use to persist undetected
across departments [8]. Without systems-level insight, AMS programs struggle to anticipate downstream effects such
as increased isolation needs, device-associated infections, or operational congestion that arise from shifts in
antimicrobial use [9]. As a result, stewardship initiatives often achieve incremental gains rather than transformative
reductions in resistance pressure.

1.3. Why systems modeling is essential for capturing complex antimicrobial utilization dynamics

Systems modeling provides the analytical depth needed to illuminate the full complexity of antimicrobial utilization in
hospitals. Because antimicrobial use emerges from interactions among clinicians, diagnostic pathways, workflows, and
patient trajectories, linear or single-variable analyses cannot capture its true dynamics [8]. Systems modelling
encompassing agent-based simulations, compartmental models, and systems-dynamics frameworks allows researchers
to trace how prescribing decisions propagate through patient care processes, microbial ecology, and institutional
resource flows.

These models can identify hidden feedback loops, such as how diagnostic turnaround times influence empirical therapy
decisions or how bed-capacity strain drives broader-spectrum antimicrobial use. They also quantify unintended
consequences of stewardship interventions, revealing trade-offs that traditional audits cannot detect [6]. By
operationalizing AMR as a property of interconnected systems rather than isolated prescribing events, systems
modeling provides a powerful lens for designing proactive, adaptive, and institution-wide stewardship strategies [1].

1.4. Purpose, scope, and contributions of this article

This article presents an integrated systems-modeling framework for analyzing antimicrobial utilization across hospital
ecosystems, linking prescribing behavior, diagnostic uncertainty, workflow dynamics, and resistance evolution [7]. It
outlines conceptual foundations, modeling techniques, and applied use cases to guide the development of next-
generation, systems-aware stewardship interventions [3].

2. Conceptual foundations of systems-level antimicrobial utilization modeling

2.1. Clinical uncertainty and diagnostic delays

Clinical uncertainty plays a central role in antimicrobial utilization because clinicians must often make high-stakes
decisions before diagnostic clarity is available. When laboratory results, imaging interpretations, or microbiologic
confirmations are delayed, empiric broad-spectrum therapies become the default approach to mitigate clinical risk [10].
This precautionary prescribing is further amplified in critically ill patients, where even minor delays in initiating
therapy may worsen outcomes.

However, uncertainty-driven prescribing creates cascading effects: prolonged therapy durations, combination

regimens, and early escalation to reserve agents, all of which increase resistance pressure [6]. Diagnostic ambiguity also
prompts repeated antimicrobial adjustments as clinicians react to evolving but incomplete information. These patterns
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illustrate how antimicrobial decisions emerge not solely from clinical knowledge but from constraints, risk perceptions,
and information gaps embedded within hospital systems [14].

2.2. Organizational, workflow, and cultural contributors

Antimicrobial use is also shaped by organizational structures, workflow limitations, and cultural norms. High patient
turnover, staffing shortages, and time-pressured decision-making environments often reduce opportunities for
nuanced prescribing deliberation [9]. In such settings, clinicians may rely on habitual prescribing patterns or inherited
norms within specialty teams, allowing unwarranted antimicrobial use to persist unchallenged.

Workflow bottlenecks—such as delayed consult responses, limited oversight from stewardship teams during nights or
weekends, and inconsistent access to decision support—further distort prescribing behavior [12]. Cultural
expectations, including fear of adverse outcomes or perceived pressure to “do something,” reinforce broad-spectrum
prescribing even when clinical indicators are weak [7]. These organizational dynamics demonstrate that antimicrobial
use is tightly coupled to institutional context rather than strictly clinical rationale.

2.3. Transmission dynamics and ecological effects of antimicrobial exposure

2.3.1. Selection pressure, microbial community shifts, and resistance evolution

Antimicrobial exposure exerts a strong selective pressure on microbial populations, reshaping hospital ecological
landscapes. When broad-spectrum agents suppress susceptible organisms, resistant strains proliferate, establishing
dominance within patient microbiomes, environmental reservoirs, and device-associated biofilms [15]. Such microbial
community shifts increase the probability of colonization and infection with resistant pathogens, expanding the pool of
transmissible organisms across the hospital ecosystem.

At the molecular level, antimicrobial pressure accelerates mechanisms such as gene amplification, horizontal gene
transfer, and plasmid mobilization, enabling rapid adaptation among bacterial populations [6]. These processes are
further amplified by repeated or prolonged antibiotic courses, which create sustained ecological disturbances. Even
short-term antimicrobial exposure can produce long-lasting resistance phenotypes, especially in environments where
patient density and contact frequency facilitate organism exchange [13].

Because ecological responses occur simultaneously at patient, unit, and facility scales, resistance evolution becomes a
systems phenomenon rather than a linear consequence of individual prescribing decisions. This interdependence
underscores the necessity of modeling antimicrobial exposure within broader ecological and operational contexts.

