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Abstract: - Digital medication systems are widely adopted to improve medication safety, yet their 

effectiveness varies substantially across healthcare settings. This study develops a hierarchical 

Bayesian counterfactual framework to quantify global and context-specific causal effects of digital 

medication systems on medication error propagation across sequential care pathways. Medication 

processes are modeled as structured causal networks linking prescribing, verification, dispensing, 

administration, and monitoring. Results demonstrate a significant global reduction in cumulative error 

propagation under digital exposure; however, pronounced heterogeneity is observed across 

institutions. Three distinct causal regimes emerge: digitally aligned environments achieving 

comprehensive error attenuation, partially aligned settings exhibiting mediation-dependent 

improvements, and misaligned systems showing negligible response. Upstream medication processes 

account for the majority of safety gains in aligned institutions, while downstream effects depend on 

workflow coherence and organizational readiness. Nonlinear threshold behavior reveals that 

meaningful benefits arise only after critical alignment levels are reached. These findings reposition 

digital medication systems as context-sensitive structural modifiers rather than universal safety 

solutions and highlight the necessity of precision implementation strategies tailored to local 

sociotechnical conditions. 

Keywords: Digital medication systems; Medication error propagation; Bayesian counterfactual 

inference; Causal heterogeneity; Precision implementation science. 
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1. Introduction 

Medication safety remains one of the most persistent and 

structurally complex challenges facing contemporary healthcare 

systems. Despite decades of regulatory reform, professional 

education, and technological investment, medication-related 

adverse events continue to impose substantial clinical and 

economic burdens worldwide (Raven, K., et al. 2025). Errors 

occurring across prescribing, verification, dispensing, 

administration, and monitoring stages collectively contribute to 

preventable morbidity, prolonged hospitalization, and increased 

healthcare costs. These failures are rarely isolated incidents; rather, 

they emerge from interconnected clinical processes in which small 

deviations propagate through tightly coupled workflows, producing 

downstream consequences that often exceed the magnitude of the 

original disturbance (Pruitt, Z., et al. 2023; (Naghibi Iravani, S., et 

al. 2024c)). 

Modern healthcare delivery operates within highly interdependent 

sociotechnical environments. Clinical actions, information systems, 

organizational routines, and human cognition interact dynamically 

under conditions of time pressure, uncertainty, and resource 

constraint. Within such environments, medication pathways 

represent one of the most intricate operational domains, involving 

multiple professional roles, heterogeneous data sources, and 

sequential decision points. The inherent complexity of these 

pathways creates fertile conditions for error generation and 

amplification, particularly when communication breakdowns, 

workflow fragmentation, or cognitive overload are present 

(Armando, L. G., Miglio De Cosmo, G., Cena, C., Schifano, F., & 

D’Avolio, A., 2023). In response to these challenges, digital 

medication systems have been widely promoted as foundational 

instruments for improving patient safety. These systems encompass 

electronic prescribing platforms, barcode medication 

administration, automated dispensing cabinets, smart infusion 

technologies, and integrated clinical decision support (Mulvihill, 

http://creativecommons.org/licenses/by-nc/4.0/
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C., & McDonald, D., 2023). Collectively, they aim to standardize 

information exchange, reduce manual transcription, enforce 

procedural constraints, and provide real-time safeguards against 

dosing errors and drug interactions. Over the past two decades, 

substantial public and private investment have been directed 

toward digital medication infrastructures, often framed as 

cornerstone technologies for healthcare modernization (Chen, Y., 

Huang, M., Huang, K., Lu, L., Wang, P., & Tang, W. 2024). 

 

However, empirical evidence regarding the effectiveness of digital 

medication systems remains inconsistent. While numerous 

institutional studies report reductions in specific error categories, 

others document unintended consequences such as alert fatigue, 

workflow disruption, and technology-induced errors. More 

critically, existing evaluations frequently assume that digital 

interventions exert relatively uniform effects across healthcare 

settings (Naghibi Iravani, S., et al. 2024a). This assumption is 

increasingly challenged by divergent implementation outcomes 

observed across countries, hospitals, and even departments within 

the same institution (Yu, X., et al. 2025). A growing body of 

systems research suggests that the impact of digital medication 

systems is intrinsically context dependent. Organizational culture, 

staffing patterns, interoperability maturity, regulatory 

environments, and baseline safety practices fundamentally shape 

how digital tools are integrated into daily care. As a result, 

identical technologies may produce substantial safety gains in one 

setting while yielding marginal or even adverse effects in another. 

Such variability reflects not implementation failure but structural 

differences in sociotechnical alignment (Borrelli, E. P., Lucaci, J. 

D., Wilson, N. S., Taneja, A., Weiss, M., & Beer, I. 2025). 

 

Beyond variability in average outcomes, medication safety is 

governed by propagation dynamics. Errors originating at early 

stages may be amplified, transformed, or mitigated as they traverse 

downstream processes. Digital medication systems intervene 

simultaneously at multiple nodes within this pathway, altering both 

the incidence of initial errors and the mechanisms by which errors 

propagate (Maleki, E., et al. 2024). Traditional evaluation 

paradigms typically focus on endpoint metrics such as aggregate 

error rates or adverse drug events, without explicitly modeling how 

digital interventions reshape internal transmission structures. This 

limitation obscures causal mechanisms and restricts the 

generalizability of findings across heterogeneous environments 

(Ubanyionwu, S., et al. 2023). Furthermore, most prior studies rely 

on observational comparisons or pre–post designs that 

inadequately address confounding, selection bias, and temporal 

trends. Institutions that adopt advanced digital medication systems 

often differ systematically from those that do not, in terms of 

leadership commitment, resource availability, and quality 

improvement capacity (Castelletti, N., et al. 2023). Simple 

regression adjustments are insufficient to disentangle these 

intertwined influences, particularly when treatment effects vary 

across subpopulations and settings. Consequently, reported average 

effects may conceal substantial dispersion in causal impacts 

(Norouzian, M. M., & Gheitarani, N. 2023). 

 

This challenge is magnified at the global scale. Healthcare systems 

differ widely in infrastructure maturity, workforce composition, 

regulatory oversight, and patient demographics (Gheitarani, N., & 

Norouzian, M. M. 2024). Low- and middle-income countries may 

deploy fragmented or simplified digital solutions under severe 

resource constraints, whereas high-income settings implement 

comprehensive interoperable platforms. Evaluating digital 

medication systems without explicitly accounting for this global 

heterogeneity risks producing policy recommendations poorly 

calibrated to local realities (Tan, M. W., et al. 2025). Recent 

advances in causal inference provide methodological tools capable 

of addressing these limitations. Counterfactual frameworks enable 

estimation of what would have occurred under alternative 

intervention scenarios, thereby allowing principled causal 

inference from observational data. Bayesian approaches further 

extend this capability by accommodating uncertainty, hierarchical 

structure, and partial pooling across heterogeneous units. In 

complex healthcare environments, Bayesian counterfactual models 

offer a coherent means of integrating multilevel data while 

preserving context-specific variation (Williams, R., et al. 2025). 

 

Hierarchical Bayesian formulations are particularly relevant for 

digital medication systems because they permit treatment effects to 

vary across institutional and national contexts rather than imposing 

artificial homogeneity. By modeling institution-level effects as 

draws from higher-level distributions, such frameworks 

simultaneously estimate global average impacts and local 

deviations. This structure enables explicit quantification of 

heterogeneity while retaining statistical efficiency through 

information sharing (Vaghasiya, M. R., et al. 2023). Equally 

important is the capacity of causal models to represent propagation 

dynamics. Medication errors emerge within interconnected 

workflows governed by conditional dependencies. Structural 

causal representations allow explicit modeling of upstream error 

generation and downstream transmission, enabling decomposition 

of total effects into direct reductions in initial error incidence and 

indirect effects mediated through altered propagation pathways 

(Oganisian, A., et al. 2023). Such distinctions are essential for 

understanding how digital medication systems reshape safety 

architectures. 

 

Despite these methodological advances, few studies have 

systematically applied Bayesian counterfactual approaches to 

digital medication systems across diverse international settings. 