2.3.2. Interdependence between prescribing patterns and hospital transmission pathways

Prescribing patterns strongly interact with hospital transmission networks. When antimicrobials alter patient
microbiota, colonization with resistant organisms becomes more likely, increasing the probability of onward
transmission through staff contact, shared equipment, and environmental contamination [11]. High antimicrobial use
within certain units such as ICUs or surgical wards creates micro-ecological hotspots where resistant pathogens flourish
and spread.

Conversely, transmission networks shape prescribing behavior: outbreaks or suspected clusters often prompt escalated
therapy, generating further resistance pressure [16]. Patient flow dynamics admissions, transfers, discharges link
prescribing decisions across departments, enabling resistant organisms to propagate along movement corridors. This
reciprocal relationship highlights antimicrobial exposure as both a driver and consequence of transmission dynamics.

2.4. Systems thinking as a blueprint for modeling antimicrobial utilization

2.4.1. Feedback loops, bottlenecks, and nonlinear outcomes

Systems thinking provides a framework for understanding how antimicrobial utilization emerges from interacting
clinical, operational, and ecological influences. Feedback loops such as increased resistance prompting broader-
spectrum prescribing, which further accelerates resistance create reinforcing cycles that traditional stewardship
analysis fails to capture [8].

Bottlenecks, including delayed diagnostics or constrained staffing, generate nonlinear effects: small disruptions can
trigger disproportionately large antimicrobial shifts as clinicians compensate for perceived vulnerability. These
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nonlinearities produce outcomes that are highly sensitive to initial conditions, making systems modeling essential for
predicting how small interventions may yield large-scale changes in resistance patterns [12].

2.4.2. How system structures amplify or suppress resistance emergence

Structural features of hospital systems play a decisive role in amplifying or moderating resistance pressures. For
example, high patient turnover combined with centralized equipment pools can accelerate cross-unit dissemination of
resistant organisms [14]. Conversely, robust isolation capacity, rapid diagnostics, and effective antimicrobial decision-
support systems can suppress resistance emergence by reducing unnecessary exposure.

Systems models reveal how structural interventions revised rounding protocols, modified staffing assignments, or
streamlined diagnostic workflows alter antimicrobial use indirectly by reshaping clinician decision landscapes [9].
Understanding these structural effects enables hospitals to design interventions that shift system behavior toward
reduced resistance pressure rather than relying solely on individual prescribing changes [15].

DRIVERS OF ANTIMICROBIAL UTILIZATION
AND RESISTANCE

CLINICAL TRANSMISSION ECOLOGICAL ECOLOGICAL
FACTORS PATHWAYS FACTORS FACTORS

DIAGNOSTIC PATIENT CROSS- MICROBIAL MICROBIAL
UNCERTAINTTY COLONIZATION A INFECTION EVOLUTION EVOLUTION

! HOSPITAL RESISTANT
UTILIZATION ENVIRONMENT STRAINS

ANTIMICROBIAL
RESISTANCE
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Figure 1 Systems map illustrating the interacting drivers of antimicrobial utilization and resistance pathways

3. Analytical and computational methods for modeling utilization patterns

3.1. Data sources and integration challenges in antimicrobial utilization modeling

3.1.1. EHR prescriptions, microbiology results, and clinical pathways

Electronic health records (EHRs) offer essential data streams for modeling antimicrobial utilization, including
timestamps of prescriptions, dose modifications, and escalation or de-escalation decisions [15]. These prescribing
patterns gain interpretive value when integrated with microbiology results, which reveal organism identity, resistance
profiles, and time-to-positivity trends. Yet linking these datasets is challenging due to asynchronous recording practices,
incomplete metadata, and variation in documentation quality across departments [13].

Clinical pathways admission routes, diagnostic sequences, care transitions, and surgical episodes introduce additional
complexity, as antimicrobial decisions often depend on time-sensitive trajectory shifts rather than isolated clinical
events [19]. Modeling these pathways requires accurate mapping of how diagnostic ordering, symptom evolution, and
consult responses unfold over time. Data fragmentation, variable coding standards, and inconsistent integration
between microbiology and prescribing modules can obscure these relationships. Therefore, robust data harmonization
frameworks are essential to achieve reliable modeling inputs capable of capturing real-world antimicrobial dynamics
[20].
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3.1.2. Pharmacy dispensing data, stewardship logs, and operational workflows

Pharmacy dispensing systems provide real-time insight into drug availability, dispensing frequency, and unit-level
utilization trends, complementing EHR prescribing data with operational context [18]. Variations between what is
prescribed and what is dispensed often reveal discrepancies driven by supply constraints, medication substitution, or
delayed administration factors that influence resistance pressure but rarely surface in traditional stewardship analysis.

Stewardship logs, including audit results, intervention notes, and guideline-adherence assessments, provide qualitative
and quantitative signals illustrating how human oversight interacts with prescribing behavior [21]. Meanwhile,
operational workflows such as staffing variability, diagnostic turnaround times, and bed-flow dynamics shape
antimicrobial exposure trajectories by influencing the timing and accuracy of clinical decisions [14].

Integrating these three domains dispensing, stewardship oversight, and workflow operations requires interoperability
strategies capable of aligning disparate temporal resolutions and data taxonomies. When harmonized effectively, these
sources create a multidimensional dataset that reflects antimicrobial use as a complex socio-technical process rather
than a series of isolated prescriptions [22].

3.2. Time-series and machine learning models for utilization forecasting

3.2.1. Identification of prescribing deviations, spikes, or drift patterns

Time-series models detect deviations in antimicrobial use by analyzing historical prescribing patterns and identifying
anomalies that deviate from expected temporal behavior. These deviations may include short-term spikes associated
with suspected outbreaks, gradual upward drift in broad-spectrum therapy, or abrupt changes triggered by staffing
shifts, guideline updates, or supply shortages [17].

Classical models such as ARIMA and exponential smoothing capture seasonality and trend behavior, while machine
learning approaches including random forests, gradient boosting, and LSTM networks reveal nonlinear dependencies
between utilization and contributing factors such as diagnostic delays, patient acuity surges, or workflow congestion
[13]. Drift detection models help identify when prescribing norms shift gradually but meaningfully, enabling early
stewardship intervention before patterns become entrenched. By linking deviations to contextual events, forecasting
models provide real-time situational awareness of emerging prescribing risks [20].

3.2.2. Predicting inappropriate use linked to diagnostic and workflow delays

Machine learning models can also forecast inappropriate antimicrobial use by analyzing indicators of diagnostic
uncertainty and workflow disruptions. Delays in culture processing, imaging interpretation, or consult completion often
prompt empiric broad-spectrum therapy, creating high-risk windows for inappropriate prescribing [19]. Predictive
models trained on workflow timestamps, diagnostic lag patterns, and acuity indicators can identify scenarios where
clinicians are most likely to choose unnecessary or overly aggressive antimicrobial regimens [14].

Incorporating patient-level features comorbidities, prior colonization, symptom progression further enhances
predictive accuracy. By learning when inappropriate use is most probable, models enable proactive stewardship actions
such as real-time alerts, automated recommendations, or targeted consults. These forecasting capabilities shift
stewardship from retrospective correction to anticipatory intervention, improving both timeliness and clinical
relevance [21].

3.3. Agent-based and systems-dynamics models of antimicrobial utilization

3.3.1. Modeling clinician decision-making and patient-level transitions

Agent-based models (ABMs) simulate antimicrobial utilization as the emergent outcome of interactions among
clinicians, patients, diagnostic systems, and environmental conditions [22]. Each clinician-agent makes prescribing
decisions based on risk perception, workload, and diagnostic feedback, while patient-agents transition through states
such as suspected infection, confirmed diagnosis, and de-escalation eligibility [16]. These micro-level interactions reveal
how workflow pressures and uncertainty shape prescribing norms.

3.3.2. Simulating resistance evolution under variable antimicrobial pressure

Systems-dynamics models complement ABMs by simulating resistance evolution at population scale. These models
capture how antimicrobial pressure alters microbial ecology, enabling researchers to test how different prescribing
strategies influence long-term resistance trends [18]. By adjusting parameters such as therapy duration, agent
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spectrum, and patient movement across units, systems-dynamics frameworks reveal nonlinear resistance patterns that
would be difficult to observe empirically.

3.4. Network-based models of resistance emergence and transmission

3.4.1. Identifying structural vulnerabilities in prescribing networks

Network-based models examine prescribing ecosystems as interconnected structures linking clinicians, specialties, and
patient cohorts. Centrality metrics reveal influential prescribers whose behaviors disproportionately shape
antimicrobial culture across units [17]. Detecting hubs, bottlenecks, and bridging nodes allows stewardship teams to
identify structural vulnerabilities where small behavior changes may create large-scale resistance impact [15].

3.4.2. Linking colonization, infection, and resistance propagation

Resistance emergence is closely intertwined with patient movement and contact patterns. Network models integrate
colonization states, infection episodes, and movement pathways to predict how resistant organisms propagate between
individuals and departments [13]. These models identify high-risk transmission corridors and quantify how
antimicrobial exposure facilitates spread, enabling more strategic containment and stewardship interventions [20].

4. Using systems models to optimize stewardship interventions

4.1. Identifying high-impact leverage points for intervention

4.1.1. Detecting inappropriate prescribing clusters or feedback loops

Systems-level modeling uncovers prescribing clusters, temporal spikes, and reinforcing feedback loops that
conventional audits fail to detect. For example, simulation outputs may reveal that a subset of clinicians consistently
escalates therapy following diagnostic delays, creating a feedback loop in which operational bottlenecks generate
persistent broad-spectrum use [22]. Cluster detection algorithms applied to prescribing networks identify local hot
spots of inappropriate therapy, allowing stewardship teams to target influential prescribers whose behaviors propagate
across departments [19].

Time-series analyses also highlight drift patterns gradual increases in antimicrobial intensity or duration that emerge
subtly across units. These drifts often correlate with seasonal acuity surges, workflow congestion, or misinterpreted
guideline updates. Identifying these systemic signatures transforms stewardship from retrospective correction to
proactive structural intervention targeting foundational drivers of misuse rather than isolated prescribing events [24].