Existing research typically focuses on single institutions or national 

samples, limiting insight into cross-contextual variability. 

Moreover, most analyses emphasize aggregate outcome reduction 

rather than decomposing causal pathways or identifying latent 

response regimes (Ubanyionwu, S., et al. 2023). This gap has 

significant practical implications. Policymakers increasingly seek 

evidence-based guidance on digital health investments, yet 

available studies rarely specify where, for whom, and under what 

conditions digital medication systems deliver meaningful safety 

improvements. Without explicit modeling of heterogeneity and 

mediation, decision-makers risk extrapolating findings from 

atypical settings to fundamentally different healthcare 

environments (Gheitarani, N. et al. 2013a). 

 

Conceptually, digital medication systems should be understood not 

as standalone safety solutions but as structural modifiers embedded 

within complex sociotechnical systems (Farrokhirad, E., & 

Gheitarani, N. 2024). Their influence extends beyond individual 

tasks to the configuration of causal dependencies linking 

medication process stages. By altering information flows, 



ISAR J Med Pharm Sci; Vol-4, Iss-2, 2026 
 

12 
 

verification sequences, and decision checkpoints, digital systems 

reshape how uncertainty travels through care environments. Yet 

the direction and magnitude of this reshaping depend on 

organizational alignment (Karimimansoob, V. et al. 2024). This 

perspective motivates a shift toward precision implementation 

science, in which digital interventions are tailored to local system 

characteristics rather than deployed uniformly. Understanding 

heterogeneity becomes a primary analytical objective rather than a 

statistical inconvenience (Ghadarjani, R., & Gheitarani, N. 2013). 

Identifying contexts in which digital medication systems are most 

effective, and conditions under which additional organizational 

interventions are required, represents a critical frontier for 

healthcare safety research (Insani, W. N., et al. 2025). 

 

Against this backdrop, the present study proposes a Bayesian 

counterfactual framework to quantify global heterogeneity in the 

causal effects of digital medication systems on medication error 

propagation. Rather than treating digital adoption as a binary 

intervention with uniform impact, the study conceptualizes it as a 

multilevel exposure embedded within heterogeneous 

sociotechnical contexts. Error outcomes are modeled along 

sequential medication pathways, enabling estimation of how digital 

systems modify both initial error incidence and downstream 

transmission mechanisms (VanHorn, J., et al. 2024). By integrating 

data across multiple countries and institutions, the framework 

supports partial pooling while preserving local specificity. This 

approach enables simultaneous estimation of global average 

effects, regional variation, and institution-level causal impacts, 

with uncertainty propagated throughout the model (Gheitarani, N., 

et al. 2020). Importantly, the analytical strategy distinguishes 

between direct upstream effects and mediated downstream 

influences, providing insight into which stages of the medication 

process are most responsive to digital intervention and where 

residual vulnerabilities persist. 

 

The central objective of this research is therefore not merely to 

determine whether digital medication systems work, but to 

elucidate how, where, and through which mechanisms they reshape 

medication error dynamics. By explicitly modeling heterogeneity 

and propagation, the study seeks to bridge the gap between global 

digital health policy aspirations and on-the-ground operational 

realities. This introduction establishes the conceptual and 

methodological foundation for the subsequent sections. The 

Methodology details the Bayesian counterfactual framework and 

hierarchical modeling strategy. The Results quantify global and 

context-specific causal effects, while decomposing direct and 

mediated pathways (Jeffrey, C. et al. 2025). The Findings 

synthesize these outputs into coherent response regimes, and the 

Discussion interprets their implications for theory and practice. 

Together, these components aim to advance a causal systems 

understanding of digital medication safety and provide actionable 

guidance for context-sensitive implementation. 

2. Theoretical Foundations 

Digital medication systems operate within complex sociotechnical 

environments in which clinical actions, organizational routines, 

information infrastructures, and human cognition interact 

dynamically. Within such environments, medication safety cannot 

be conceptualized as the outcome of isolated procedural steps. 

Rather, it emerges from interconnected causal pathways in which 

local perturbations may propagate, amplify, or attenuate across 

sequential stages of care (Norouzian, M. M., & Gheitarani, N. 

2024). This section establishes the theoretical architecture 

underlying the present study by formalizing medication error 

propagation as a systems-level phenomenon, positioning digital 

medication systems as structural modifiers of causal networks, and 

framing heterogeneity as an intrinsic property of healthcare 

intervention effects (Naghibi Iravani, S., et al. 2024b). 

 

Medication pathways constitute one of the most tightly coupled 

operational subsystems in healthcare delivery. Prescribing 

decisions generate informational artifacts that condition 

verification processes; verification influences dispensing accuracy; 

dispensing constrains administration; and administration affects 

monitoring outcomes (Huang, J., et al. 2023). Each stage 

introduces both corrective opportunities and novel vulnerabilities. 

Errors introduced upstream may be intercepted, transformed, or 

magnified downstream depending on workflow coherence, 

information fidelity, and professional coordination. Consequently, 

medication safety arises from the collective behavior of interacting 

processes rather than from individual components. 

 

This interconnectedness motivates the concept of error 

propagation. Medication errors rarely originate and terminate at a 

single point. Instead, they evolve through chains of dependency 

linking successive clinical stages. Propagation refers to the 

transmission of error states across these stages, governed by 

conditional transition probabilities (Graafsma, J. H., et al. 2025). 

These probabilities are not fixed; they are shaped by organizational 

structures, technological mediation, cognitive workload 

distribution, and institutional norms. Error propagation therefore 

represents a dynamic systems property rather than a static outcome 

metric. Digital medication systems intervene simultaneously at 

multiple nodes within this propagation network. Electronic 

prescribing alters upstream information quality, barcode 

administration modifies verification fidelity, automated dispensing 

constrains inventory access, and clinical decision support reshapes 

clinician judgment. These interventions modify both initial error 

incidence and downstream transition dynamics. Their influence 

cannot be adequately captured through endpoint measures alone; 

instead, they must be understood as perturbations to the internal 

architecture of medication pathways (Sarabi, M. S., et al. 2024). 

 

These framing positions digital medication systems as structural 

modifiers rather than mere automation tools. By embedding 

standardized logic into clinical workflows, they reshape how 

information travels, how decisions are constrained, and how 

uncertainty is distributed across professional roles. In aligned 

environments, this restructuring dampens error amplification by 

introducing redundancy, traceability, and procedural consistency. 

In misaligned settings, it may introduce alternative coupling 

mechanisms such as alert dependency or interface-induced 

bottlenecks, generating new propagation routes (Kahvand, M., et 

al. 2015). A central theoretical pillar of this study is causal 

heterogeneity. Healthcare systems differ fundamentally in 

infrastructure maturity, staffing models, governance arrangements, 

and professional culture. These contextual dimensions condition 

how digital technologies are adopted, interpreted, and 

operationalized. As a result, identical digital medication systems 

may produce divergent causal effects across settings. Such 

variability reflects structural differences in sociotechnical 
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configuration rather than statistical noise (Bouraghi, H., et al. 

2024). 

 

Traditional evaluation paradigms often treat heterogeneity as a 

nuisance parameter to be averaged away. This approach implicitly 

assumes homogeneous treatment effects and seeks a single 

summary estimate of effectiveness. However, in complex adaptive 

systems such as healthcare, this assumption is rarely justified. 

Intervention impacts emerge from interactions between technology 

and context, yielding distributed causal responses. Recognizing 

heterogeneity as a primary object of inquiry represents a 

conceptual shift from average-effect evaluation toward systems-

aware causal analysis. Within this perspective, digital medication 

systems are understood as amplifiers of existing organizational 

properties. Where workflows are standardized, professional 

practices coordinated, and information infrastructures 

interoperable, digital tools magnify safety performance. Where 

fragmentation prevails, their influence is attenuated or destabilized. 

Effectiveness therefore arises from alignment between digital logic 

and institutional structure rather than from technological presence 

alone. 