4.1.2. Recognizing workflow-embedded contributors to antimicrobial misuse

Workflow modeling clarifies how organizational constraints shape antimicrobial decisions. Delayed imaging, slow
culture processing, bottlenecked consult pathways, and staffing shortages all create uncertainty conditions that
encourage precautionary broad-spectrum prescribing [20]. Systems models demonstrate how even minor disruptions
in patient flow can trigger major shifts in clinician behavior, especially during peak operational strain [27].

Additionally, pressure to discharge patients rapidly or maintain throughput may incentivize prematurely broad therapy
to avoid delays, embedding misuse into workflow norms. By mapping these operational drivers, models reveal leverage
points such as diagnostic acceleration, consult prioritization, or resource redistribution that can indirectly reduce
inappropriate prescribing. This perspective positions stewardship as a systems-redesign activity rather than solely a
prescriber-oriented intervention [18].

4.2. Simulation-driven stewardship optimization

4.2.1. Testing prospective interventions: formulary changes, diagnostic acceleration, audit-and-feedback

Simulation environments provide a safe testbed for examining the effects of stewardship interventions before real-
world implementation. Formulary changes such as restricting specific broad-spectrum agents can be modeled to assess
downstream impacts on resistance trends and clinical outcomes [25]. Simulation also evaluates diagnostic acceleration
strategies (e.g., rapid PCR panels), quantifying how earlier organism identification reduces empiric therapy intensity
and duration [21].
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Audit-and-feedback systems can be tested virtually to estimate their capacity to modify clinician behavior across diverse
workflows. By comparing hypothetical intervention packages, simulation identifies combinations likely to yield the
greatest impact under varying operational constraints, allowing stewardship teams to deploy evidence-informed
policies tailored to local conditions.

4.2.2. Modeling intervention interactions with real-world constraints

Simulation also exposes how interventions interact with operational constraints such as staffing shortages, diagnostic
capacity, and bed-flow pressures [23]. For instance, restricting antimicrobials without parallel improvements in
diagnostic turnaround times may inadvertently increase uncertainty-driven empiric escalation. Models illuminate these
trade-offs by showing how interventions shift bottlenecks from one part of the system to another.

They also evaluate implementation feasibility: some interventions may be effective under ideal conditions but fail when
resource constraints impede recommended prescribing pathways. Systems modeling therefore supports realistic,
context-sensitive stewardship design that anticipates both intended outcomes and unintended consequences [28].

4.3. Behavioral and operational interventions guided by modeling outputs

4.3.1. Provider education, alerts, nudges, and decision-support logic

Model outputs can inform targeted behavioral interventions such as context-aware alerts, nudges, and decision-support
prompts that activate when patterns of misuse are detected [19]. For example, if forecasting models identify
circumstances where inappropriate empiric therapy is highly probable, real-time prompts can guide clinicians toward
narrower or delayed initiation strategies.

Educational interventions can be tailored to specific prescribing clusters, focusing on decision drivers revealed by
modelling such as misinterpreted risk thresholds or habitual escalation patterns. These tailored strategies address root
causes rather than generic prescribing errors [24].

4.3.2. Department-level coordination and resource alignment

Operational interventions informed by modeling may include redistributing diagnostic resources, adjusting staffing
patterns, or reorganizing patient flow to reduce uncertainty-driven prescribing [20]. Department-level coordination
ensures that stewardship actions align with local operational pressures: emergency departments may require workflow
streamlining, whereas ICUs may benefit more from enhanced rapid diagnostics [27].

By aligning interventions with structural drivers of antimicrobial misuse, hospitals can achieve more durable reductions
in resistance pressure and improve system resilience [22].

4.4. Tailoring interventions to pathogen-antimicrobial ecological dynamics

4.4.1. Using evolutionary modeling to anticipate resistance trajectories

Evolutionary models predict how resistance traits evolve under varying antimicrobial pressures, helping institutions
design interventions that prevent high-risk trajectories from materializing [26]. These models quantify how therapy
duration, antimicrobial spectrum, and patient movement patterns influence resistance evolution, offering foresight into
which organisms are most likely to proliferate under current prescribing norms [18].

4.4.2 Adaptive stewardship frameworks based on real-time modeling feedback
Adaptive stewardship leverages continuous modeling outputs to refine interventions dynamically. As resistance trends,
workflow conditions, or prescribing behaviors shift, real-time feedback updates risk assessments and triggers adaptive

policy adjustments [21]. This creates a learning stewardship system that adjusts strategies as conditions evolve rather
than relying on static guidelines ill-suited to complex hospital ecosystems [23].
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Table 1 Mapping of Stewardship Interventions to Model-Identified Leverage Points, With Predicted Impact Estimates