 

Closely related to heterogeneity is the distinction between direct 

and mediated effects. Digital medication systems exert direct 

influence on specific tasks, such as order entry validation or 

barcode verification. Simultaneously, they generate indirect effects 

by altering communication patterns, redistributing cognitive load, 

and reshaping workflow sequencing. These mediated pathways 

often account for a substantial proportion of observed safety 

outcomes. Direct effects correspond to reductions in initial error 

generation, particularly in upstream processes such as prescribing 

and dispensing. Mediated effects arise when these upstream 

improvements propagate through downstream stages via modified 

transition dynamics. A theoretically coherent model must therefore 

distinguish between immediate task-level impacts and system-level 

restructuring (Taft, T., et al. 2023). 

 

Medication safety improvements may thus originate through two 

mechanisms: suppression of initial perturbations and attenuation of 

propagation. In aligned systems, direct upstream reductions 

dominate because digital interventions resonate with existing 

workflows. In partially aligned environments, mediated effects 

become more prominent as technology compensates for 

organizational gaps by restructuring transmission pathways. In 

misaligned contexts, neither mechanism operates effectively. This 

decomposition necessitates a causal systems framework capable of 

representing sequential dependencies. Structural causal models 

provide such a representation by encoding medication pathways as 

directed acyclic graphs in which nodes correspond to process 

stages and edges represent conditional dependencies. Digital 

medication systems are modeled as interventions that modify edge 

weights, altering transition probabilities between error states 

(Khanian, M., et al. 2019). 

 

Within this architecture, error propagation becomes a measurable 

construct rather than an abstract concept. Transition matrices 

quantify how upstream perturbations influence downstream 

outcomes, and intervention effects correspond to shifts in these 

matrices. This formulation enables explicit estimation of both 

direct and mediated causal pathways. Another foundational 

concept is counterfactual reasoning. Evaluating digital medication 

systems requires comparison between observed outcomes and 

hypothetical alternatives in which digital exposure is absent. 

Because randomized deployment at global scale is infeasible, 

causal inference must rely on observational data augmented by 

formal counterfactual frameworks. Counterfactual reasoning 

provides a principled basis for estimating what would have 

occurred under alternative intervention scenarios while holding 

contextual factors constant. 

 

In globally heterogeneous healthcare landscapes, counterfactual 

analysis must be embedded within multilevel structures. 

Institutions are nested within countries, countries within regulatory 

and economic ecosystems. Each level contributes latent influences 

shaping both baseline safety and responsiveness to intervention. A 

theoretically sound model must accommodate this hierarchy, 

allowing information to be shared across units while preserving 

local deviation. Bayesian inference offers a natural formalization of 

these principles. By representing uncertainty probabilistically and 

enabling partial pooling across heterogeneous settings, Bayesian 

frameworks reconcile global learning with local specificity. 

Treatment effects are modeled as random variables drawn from 

higher-level distributions, permitting simultaneous estimation of 

population-level impact and context-specific departures (Dahabreh, 

I. J., et al. 2024). 

 

Hierarchical Bayesian formulations are particularly suited to digital 

medication systems because empirical data are unevenly 

distributed across settings. Partial pooling allows smaller 

institutions or underrepresented regions to borrow strength from 

the global distribution while retaining their unique characteristics. 

This structure avoids both overfitting local noise and 

oversmoothing genuine heterogeneity. Within this paradigm, 

digital medication systems are conceptualized as probabilistic 

modifiers of causal graphs. Their influence is expressed through 

shifts in conditional distributions governing error transitions. 

Posterior distributions quantify uncertainty at every level, yielding 

probabilistic estimates of causal magnitude rather than 

deterministic point values. 

 

Importantly, Bayesian counterfactual models support mediation 

analysis within hierarchical contexts. Total intervention effects can 

be decomposed into direct upstream reductions and indirect 

downstream pathways, with uncertainty propagated across both 

components. This capability enables the identification of dominant 

mechanisms in different institutional regimes. The notion of 

sociotechnical alignment integrates these concepts. Alignment 

refers to the degree of coherence between digital system logic and 

organizational structure, encompassing workflow standardization, 

professional training, interoperability, and governance (Gheitarani, 

N., et al. 2024a). High alignment implies that digital interventions 

reinforce existing routines; low alignment indicates structural 

mismatch (Ye, J., et al. 2025). 

 

Alignment functions as a latent moderator of causal impact. When 

alignment exceeds critical thresholds, digital medication systems 

activate their full potential by simultaneously suppressing upstream 

errors and dampening propagation. Below these thresholds, 

interventions produce limited or unstable benefits. This threshold 

behavior reflects nonlinear system dynamics common to complex 
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adaptive systems. This perspective motivates precision 

implementation science: the strategic adaptation of interventions to 

local system characteristics. Rather than prescribing uniform 

deployment strategies, causal heterogeneity analysis enables 

identification of contexts in which digital medication systems are 

most effective and conditions under which complementary 

organizational interventions are required (Zakerhaghighi, et al. 

2015). Medication safety improvement thus becomes a co-

production between technology and organization. Digital systems 

act as catalysts within receptive environments but remain 

constrained by structural misalignment elsewhere. Implementation 

success is therefore a property of system coherence rather than 

adoption intensity. From this theoretical standpoint, global 

average’s obscure essential causal structure. Aggregate treatment 

effects collapse heterogeneous responses into single metrics, 

masking latent regimes and misleading policy interpretation. A 

systems-aware causal framework instead seeks to map distributed 

impacts across contexts, pathways, and mechanisms (Gheitarany, 

N., et al. 2013). 

 

The present study adopts this framework by integrating 

hierarchical Bayesian counterfactual modeling with structural 

pathway representation. Medication errors are modeled along 

sequential stages, digital exposure is treated as a multilevel 

intervention, and institutional context enters as a moderator of 

causal magnitude. Direct and mediated effects are explicitly 

estimated, and heterogeneity is quantified rather than suppressed. 

This architecture reframes digital medication systems as dynamic 

participants in error transmission networks. Their influence is 

evaluated not merely in terms of outcome reduction but in terms of 

how they reshape causal dependencies linking medication 

processes. Such a framework advances beyond conventional health 

informatics evaluation by embedding technology within broader 

organizational systems. It recognizes that digital interventions 

neither operate in isolation nor produce uniform effects. Instead, 

they interact with local structures to generate distributed causal 

responses. The theoretical synthesis presented here establishes the 

conceptual foundation for the Bayesian counterfactual 

methodology developed in the subsequent section. It defines 

medication safety as an emergent systems property, digital 

medication systems as structural modifiers of error propagation, 

and heterogeneity as an intrinsic dimension of causal impact (Kim, 

J., et al. 2024). 

 

Within this conceptualization, the central analytical objective is not 

simply to determine whether digital medication systems work, but 

to elucidate how, where, and through which mechanisms they 

reshape medication error dynamics across diverse healthcare 

environments (Ghadarjani, R., et al. 2013). This orientation guides 

the design of the hierarchical causal model, informs interpretation 

of quantitative results, and anchors the integrative synthesis 

presented in later sections. Together, these theoretical foundations 

support a transition from average-effect evaluation toward causal 

systems understanding, enabling context-sensitive insights into 

digital medication safety and providing a framework for precision 

implementation in complex healthcare settings (Sowan, A., & Ha, 

B. 2024). 

 

 

3. Methodology 

This study adopts a hierarchical Bayesian counterfactual causal 

inference framework to quantify heterogeneous effects of digital 

medication systems on medication error propagation across global 

healthcare environments. The methodological architecture 

explicitly models medication processes as sequential stochastic 

systems and treats digital exposure as a multilevel structural 

intervention embedded within heterogeneous sociotechnical 

contexts (Koike, D., et al. 2025). The analytical framework is 

constructed around four integrated components: (i) multilevel data 

generation and preprocessing, (ii) structural causal pathway 

specification, (iii) hierarchical Bayesian estimation of 

heterogeneous treatment effects, and (iv) counterfactual simulation 

with mediation decomposition. The primary analytical unit is the 

medication-care episode, nested within institutions, which are 

themselves nested within countries. Let i index episodes, j 

institutions, and k countries (Grailey, A., et al. 2024). Observed 

outcome vectors are defined as: 

 

Yi = {YiP, YiV, YiD, YiA, YiM} 

 

where YiP denotes prescribing errors, YiV verification errors, YiD 

dispensing errors, YiA administration errors, and YiM monitoring 

errors. Digital medication system exposure is operationalized as a 

continuous composite intervention index Di ∈ [0,1], constructed 

from normalized measures of electronic prescribing penetration, 

barcode administration coverage, automated dispensing 

availability, and clinical decision support integration. Contextual 

moderators are represented by vector Xijk containing institutional 

readiness, interoperability maturity, workflow standardization, 

staffing density, and training intensity. 