substitution with
broader agents

access controls, smart
inventory planning

agent substitution

selective pressure
due to stockouts

Model-Identified | Corresponding Predicted Impact | Predicted Impact | Operational
Leverage Point Stewardship on Utilization on Resistance | Considerations
Intervention Dynamics
Diagnostic delays | Rapid diagnostic | 15-25% reduction in | Slower emergence | Requires investment
leading to empiric | testing, accelerated | empiric broad- | of resistance due to | in lab capacity;
broad-spectrum culture workflows, | spectrum starts earlier organism | improved IT-lab
escalation automated result targeting integration
routing
Prescribing Targeted education, | 10-30% reduction in | Reduced Must ensure
clusters among | peer comparison | inappropriate transmission of | supportive culture
high-influence dashboards, real-time | prescribing within | resistant and non-punitive
clinicians or units | decision nudges targeted clusters organisms within | feedback processes
cluster pathways
Workflow Streamlined  consult | 20% decrease in | Fewer selection- | Requires Cross-
bottlenecks that | workflows, improved | delay-driven pressure surges | department
create prolonged | staffing  distribution, | antimicrobial tied to operational | coordination (ED, ICU,
uncertainty workflow redesign escalation strain ID, pharmacy)
High-risk patient | Embedded clinical | 10-20% Lower cumulative | Integration with EHR
pathways with | decision support with | improvement in | exposure to broad- | pathways needed;
repeated pathway-specific narrowing/de- spectrum agents periodic algorithm
diagnostic guidance escalation adherence updates
ambiguity
Rising drift in | Unit-level monitoring | 10-15% reduction in | Stabilization of | Benefits from real-
antimicrobial dashboards, audit-and- | mean treatment | resistance time analytics rather
intensity or | feedback, escalation- | duration trendlines; fewer | than retrospective
duration  across | limiting policies MIC increases over | reviews
units time
Ecological Enhanced isolation | Lower incidence of | Interrupted Needs coordination
hotspots of | protocols, targeted | MDRO colonization | resistance with infection
resistant organism | decolonization, in hotspot areas propagation across | prevention and
transmission environmental departments environmental
cleaning cycles services
Stocking patterns | Formulary 5-12% reduction in | Reduced Close pharmacy-
driving optimization,  tiered | unnecessary broad- | unintended operations

collaboration required

High variability in
de-escalation
practices

Automated reminders,
time-based de-
escalation checkpoints,
pharmacist-led review

15-25%
improvement in
timely de-escalation

Lower  aggregate
antimicrobial
exposure  across
episodes

Dependent on
consistent  adoption
by clinical teams

Inefficient review
processes for high-
risk prescriptions

Automated routing of
high-risk cases to
stewardship teams

20-35% faster
intervention and
review

Earlier correction
reduces resistance-
driving exposure
windows

Requires alert
prioritization rules to
avoid overload
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5. Embedding systems modeling into clinical and operational workflows

5.1. Integrating models with EHRs, stewardship dashboards, and clinical decision support

5.1.1. Real-time prescribing risk scoring

Real-time prescribing risk scoring enables stewardship teams to identify inappropriate antimicrobial use as it emerges,
rather than retrospectively. Predictive models embedded within EHR systems evaluate a range of inputs including
presenting symptoms, diagnostic uncertainty markers, comorbidity profiles, and workflow delays to calculate the
likelihood that a given prescription is unnecessary, overly broad, or misaligned with guidelines [29]. These scores
update continuously as new data flows into the EHR, producing a dynamic risk signal that reflects evolving clinical
circumstances rather than static rules.

To ensure usability, risk scores must appear within clinician workflows in intuitive formats such as color-coded
indicators, context-sensitive prompts, or embedded rationale summaries [24]. Real-time scoring empowers clinicians
to adjust prescribing decisions in the moment, while also enabling stewardship teams to target interventions toward
the highest-risk situations. This functionality makes model-driven oversight more precise and less intrusive, supporting
timely corrective action without disrupting care [31].

5.1.2. Dynamic dashboards for pharmacists, physicians, and stewardship committees

Dynamic dashboards synthesize risk scores, resistance trends, utilization patterns, and workflow metrics into an
integrated decision-support environment usable by pharmacists, frontline physicians, infectious-disease specialists,
and stewardship committees [27]. These dashboards surface essential insights such as unit-specific drift in broad-
spectrum use, clusters of inappropriate therapy, or variation in prescribing practices across specialties [23].

To support rapid operational response, dashboards incorporate filtering and drill-down capabilities that allow teams
to explore individual cases, compare departments, or track progress toward stewardship goals. Automated trend alerts
highlight concerning shifts such as rising carbapenem use or declining de-escalation rates enabling early escalation to
stewardship leadership [30].

By presenting model outputs in transparent, actionable formats, dashboards foster shared situational awareness across
clinical and operational teams. This enhances the precision and coordination of stewardship interventions at both
micro- and macro-levels [32].

5.2. Workflow orchestration and cross-department alignment

5.2.1. Ensuring model outputs drive timely action

Workflow orchestration ensures that model outputs translate into rapid clinical action rather than remaining
informational artifacts. Automated triggers route high-risk prescribing events to pharmacists or ID specialists, initiating
real-time review and intervention when needed [26]. Escalation logic increases alert prominence if conditions worsen
such as diagnostic delays intensifying uncertainty or if recommended actions are not documented within defined
intervals.

These mechanisms reduce stewardship lag and ensure that high-risk antimicrobial events receive immediate attention.
Additionally, embedding model outputs at key workflow checkpoints triage, order entry, morning rounds ensures
clinicians encounter decision-support at moments when prescribing choices are most likely to be influenced [23].

5.2.2. Communication pathways between stewardship, 1D, pharmacy, and hospital operations

Effective implementation requires structured communication pathways linking stewardship teams, infectious-disease
physicians, pharmacy leadership, nursing, and hospital operations. Model outputs must flow seamlessly across these
groups to coordinate clinical review, adjust protocols, and mobilize operational support when large-scale patterns are
detected [32].

For example, if forecast models predict rising broad-spectrum use, pharmacy leaders may need to adjust inventory

planning, while ID specialists refine treatment algorithms. Similarly, projected workflow bottlenecks may require
operational changes such as increasing diagnostic capacity or refining consult prioritization [28]. These communication
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pathways transform model insights into coordinated institutional action rather than isolated clinician-level changes
[30].

5.3. Organizational governance and compliance structures

5.3.1. Oversight mechanisms for model validation and ethical use

Robust governance ensures that antimicrobial stewardship models are accurate, fair, and ethically deployed. Oversight
committees including clinicians, data scientists, ethicists, and compliance officers review model performance, examine
misclassification patterns, and monitor unintended consequences such as inequitable prescribing recommendations
across patient groups [27].

Continuous validation against real-world outcomes prevents model drift and ensures the system evolves alongside
changing resistance patterns, diagnostic technologies, and clinical workflows [25]. Ethical oversight safeguards patient
autonomy and prevents overreliance on automated guidance, ensuring that human expertise remains central to
decision-making [29].

5.3.2. Ensuring accountability and alignment with regulatory expectations

Regulatory frameworks increasingly require transparency in algorithmic systems, especially those influencing clinical
treatment decisions. Hospitals must document data provenance, validation workflows, model-update procedures, and
escalation policies to maintain compliance with accreditation bodies and national quality standards [23].

Accountability mechanisms such as audit logs, override tracking, and periodic governance reviews ensure that
stewardship interventions guided by models remain clinically defensible and operationally consistent. This alignment
strengthens institutional trust and supports safe integration of advanced analytics into antimicrobial governance
structures [31].

5.4. Human-factors and implementation science considerations

5.4.1. Reducing clinician burden and alert fatigue

Model-driven alerts must be carefully calibrated to avoid overwhelming clinicians already facing substantial cognitive
load. Prioritization rules, tiered severity levels, and suppression of low-value notifications help reduce alert fatigue [26].
Embedding recommendations inline with workflow rather than requiring context switches further minimizes burden
and enhances adoption [24].

5.4.2. Building trust, training, and capacity for model-guided practice

Sustained implementation depends on clinician trust. Transparent logic explanations, case-based training, and
opportunities for feedback help clinicians understand how models derive recommendations [30]. Regular
communication between stewardship teams and frontline staff reinforces shared ownership of antimicrobial decisions.
Training programs that build data literacy and modeling awareness strengthen the institution’s capacity for model-
guided stewardship practice [28].
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HOSPITAL WORKFLOW INTEGRATION

Model outputs influencing model outputs influencing prescirecing
and operational decision-making
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Figure 2 Hospital workflow integration diagram showing model outputs influencing prescribing and operational
decision-making

6. Evaluation, performance outcomes, and lessons from deployments

6.1. Clinical outcomes and resistance suppression metrics

Systems-level antimicrobial stewardship models demonstrate substantial clinical impact by reducing inappropriate
broad-spectrum use, slowing resistance emergence, and lowering infection rates across diverse hospital environments
[29]. Real-time prescribing risk scores and simulation-driven recommendations enable clinicians to adjust therapy
earlier, reducing unnecessary exposure windows that historically fueled selection pressure for resistant organisms [33].
Studies employing integrated modeling-stewardship frameworks have reported measurable declines in carbapenem
use, shorter durations of empiric therapy, and improved de-escalation rates, outcomes that correlate strongly with
resistance suppression at both patient and unit levels [28].

Moreover, resistance surveillance integrated into predictive analytics offers early insight into concerning ecological
shifts such as rising MIC values or increasing colonization density allowing hospitals to intervene before resistant
strains become entrenched [34]. Infection prevention programs also benefit: by linking prescribing behaviors to
transmission dynamics, models help identify when reductions in antimicrobial pressure correspond with decreased
hospital-acquired infections, including device-associated and multidrug-resistant organism episodes. These
improvements not only enhance patient safety but also mitigate downstream burdens such as prolonged length of stay,
isolation requirements, and need for toxic salvage regimens [31]. Collectively, these outcomes demonstrate that
systems-level stewardship is capable of producing clinically meaningful resistance suppression across care settings
[35].

6.2. Operational and economic impacts

Beyond clinical outcomes, system-level models generate substantial operational and financial benefits. Reductions in
unnecessary antimicrobial use translate directly into lower drug utilization costs, particularly for high-cost broad-
spectrum agents such as carbapenems and extended-spectrum agents [30]. Forecasting models support more efficient
inventory planning, reducing wastage and preventing stockouts that previously disrupted clinical operations [32].