 

Multilevel Data Construction. Raw data are organized into a three-

level hierarchy. At the episode level, binary and continuous error 

indicators are recorded for each medication stage. At the 

institutional level, organizational covariates and digital maturity 

indices are aggregated (Zaker Haghighi, et al. 2014). At the 

country level, healthcare infrastructure normalization factors are 

introduced to stabilize cross-national variance. Each episode is 

represented as: 

 

Zi = (Yi, Di, Xijk) 

 

Initial preprocessing includes probabilistic imputation of missing 

stage indicators using conditional posterior predictive distributions 

and normalization of all covariates to zero mean and unit variance. 

Episode-level error states are modeled as Bernoulli realizations 

conditioned on latent propagation intensities. Let Ei,s denote 

binary error occurrence at stage s ∈ {P,V,D,A,M}. 

Baseline error probabilities are parameterized as: 

Pr(Ei,s = 1) = σ(αs + βs Di + γsᵀ Xijk + ujk + vk) 

where σ(·) denotes the logistic link, αs are stage intercepts, βs 

stage-specific treatment coefficients, γs contextual coefficients, ujk 

institution random effects, and vk country random effects. 

Initial raw distributions of YiP through YiM form the empirical 

foundation for causal modeling. 

 

 



 ISAR J Med Pharm Sci; Vol-4, Iss-2, 2026 

 

15 
 

Table 1. Multilevel structure of raw medication safety data and variable definitions across countries and institutions 

Level Variable Name Symbol Type Operational Definition Scale / Range 

Episode Prescribing error E_P Binary Error in prescribing stage for episode i 0/1 

Episode Verification error E_V Binary Error in verification stage for episode i 0/1 

Episode Dispensing error E_D Binary Error in dispensing stage for episode i 0/1 

Episode Administration error E_A Binary Error in administration stage for episode i 0/1 

Episode Monitoring error E_M Binary Error in monitoring stage for episode i 0/1 

Episode Digital exposure index D Continuous Composite intensity of eRx, BCMA, ADC, CDS 0–1 

Institution Workflow standardization WS Continuous Protocol coherence / standard work adoption 0–1 

Institution Training intensity ST Continuous Normalized annual digital-med training z-score 

Institution Interoperability maturity IM Continuous Integration across EHR/eMAR/ADC/pumps 0–1 

Institution Organizational readiness OR Continuous Composite readiness (people–process–tech) 0–1 

Country National infrastructure index CI Continuous Macro digital-health enabling capacity 0–1 

 

Structural Causal Pathway Specification. Medication processes 

are represented as a directed acyclic graph: 

 

Di → YiP → YiV → YiD → YiA → YiM 

with contextual moderators Xijk influencing all nodes. 

Transition dynamics between stages are governed by conditional 

probabilities: 

Pr(Yi,s+1 | Yi,s, Di, Xijk) 

 

Propagation is modeled via a Markovian structure augmented with 

intervention-dependent transition matrices. Let T(d) denote the 5×5 

stage transition matrix under digital exposure level d. Each element 

Tmn(d) represents the probability that an error at stage m 

propagates to stage n. Digital medication systems are modeled as 

perturbations to T(d): 

 

T(d) = T0 + d · ΔT 

 

where T0 represents baseline propagation and ΔT the intervention-

induced modification. Direct effects operate through shifts in αP 

and βP, while mediated effects operate through ΔT. The structural 

causal model explicitly separates: 

 

Direct effects: ∂YiP/∂Di 

Indirect effects: Σs>P ∂Yi,s/∂YiP · ∂YiP/∂Di 

 

 

 
Figure 1. Structural causal graph of medication error propagation under digital medication system intervention 
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Hierarchical Bayesian Counterfactual Model. Treatment effects 

are allowed to vary across institutions and countries. Stage-specific 

treatment coefficients follow: 

 

βs,jk ~ Normal(μs,k, τs,k²) 

μs,k ~ Normal(μs,global, κs²) 

 

This structure enables partial pooling across contexts while 

preserving local deviation. Institution random effects: 

 

ujk ~ Normal(0, σu²) 

 

Country random effects: 

 

vk ~ Normal(0, σv²) 

 

Total posterior variance decomposes as: 

 

Var(Y) = σepisode² + σu² + σv² 

 

The intraclass correlation coefficient is computed as: 

 

ICC = (σu² + σv²) / (σepisode² + σu² + σv²) 

 

Posterior distributions are estimated using Hamiltonian Monte 

Carlo with adaptive step size and mass matrix calibration. 

Convergence is verified via R-hat < 1.01 and effective sample size 

thresholds. Priors are weakly informative: 

 

αs ~ Normal(0,2) 

βs ~ Normal(0,1) 

γs ~ Normal(0,1) 

σu, σv ~ Half-Cauchy(0,2) 

 

Counterfactual Outcome Generation. For each posterior draw 

θ(r), counterfactual outcomes are simulated under two scenarios: 

 

Observed: Di = di 

Counterfactual: Di = 0 

 

Let Yi(r)(1) and Yi(r)(0) denote potential outcomes. The average 

treatment effect is computed as: 

 

ATE = Eθ [Yi(r)(1) − Yi(r)(0)] 

 

Institution-level effects: 

 

ATEj = Eθ [Yi,j(r)(1) − Yi,j(r)(0)] 

 

Country-level effects: 

 

ATEk = Eθ [Yi,k(r)(1) − Yi,k(r)(0)] 

 

Mediation Decomposition: Total causal effect is decomposed as: 

 

TE = DE + IE 

 

Direct effect: 

 

DE = E[Y(1,M(0)) − Y(0,M(0))] 

 

Indirect effect: 

 

IE = E[Y(1,M(1)) − Y(1,M(0))] 

 

where M denotes intermediate propagation states. Stage-wise 

mediation proportions are computed: 

 

ρs = IE_s / TE 

 

Posterior Predictive Validation. Posterior predictive checks 

replicate observed distributions for each stage: 

 

Yrep ~ p(Y | θ) 

 

Bayesian R² is computed at episode, institution, and global levels. 

Coverage probabilities assess calibration of institutional treatment 

estimates. 

 

Contextual Moderation Analysis. Institution-level posterior 

treatment estimates are regressed against readiness covariates 

(Armando, L. G., Miglio De Cosmo, G., Cena, C., Schifano, F., & 

D’Avolio, A. 2023): 

 

ATEj = λ0 + λ1 DigitalMaturityj + λ2 Workflowj + λ3 Trainingj + 

λ4 Interoperabilityj + εj 

 

Nonlinear response surfaces are estimated using Gaussian process 

priors to detect threshold behavior (Wende, L., et al. 2025; 

(Samami, H., et al. 2024). 

 

Derived Quantities. Sequential amplification factors: 

 

AF = Pr(YiM | YiP) / Pr(YiP) 

 

Error attenuation under intervention: 

 

ΔAF = AFdigital − AFbaseline 

 

Institutional clustering is performed via posterior mixture modeling 

to identify latent response regimes. 

 

Primary Outputs. The model yields: 

 

• Global ATE 

• Institution-level ATE distributions 

• Country-level ATE distributions 

• Stage-specific causal effects 

• Mediation proportions 

• Variance components 

• Context–response gradients 
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Table 2. Prior distributions and hierarchical Bayesian parameter structure 

Model Component Parameter Level Prior / Structure Notes 

Stage intercept α_s Stage Normal(0, 2) s ∈ {P,V,D,A,M} 

Stage treatment slope β_s,jk Institution Normal(μ_s,k, τ_s,k²) Heterogeneous effects 

Country mean effect μ_s,k Country Normal(μ_s,global, κ_s²) Partial pooling 

Context effects γ_s Stage Normal(0, 1) Applied to X_ijk 

Institution random effect u_jk Institution Normal(0, σ_u²) Residual institutional shift 

Country random effect v_k Country Normal(0, σ_v²) Residual national shift 

Episode residual scale σ_episode Episode Half-Cauchy(0, 2) Outcome noise 

Random-effect scales σ_u, σ_v Higher-level Half-Cauchy(0, 2) Variance components 

Model Component Parameter Level Prior / Structure Notes 

Stage intercept α_s Stage Normal(0, 2) s ∈ {P,V,D,A,M} 

Stage treatment slope β_s,jk Institution Normal(μ_s,k, τ_s,k²) Heterogeneous effects 

Country mean effect μ_s,k Country Normal(μ_s,global, κ_s²) Partial pooling 

Context effects γ_s Stage Normal(0, 1) Applied to X_ijk 

Institution RE u_jk Institution Normal(0, σ_u²) Residual institutional shift 

Country RE v_k Country Normal(0, σ_v²) Residual national shift 

Residual scale σ_episode Episode Half-Cauchy(0, 2) Outcome noise 

RE scales σ_u, σ_v Higher-level Half-Cauchy(0, 2) Variance components 

 

Counterfactual trajectory simulations generate cumulative pathway error probabilities for each institution, enabling classification into aligned, 

partially aligned, and misaligned causal regimes. 

 

Table 3. Raw institutional digital exposure indices and baseline medication error frequencies 

Institution 

ID 

Country 

ID 

Episodes 

(n) 

Digital 

Exposure D 

(0–1) 

Baseline 

Prescribing 

(P0) 

Baseline 

Verification 

(V0) 

Baseline 

Dispensing 

(D0) 

Baseline 

Administration 

(A0) 

Baseline 

Monitoring 

(M0) 

H01 C01 1240 0.82 0.21 0.18 0.16 0.15 0.14 

H02 C01 980 0.47 0.25 0.21 0.19 0.17 0.16 

H03 C02 1560 0.91 0.19 0.15 0.14 0.12 0.11 

H04 C02 860 0.33 0.28 0.24 0.22 0.20 0.18 

H05 C03 1100 0.68 0.22 0.19 0.17 0.16 0.15 

 

Sensitivity analyses perturb priors and transition matrices to assess structural robustness. 

 

Table 4. Posterior-derived initial error incidence rates by medication stage 

Stage 
Counterfactual Mean Pr(E=1 | 

D=0) 

Digital Mean Pr(E=1 | 

D=observed) 

Absolute Δ (Digital − 

Counterfactual) 

Relative Δ 

(%) 

Prescribing (P) 0.216 0.143 -0.073 33.8 

Verification (V) 0.179 0.124 -0.055 30.7 

Dispensing (D) 0.167 0.121 -0.046 27.5 

Administration 

(A) 
0.153 0.134 -0.019 12.4 

Monitoring (M) 0.141 0.136 -0.005 3.5 
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This methodological framework produces fully probabilistic 

estimates of heterogeneous causal impacts while preserving the 

sequential architecture of medication pathways. By integrating 

hierarchical Bayesian inference with structural propagation 

modeling and counterfactual simulation, the approach enables 

simultaneous estimation of global effectiveness, context-specific 

deviation, and pathway-level mediation. These outputs directly 

generate the quantitative results reported in the subsequent Results 

section and establish the empirical foundation for the Findings and 

Discussion. 

4. Results 

This section reports quantitative outputs derived directly from the 

hierarchical Bayesian counterfactual framework defined in the 

Methodology. All estimates originate from posterior distributions 

obtained through Hamiltonian Monte Carlo sampling and reflect 

sequential medication pathway dynamics. Results are organized 

around four analytical layers: global causal effects, institutional 

heterogeneity, pathway-level mediation, and contextual 

modulation. Numerical outputs explicitly correspond to the 

transition matrix formulation, average treatment effects, mediation 

ratios, and amplification coefficients specified in the structural 

model (Cattell, R., et al. 2024). 

 

Global Counterfactual Effects. Posterior counterfactual simulation 

reveals a robust global reduction in medication error propagation 

under digital medication system exposure. The posterior mean of 

cumulative pathway error probability under counterfactual non-

digital conditions equals 0.321 (SD = 0.044), compared to 0.229 

(SD = 0.038) under observed digital exposure. The resulting global 

average treatment effect is −0.192 with a 95% credible interval of 

[−0.238, −0.147], yielding a posterior probability of Pr(ATE < 0) = 

0.998. This corresponds to a relative global reduction of 29.9% in 

propagated medication errors. Stage-specific posterior means 

demonstrate asymmetric impact across the medication pathway. 

Prescribing error probability declines from 0.216 to 0.143 (Δ = 

−0.073), verification from 0.179 to 0.124 (Δ = −0.055), dispensing 

from 0.167 to 0.121 (Δ = −0.046), administration from 0.153 to 

0.134 (Δ = −0.019), and monitoring from 0.141 to 0.136 (Δ = 

−0.005). These values confirm the concentration of digital impact 

in upstream processes. The posterior estimate of global sequential 

amplification under counterfactual conditions equals AF₀ = 1.64, 

while under digital exposure in aligned systems AF₁ = 0.91, 

indicating conversion of error propagation from amplification to 

attenuation (Khanian, M., et al. 2013). 

   

Table 5. Global posterior counterfactual estimates of stage-specific medication error probabilities and cumulative pathway error under 

digital and non-digital scenarios 

Metric Counterfactual (D=0) Mean Digital (D=observed) Mean Posterior Δ (Digital − Counterfactual) 

Cumulative pathway error Pr(path) 0.321 0.229 -0.092 

Global ATE (cumulative) — -0.192 — 

Amplification factor AF 1.64 0.91 -0.73 

Posterior Pr(ATE < 0) — 0.998 — 

Global Bayesian R² — 0.66 — 

 

Figure 2. Posterior distributions of cumulative medication error 

propagation under observed digital exposure and counterfactual 

non-digital conditions   

 

Hierarchical Heterogeneity and Institutional Regimes. 

Institution-level posterior treatment effects exhibit pronounced 

dispersion. The posterior mean ATE across institutions equals 

−0.194 with SD = 0.097. Hierarchical variance decomposition 

yields σ_episode² = 0.038, σ_institution² = 0.062, and σ_country² = 

0.041, producing an intraclass correlation coefficient ICC = 0.608. 

This indicates that over 60% of outcome variance is structurally 

attributable to institutional and national context. 

 

Posterior mixture modeling identifies three latent institutional 

regimes: 

High-impact cluster (33.8%): mean ATE = −0.302, SD = 0.041   

Moderate-impact cluster (46.5%): mean ATE = −0.161, SD = 

0.056   

Low-impact cluster (19.7%): mean ATE = −0.039, SD = 0.064   

 

High-impact institutions demonstrate tightly concentrated posterior 

distributions with reductions exceeding 30%. Moderate-impact 

institutions exhibit partial reductions between 12–18%. Low-

impact institutions show posterior densities overlapping zero. 

 

Country-level aggregation reveals that high-impact institutions 

concentrate within digitally mature environments, whereas low-

impact regimes dominate in fragmented deployment settings. 

   

Table 6. Institution-level posterior treatment effect distributions and hierarchical variance components 

Regime Mean ATE SD Institutional Share (%) 

High-impact (Aligned) -0.302 0.041 33.8 

Moderate-impact (Partially aligned) -0.161 0.056 46.5 

Low-impact (Misaligned) -0.039 0.064 19.7 
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Pathway-Level Mediation and Transition Dynamics. Total causal 

effects are decomposed into direct upstream reductions and 

mediated downstream pathways. Global mediation analysis yields: 

 

Direct effect proportion = 63.1%   

Indirect (mediated) proportion = 36.9%   

 

High-impact institutions display dominant direct effects (71.6%), 

with mediation contributing 28.4%. Moderate-impact institutions 

reverse this structure, with mediated effects accounting for 54.8% 

of total reduction. Low-impact institutions exhibit mediation 

proportions below 15%. Transition matrix analysis reveals that 

digital intervention reduces prescribing-to-dispensing propagation 

probability from 0.42 to 0.26 and dispensing-to-administration 

propagation from 0.37 to 0.22 in aligned systems. In misaligned 

environments, these transitions remain above 0.35 despite digital 

exposure. Sequential amplification coefficients show regime-

specific behavior: 

 

Aligned institutions: AF₁ = 0.88   

Partially aligned: AF₁ = 1.12   

Misaligned: AF₁ = 1.47   

 

 

Figure 3. Distribution of institution-level posterior average treatment effects across global healthcare settings 

 

These values confirm structural attenuation only in high-alignment contexts. 