Workflow efficiency improves as well. By identifying diagnostic bottlenecks, staff-distribution imbalances, and high-risk
prescribing scenarios, models guide targeted operational changes that smooth patient flow and improve decision
timeliness [28]. Real-time alerts enable pharmacists and stewardship teams to prioritize cases with the highest
potential impact, reducing review burden and preventing duplication of effort [33].

Economically, hospitals report savings related not only to reduced antimicrobial purchasing but also to averting costly
complications such as resistant infections, prolonged admissions, or transfer to higher-acuity units [35]. These
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combined operational and financial gains make model-driven stewardship a compelling strategy even for resource-
constrained hospitals, as investments in analytics infrastructure often pay for themselves through downstream

efficiencies [31].

6.3. Scalability across diverse hospital infrastructures

Scalability remains a critical consideration as hospitals differ widely in technological maturity, staffing capacity, and
data interoperability. Systems-level stewardship models can be adapted across low-resource, mid-tier, and high-tech
environments by adjusting model complexity and data requirements [28]. For example, hospitals without advanced
EHR integration can deploy simplified rule-based or statistical models, while larger institutions benefit from full
machine learning pipelines and simulation engines [34].

Interoperability challenges such as inconsistent coding standards or siloed diagnostic systems remain barriers to
universal adoption, yet modular architectures and standardized data models increasingly enable cross-platform
implementation [32]. Adaptive scaling approaches ensure that model insights remain actionable even when
computational resources or data depth vary. Ultimately, successful scalability depends on aligning modeling
architecture with institutional readiness, ensuring both technical feasibility and operational absorption capacity [29].

Table 2 Summary of Clinical, Operational, and Financial Outcomes Across System-Level Stewardship Deployments

Outcome Measured Observed Impact | Mechanisms Driving | Implementation
Category Outcome Range Improvement Considerations
Clinical Reduction in | 10-30% decrease | Real-time prescribing | Requires integration
Outcomes broad-spectrum across ICUs, ED, and | risk scores, early | with EHR and rapid
antimicrobial use medical wards diagnostic clarification, | diagnostic pathways
decision-support
nudges
Increased de- | 15-25% improvement | Automated de- | Depends on clinician
escalation rates in timely narrowing escalation checkpoints, | acceptance and
pharmacist-driven consistent workflow
reviews exposure
Declines in | 8-20% reduction in | Lower selection | Strongest effects in units
resistant organism | MDRO colonization or | pressure, hotspot | with high antimicrobial
incidence infection rates identification, targeted | turnover
interventions
Reduced length of | 5-12% reduction Earlier appropriate | Benefits from
stay for infection- therapy, fewer | coordinated stewardship
related admissions complications, reduced | + infection prevention
resistance-driven delays | alignment
Operational | Improved 10-18% reduction in | Automated routing of | Requires stable IT
Outcomes workflow time-to-intervention alerts, streamlined | infrastructure and
efficiency for high-risk | consult pathways stewardship manpower
prescriptions
Faster diagnostic- | Up to 30% | Prioritized processing, | High diagnostic capacity
to-treatment improvement in | reduced bottlenecks, | amplifies gains
alignment concordance tighter lab-clinical
integration
Enhanced cross- | Qualitative Shared dashboards, | Cultural readiness and
department improvements in | unified situational | governance structures
coordination communication  and | awareness platforms are key
escalation consistency
Financial Reduced 12-22% annual cost | Decreased broad- | Most impactful in high-
Outcomes antimicrobial savings spectrum use, shorter | volume tertiary centers
expenditure
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durations, fewer

unnecessary courses
Lower costs from | Significant Fewer MDRO cases, | Financial benefits
avoided resistant | downstream savings | reduced isolation needs, | increase with institution
infections (varies by pathogen | minimized salvage | size and baseline

burden) therapy resistance rates

Optimized 8-15% reduction in | Forecasting-driven Dependent on
inventory expired or unused | procurement, smarter | pharmacy-operations
management and | stock substitution prevention | collaboration
reduced wastage

7. A unified systems-level stewardship framework

7.1. Multi-layer integration of modeling, surveillance, and intervention

A unified systems-level stewardship framework integrates surveillance, modeling, and targeted intervention into a
continuously adaptive ecosystem rather than a collection of discrete initiatives. Central to this integration is the merging
of prescribing analytics, resistance surveillance data, and operational workflow signals into a single intelligence layer
capable of monitoring system health in real time [36]. Unlike traditional stewardship, which often depends on
retrospective audits, multi-layer approaches allow hospitals to detect early deviations, intervene before patterns
worsen, and track downstream ecological effects as they unfold [34].

Key to this model is continuous feedback. Insights from predictive analytics inform operational adjustments, which then
reshape prescribing patterns, creating new data that refine subsequent model iterations [39]. This cyclical information
flow strengthens institutional resilience by ensuring stewardship strategies evolve alongside clinical, microbial, and
operational conditions.