   

Table 7. Posterior decomposition of total causal effects into direct and mediated components with regime-specific amplification factors 

Regime Direct Effect Share (%) Mediated Effect Share (%) AF under Digital 

Aligned 71.6 28.4 0.88 

Partially aligned 45.2 54.8 1.12 

Misaligned 85.3 14.7 1.47 

   

 
Figure 4. Bayesian mediation structure illustrating direct upstream suppression and indirect downstream propagation pathways 
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Contextual Modulation and Nonlinear Response. Regression of 

institution-level posterior treatment effects against organizational 

covariates identifies digital maturity (β = −0.48), workflow 

standardization (β = −0.41), staff training intensity (β = −0.33), and 

interoperability (β = −0.27) as dominant determinants of causal 

magnitude. Gaussian process response surfaces reveal nonlinear 

threshold behavior. Institutions with readiness index below 0.55 

exhibit mean ATE above −0.05 regardless of digital exposure 

intensity. Between 0.55 and 0.70, treatment effects increase 

gradually. Beyond 0.70, causal magnitude accelerates sharply, 

stabilizing near −0.31 after readiness exceeds 0.85. Posterior 

predictive validation confirms model adequacy, with replicated 

distributions achieving coverage probabilities exceeding 94% 

across all medication stages. Bayesian R² equals 0.73 at 

institutional level and 0.66 globally. Cumulative counterfactual 

trajectory simulations demonstrate pathway suppression exceeding 

34% in aligned institutions, approximately 15% in partially aligned 

settings, and below 6% in misaligned environments. 

 

 
Figure 5. Context–effect response surface showing nonlinear activation thresholds for digital medication system effectiveness 

 

Collectively, these results demonstrate that digital medication 

systems generate substantial global reductions in medication error 

propagation, but that causal impact is distributed across 

heterogeneous institutional regimes. Upstream suppression 

dominates in aligned environments, mediated restructuring governs 

moderate responses, and misaligned systems fail to translate digital 

adoption into meaningful safety gains. These quantitative outputs 

directly instantiate the causal mechanisms specified in the 

Methodology and provide the empirical foundation for the 

Findings section. 

5. Findings 

This section synthesizes the quantitative outputs presented in the 

Results into higher-order causal interpretations. While the Results 

established numerical treatment effects, hierarchical dispersion, 

mediation proportions, and contextual gradients, the Findings 

articulate how these metrics collectively define distinct causal 

regimes governing digital medication system performance. All 

findings reported here are derived strictly from posterior estimates, 

transition matrices, and counterfactual trajectories generated by the 

hierarchical Bayesian model. 

 

Global Causal Architecture of Digital Medication Systems. The 

global average treatment effect of −0.192 confirms that digital 

medication systems exert a statistically meaningful reduction in 

cumulative medication error propagation. However, this global 

estimate represents an aggregate of structurally heterogeneous 

responses rather than a homogeneous safety improvement. The 

posterior dispersion observed at institutional level reveals that 

digital medication systems operate through distributed causal 

architectures. 

 

The first major finding is that medication safety improvement 

under digital exposure is fundamentally asymmetric across the 

medication pathway. Upstream processes exhibit dominant 

sensitivity to intervention, whereas downstream stages respond 

conditionally. Prescribing and verification errors demonstrate the 

largest proportional reductions (33.8% and 30.7%, respectively), 

while administration and monitoring stages show markedly 

attenuated improvements (12.4% and 3.5%). This asymmetry 

indicates that digital medication systems primarily function as 

upstream perturbation suppressors rather than universal pathway 

stabilizers. 

 

Sequential amplification analysis further clarifies this architecture. 

Under counterfactual non-digital conditions, upstream errors 

propagate with a mean amplification coefficient of 1.64, indicating 

that early-stage perturbations expand as they traverse downstream 

processes. Under digital exposure in aligned institutions, this 

coefficient drops below unity (AF₁ = 0.88), converting 

amplification into attenuation. This transition represents a 

fundamental restructuring of pathway dynamics, whereby digital 

systems alter the sign of propagation from positive to negative 

feedback. 

 

Crucially, this attenuation is not globally uniform. Instead, it 

emerges only within a subset of institutions exhibiting sufficient 

sociotechnical alignment. In misaligned environments, 

amplification remains above 1.45 despite digital adoption, 

demonstrating that technological presence alone does not modify 

transmission structure. These observations establish that the global 

reduction in error propagation arises from a minority of high-

performing institutions exerting disproportionate influence on 

aggregate outcomes. Global averages therefore obscure the 

existence of qualitatively distinct causal regimes. 
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Identification of Three Institutional Causal Regimes. 

Hierarchical posterior clustering reveals three latent institutional 

regimes: digitally aligned, partially aligned, and misaligned 

systems. Digitally aligned institutions (33.8%) exhibit posterior 

mean ATE of −0.302, corresponding to cumulative pathway 

suppression exceeding 34%. These environments display tightly 

concentrated posterior distributions, indicating consistent and 

stable digital performance across episodes. Direct upstream 

reductions dominate total effect composition, accounting for 71.6% 

of causal impact. Transition matrices in these institutions show 

pronounced contraction of prescribing-to-dispensing and 

dispensing-to-administration probabilities, reflecting structural 

integration of digital logic into clinical workflows. 

 

Partially aligned institutions (46.5%) exhibit moderate ATE values 

centered at −0.161, with cumulative pathway suppression 

averaging approximately 15%. In these settings, mediated effects 

account for 54.8% of total impact, indicating reliance on 

downstream restructuring rather than intrinsic process alignment. 

Posterior uncertainty envelopes are broader, reflecting sensitivity 

to local fluctuations in workflow coherence and staffing 

availability. 

 

Misaligned institutions (19.7%) exhibit posterior means near zero 

(−0.039) with wide credible intervals overlapping null effects. In 

these environments, neither direct nor mediated pathways achieve 

meaningful posterior credibility. Sequential amplification remains 

positive (AF₁ = 1.47), indicating persistence of error escalation 

despite digital exposure. 

 

This tripartite regime structure demonstrates that digital medication 

systems do not produce a continuous gradient of effectiveness. 

Instead, they operate within discrete causal configurations 

determined by institutional alignment. Movement between regimes 

requires structural transformation rather than incremental digital 

adoption. 

 

 
Figure 6. Cluster-based causal regimes showing aligned, partially aligned, and misaligned institutional response patterns 

 

 

Dominance of Upstream Suppression Versus Downstream 

Mediation. Decomposition of total causal effects reveals regime-

specific dominance of direct versus mediated pathways. In digitally 

aligned institutions, upstream suppression accounts for nearly 

three-quarters of total safety improvement. Prescribing and 

dispensing error reductions propagate efficiently through 

administration and monitoring stages because digital systems 

reinforce existing workflow coherence. 

 

In partially aligned environments, upstream reductions occur but 

fail to propagate reliably. Safety gains emerge primarily through 

mediated restructuring of downstream interactions, such as altered 

verification sequences and compensatory communication 

behaviors. This mediation-dependent architecture produces 

moderate improvements but remains inherently fragile (Zang, Y., 

et al. 2023). In misaligned settings, upstream reductions are 

minimal and mediation pathways collapse. Digital systems 

introduce new informational artifacts without modifying 

underlying organizational structure, resulting in negligible net 

benefit. These patterns demonstrate that mediated effects cannot 

substitute for foundational alignment. While mediation can 

partially compensate for organizational gaps, sustained safety 

improvement requires direct suppression of initial perturbations 

supported by coherent workflow architecture. 
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Table 8. Integrated causal metrics across institutional regimes including total effects, direct proportions, mediated proportions, and 

amplification coefficients 

Regime 
Total Pathway 

Suppression (%) 
Dominant Mechanism 

Readiness Zone 

(OR) 
Typical Digital Behavior 

Aligned ≥34 
Direct upstream suppression + supportive 

mediation 
>0.85 Net attenuation (AF<1) 

Partially 

aligned 
~15 Mediation-dependent gains 0.55–0.70 Near-equilibrium (AF≈1) 

Misaligned <6 Weak/unstable effects <0.55 
Persistent amplification 

(AF>1) 

 

Contextual Thresholds and Structural Activation. Gaussian 

process modeling reveals nonlinear activation thresholds governing 

digital medication system effectiveness. Institutions with readiness 

indices below 0.55 exhibit mean ATE values above −0.05 

regardless of digital exposure intensity. Between 0.55 and 0.70, 

treatment effects increase gradually, reflecting transitional states 

characterized by partial integration. Beyond a readiness threshold 

of approximately 0.70, causal magnitude accelerates sharply, 

stabilizing near −0.31 once readiness exceeds 0.85. This threshold 

behavior indicates that digital systems require minimum levels of 

workflow standardization, training intensity, and interoperability to 

activate their full causal potential. 

Regression analysis identifies digital maturity (β = −0.48), 

workflow standardization (β = −0.41), staff training intensity (β = 

−0.33), and interoperability (β = −0.27) as dominant moderators. 

These coefficients quantify the structural prerequisites for regime 

transition. 

 

Notably, staffing density exhibits secondary influence (β = −0.17), 

suggesting that personnel availability alone cannot compensate for 

misalignment. Baseline safety culture contributes marginally (β = 

−0.12), indicating that formal organizational structure outweighs 

attitudinal factors in determining digital effectiveness. 

 

 
Figure 7. Nonlinear context–effect response surface illustrating readiness thresholds and regime transitions 

 

Propagation Architecture and Error Transmission Networks. 

Transition matrix analysis provides insight into how digital 

systems reshape internal transmission networks. In aligned 

institutions, prescribing-to-dispensing propagation probability 

decreases from 0.42 to 0.26, while dispensing-to-administration 

transitions decline from 0.37 to 0.22. These reductions reconfigure 

pathway topology, converting linear escalation chains into 

dampened networks. In partially aligned settings, reductions are 

smaller and uneven, resulting in fragmented attenuation. In 

misaligned environments, transition probabilities remain above 

0.35, indicating persistence of structural coupling despite digital 

exposure. Sequential amplification coefficients reflect these 

architectures. Aligned institutions achieve net attenuation (AF₁ = 

0.88), partially aligned settings hover near equilibrium (AF₁ = 

1.12), and misaligned systems retain amplification (AF₁ = 1.47). 

These values operationalize error propagation as a measurable 

systems property rather than an abstract concept. 

 

Counterfactual trajectory simulations further demonstrate that 

aligned institutions suppress cumulative pathway errors by more 

than 34%, partially aligned settings by approximately 15%, and 

misaligned environments by less than 6%. These trajectories 

confirm that digital medication systems function as structural 

modifiers only when embedded within coherent organizational 

networks. 
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Figure 8. Sequential pathway error trajectories under aligned, partially aligned, and misaligned institutional configurations 

 

Resolution of Research Questions and Hypotheses. The findings 

resolve all research questions directly. Global causal effects are 

confirmed, but they are structurally heterogeneous rather than 

uniformly distributed. Upstream medication processes exhibit 

strongest direct responsiveness to digital intervention, while 

downstream gains depend on mediation through aligned 

workflows. Contextual factors decisively modulate causal 

magnitude, with nonlinear readiness thresholds governing 

activation of digital potential. Hypothesis 1 is supported through 

posterior global ATE estimates. Hypothesis 2 is confirmed by 

hierarchical dispersion and regime clustering. Hypothesis 3 is 

validated by dominance of upstream suppression in aligned 

environments. Hypothesis 4 is supported by substantial mediation 

proportions in moderate-impact settings. 

 

Synthesis. Collectively, these findings demonstrate that digital 

medication systems do not operate as universally effective safety 

technologies. Instead, they act as structural amplifiers of existing 

organizational properties. In aligned institutions, they suppress 

upstream perturbations and attenuate downstream transmission. In 

partially aligned environments, they generate mediated 

improvements dependent on fragile propagation pathways. In 

misaligned systems, they fail to meaningfully alter error dynamics. 

Medication safety improvement therefore emerges from interaction 

between technology and organizational structure rather than from 

digital adoption alone. Digital medication systems reshape error 

propagation only when embedded within coherent sociotechnical 

architectures. Global averages conceal this distributed causality; 

hierarchical Bayesian analysis exposes it. These findings provide 

the empirical bridge between the quantitative Results and the 

interpretive Discussion, establishing digital medication systems as 

context-sensitive structural modifiers of medication error 

dynamics. 

6. Discussion 

The findings of this study fundamentally reframe digital 

medication systems as structural modifiers of medication safety 

rather than isolated technological interventions. While global 

posterior estimates confirm that digital medication systems reduce 

medication error propagation, the hierarchical Bayesian 

counterfactual analysis demonstrates that this effect is neither 

uniform nor automatic. Instead, safety improvement emerges from 

distributed causal architectures shaped by institutional alignment, 

workflow coherence, and organizational readiness. 

 

At a conceptual level, the results confirm that medication safety is 

an emergent property of interacting processes rather than the sum 

of isolated task-level improvements. Digital medication systems 

alter the internal topology of medication pathways by reshaping 

transition probabilities between prescribing, verification, 

dispensing, administration, and monitoring. However, these 

alterations materialize differently across institutional contexts, 

producing discrete causal regimes rather than a continuous gradient 

of effectiveness. 

 

The identification of three latent institutional regimes—digitally 

aligned, partially aligned, and misaligned—represents a central 

contribution of this work. These regimes are not arbitrary clusters 

but reflect qualitatively distinct causal configurations governing 

error transmission. Digitally aligned institutions exhibit 

comprehensive suppression of error propagation, partially aligned 

settings display mediation-dependent improvements, and 

misaligned environments fail to translate digital adoption into 

meaningful safety gains. 

 

This regime structure challenges dominant narratives in digital 

health that implicitly assume linear relationships between 

technology adoption and patient safety outcomes. The present 

findings instead reveal threshold-driven behavior characteristic of 

complex adaptive systems. Below critical readiness levels, digital 

medication systems operate as weak perturbations, unable to 

overcome structural inertia. Once alignment surpasses activation 

thresholds, causal magnitude accelerates rapidly, producing 

nonlinear gains in safety performance. Such behavior underscores 

the importance of sociotechnical coherence. Digital medication 

systems do not impose safety externally; they amplify internal 

organizational properties. Where workflows are standardized, 

professional roles coordinated, and information infrastructures 

interoperable, digital logic resonates with existing structures, 

enabling direct suppression of upstream errors and attenuation of 

downstream transmission. Where fragmentation prevails, digital 

systems introduce new artifacts without restructuring underlying 

causal pathways. 
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The dominance of upstream suppression in digitally aligned 

institutions highlights the central role of early-stage processes in 

medication safety. Prescribing and dispensing emerge as primary 

leverage points where digital interventions exert maximal direct 

influence. These upstream reductions propagate efficiently through 

downstream stages only when workflow coherence allows 

transmission of safety gains. In such environments, technology 

reinforces clinical routines, converting linear escalation chains into 

dampened networks. Conversely, partially aligned institutions 

illustrate the limits of upstream intervention in the absence of 

systemic integration. Although digital systems reduce initial error 

generation, downstream benefits depend heavily on mediated 

restructuring of workflows. Safety gains in these contexts arise 

through compensatory mechanisms such as altered verification 

sequences or adaptive communication practices. This mediation-

dependent architecture produces moderate improvements but 

remains inherently fragile, sensitive to staffing fluctuations and 

local process disruptions. 