Intervention layers from decision-support nudges to rapid diagnostics and workflow redesign are orchestrated through

shared situational awareness platforms accessible to clinicians, pharmacists, infection-prevention teams, and
administrators [37]. This alignment ensures stewardship is not limited to isolated clinician behavior but becomes a
system-wide behavioral, operational, and ecological optimization process. Through this multi-layer integration,
stewardship transforms from episodic oversight into an adaptive, ecosystem-level management strategy capable of
responding dynamically to emerging resistance threats [40].

7.2. Future directions: federated learning, predictive evolutionary modeling, and autonomous stewardship
agents

Next-generation stewardship will increasingly depend on technologies that enable anticipatory, decentralized, and
scalable intelligence. Federated learning, for example, allows institutions to train predictive antimicrobial utilization
and resistance models across distributed datasets without sharing raw patient information, thus preserving privacy
while generating more robust and generalizable models [35]. Such architectures enable system-wide learning across
networks of hospitals, strengthening situational awareness and resistance forecasting capabilities.

Predictive evolutionary modeling emerges as another frontier, offering the ability to simulate how resistance traits may
evolve under different antimicrobial pressures, patient flows, or ecological disruptions [38]. These models help
institutions anticipate the next generation of resistant organisms rather than merely reacting to existing ones.

Autonomous stewardship agents Al-driven decision-support systems capable of delivering real-time recommendations
represent a further shift toward proactive antimicrobial management. These agents continuously analyze prescribing
data, workflow conditions, diagnostic status, and ecological signals to offer context-aware guidance, escalating concerns
when patterns indicate high-risk misuse [34]. By transitioning stewardship from reactive oversight to anticipatory
governance, these technologies redefine how hospitals respond to complex AMR dynamics [40].

7.3. Policy, workforce, and institutional readiness considerations

Realizing the full potential of systems-level stewardship requires readiness across policy, workforce capacity, and
institutional governance. Policymakers must support standards for data interoperability, algorithmic transparency, and
cross-institutional learning frameworks that enable federated analytics without compromising patient privacy [36].
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Institutions must likewise invest in workforce development equipping clinicians, pharmacists, data scientists, and
administrators with the competencies needed to interpret and operationalize model outputs effectively [39].

Governance structures should ensure clear accountability for model deployment, validation, and ongoing monitoring,
supported by dedicated stewardship committees capable of overseeing dynamic, data-driven systems [37]. Finally,
hospitals must assess their maturity level and readiness to adopt advanced analytics, ensuring infrastructure, culture,
and leadership alignment before large-scale implementation [40]. Without these foundational elements, even
sophisticated models risk limited impact or operational resistance.

8. Conclusion

This article has demonstrated that antimicrobial stewardship must evolve beyond traditional, prescriber-focused
interventions toward a systems-level paradigm capable of addressing the complex clinical, operational, and ecological
forces that drive antimicrobial use. By integrating modeling, surveillance, workflow analysis, and predictive analytics,
hospitals gain a more complete understanding of how prescribing decisions emerge, how resistance evolves, and where
leverage points exist for effective intervention. This systems-oriented framing represents a significant conceptual
advancement, shifting stewardship from reactive auditing to proactive, intelligence-driven management.

The strategic importance of systems-level modeling lies in its ability to unify previously siloed data streams EHR
prescribing patterns, microbiology trends, operational workflows, and ecological indicators into a coherent analytical
architecture. This integration allows institutions to detect drift, anticipate misuse, and intervene before resistance
becomes entrenched. Such foresight is essential as hospitals face rising complexity: faster patient turnover, diagnostic
uncertainty, workforce strain, and the continuous emergence of multidrug-resistant organisms. Modeling transforms
these challenges into actionable insights, strengthening institutional resilience and supporting more adaptive
stewardship practices.

Clinically, systems-level approaches improve decision quality at the bedside, reducing unnecessary antimicrobial
exposure and suppressing resistance trajectories. They bolster infection prevention capabilities by connecting
prescribing behavior to transmission pathways and ecological consequences. Organizationally, these models enhance
coordination across departments, streamline workflows, reduce avoidable costs, and support consistent governance.
Their ability to highlight structural contributors diagnostic delays, bottlenecks, staffing patterns positions stewardship
as a core operational strategy rather than solely a clinical responsibility.

Looking ahead, the field stands at the threshold of significant innovation. Federated learning, predictive evolutionary
modeling, and autonomous decision-support agents promise to expand the predictive power, scalability, and
anticipatory intelligence of stewardship systems. These emerging technologies will reshape how hospitals interpret
risk, deploy resources, and respond to evolving microbial threats. Future research must explore how these tools can be
safely integrated, how clinical trust can be cultivated, and how regulatory frameworks can support responsible
adoption.

Ultimately, systems-level modeling offers a transformative pathway toward more effective, efficient, and sustainable
antimicrobial stewardship. By embracing these analytical advances, healthcare institutions can better protect patients,
preserve antimicrobial efficacy, and strengthen their defense against the accelerating threat of resistance.
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