 

Misaligned institutions expose the boundaries of technological 

efficacy. Despite digital exposure, these environments fail to 

achieve meaningful reductions in error propagation. Both direct 

and mediated pathways collapse, leaving amplification dynamics 

largely intact. Here, digital systems add complexity without 

modifying structural dependencies, illustrating that technology 

alone cannot substitute for organizational readiness. The mediation 

analysis provides further insight into these dynamics. Globally, 

approximately one-third of total causal impact arises through 

downstream pathways. However, this proportion varies sharply by 

regime. In aligned institutions, mediated effects play a secondary 

role, supporting strong direct suppression. In partially aligned 

environments, mediation becomes the dominant mechanism, 

compensating for incomplete upstream integration. In misaligned 

systems, mediation collapses entirely. 

 

This regime-dependent mediation structure highlights an important 

distinction between compensatory and constitutive mechanisms. In 

partially aligned settings, digital systems compensate for 

organizational gaps by reshaping propagation pathways. In aligned 

environments, digital systems constitute safety by embedding logic 

directly into coherent workflows. These two mechanisms produce 

qualitatively different forms of resilience, with compensatory 

mediation offering limited and unstable gains compared to 

constitutive alignment. The observed amplification coefficients 

further operationalize this distinction. Under counterfactual 

conditions, upstream perturbations amplify as they traverse 

downstream stages. In aligned institutions, digital exposure 

reverses this dynamic, producing net attenuation. In partially 

aligned settings, amplification hovers near equilibrium, reflecting 

unstable containment. In misaligned environments, amplification 

persists despite digital adoption. 

 

These findings collectively demonstrate that error propagation is a 

measurable systems property, modifiable through structural 

intervention. Digital medication systems alter not only mean error 

rates but also the directionality of transmission. However, this 

transformation requires alignment across multiple organizational 

dimensions. The contextual moderation analysis elucidates the 

structural prerequisites for such transformation. Digital maturity, 

workflow standardization, staff training intensity, and 

interoperability emerge as dominant determinants of causal 

magnitude. These factors collectively define institutional readiness. 

Their nonlinear interaction produces activation thresholds below 

which digital systems remain ineffective. 

 

Notably, staffing density exhibits only secondary influence. This 

suggests that personnel availability alone cannot compensate for 

fragmented workflows or poor interoperability. Similarly, baseline 

safety culture contributes marginally relative to formal 

organizational structure. These observations indicate that digital 

effectiveness is primarily governed by operational architecture 

rather than attitudinal factors. This insight carries important 

implications for implementation strategy. Incremental or siloed 

deployment approaches that prioritize partial adoption are unlikely 

to unlock the causal potential of digital medication systems. 

Instead, comprehensive pathway-level integration is required to 

cross readiness thresholds and activate structural attenuation of 

error propagation. 

 

From a theoretical perspective, these findings reinforce a causal 

systems view of healthcare safety. Medication errors emerge 

within networks of conditional dependencies, and digital 

interventions function by modifying these networks. Traditional 

evaluation approaches that focus on endpoint outcomes fail to 

capture this internal restructuring. By contrast, the hierarchical 

Bayesian counterfactual framework employed here reveals how 

technology reshapes transmission dynamics across stages and 

contexts. The methodological implications are equally significant. 

Average treatment effects obscure essential causal structure by 

collapsing heterogeneous responses into single metrics. The 

present analysis demonstrates that such averages are driven 

disproportionately by a minority of aligned institutions. Without 

explicit modeling of heterogeneity, policymakers risk extrapolating 

from atypical settings to fundamentally different environments. 

 

The identification of discrete causal regimes argues for a precision 

implementation paradigm. Rather than assuming transferable 

effectiveness, digital medication systems should be deployed 

strategically based on institutional readiness profiles. In low-

alignment contexts, organizational interventions targeting 

workflow coherence, training, and interoperability should precede 

or accompany digital adoption. In moderate-alignment settings, 

targeted reinforcement of downstream pathways may stabilize 

mediation-dependent gains. In high-alignment environments, 

digital systems can be expected to deliver comprehensive safety 

improvements. These findings also challenge simplistic success–

failure narratives in digital health. Partial improvements in 

moderate-impact institutions should not be interpreted as evidence 

of inherent technological limitation but as indicators of incomplete 

sociotechnical integration. Similarly, negligible effects in 

misaligned environments reflect structural barriers rather than 

technological inadequacy. 

 

The Results further suggest that digital medication systems act as 

amplifiers of organizational state. In aligned systems, they magnify 

safety performance. In misaligned systems, they magnify 

complexity without delivering benefit. This amplification principle 

reframes implementation success as a property of system 

coherence rather than adoption intensity. Importantly, the Findings 

indicate that movement between regimes is not gradual. Threshold 

behavior implies that small incremental changes in readiness may 

yield negligible impact until critical alignment levels are reached. 



 ISAR J Med Pharm Sci; Vol-4, Iss-2, 2026 

 

25 
 

Once these thresholds are crossed, causal magnitude increases 

rapidly. This nonlinearity underscores the importance of 

coordinated organizational transformation rather than piecemeal 

optimization. 

 

From a broader systems perspective, these dynamics resemble 

phase transitions observed in complex adaptive networks. Digital 

medication systems serve as catalysts that can shift healthcare 

organizations between distinct operational states. Whether such 

shifts occur depends on underlying structural conditions. The 

distinction between upstream suppression and downstream 

mediation also carries strategic implications. While prescribing and 

dispensing represent high-leverage intervention points, sustaining 

gains requires downstream alignment. Focusing exclusively on 

early-stage digitization without addressing administration and 

monitoring workflows risks attenuation of benefits. Effective 

implementation must therefore encompass entire medication 

pathways. 

 

Collectively, these results advance understanding of digital 

medication systems beyond deterministic models of technological 

impact. They reveal safety improvement as a co-produced outcome 

arising from interaction between digital tools and organizational 

architecture. Technology neither guarantees nor negates safety; it 

redistributes causal influence across existing structures. These 

insights align with a broader movement toward systems-oriented 

healthcare improvement. Rather than seeking universal solutions, 

this perspective emphasizes context-sensitive design and adaptive 

deployment. Digital medication systems become components of 

larger sociotechnical ecosystems, whose effectiveness depends on 

alignment across technical, organizational, and cognitive 

dimensions. 

 

The present study contributes to this paradigm by providing a 

quantitative framework capable of capturing distributed causality. 

By integrating hierarchical Bayesian inference with structural 

pathway modeling and counterfactual simulation, the approach 

exposes latent regimes, mediation mechanisms, and contextual 

thresholds. This enables evidence-based differentiation between 

environments where digital systems are likely to succeed and those 

requiring foundational transformation. Several implications for 

practice follow directly. Healthcare leaders should assess 

institutional readiness across interoperability, workflow 

standardization, and training before large-scale digital investment. 

Policymakers should avoid one-size-fits-all mandates and instead 

support staged implementation strategies tailored to local context. 

Researchers should prioritize designs that explicitly model 

heterogeneity and mediation rather than relying on aggregate 

comparisons. 

 

In sum, the Discussion reframes digital medication systems as 

context-sensitive structural modifiers of error propagation 

networks. Their effectiveness depends on sociotechnical alignment, 

manifests through regime-specific mechanisms, and exhibits 

nonlinear activation thresholds. Global averages conceal this 

complexity; hierarchical causal analysis reveals it. These insights 

provide the conceptual bridge to the Conclusion, where they are 

synthesized into explicit takeaways and actionable 

recommendations for precision implementation of digital 

medication systems in heterogeneous healthcare environments. 

7. Conclusion 

This study set out to investigate how digital medication systems 

influence medication error propagation across heterogeneous 

healthcare environments using a hierarchical Bayesian 

counterfactual framework. By conceptualizing medication safety as 

an emergent property of sequential sociotechnical processes, the 

research moved beyond endpoint outcome evaluation to examine 

how digital interventions restructure causal pathways linking 

prescribing, verification, dispensing, administration, and 

monitoring. The theoretical foundations established medication 

error propagation as a dynamic systems phenomenon and 

positioned digital medication systems as structural modifiers of 

transmission networks rather than isolated technological tools. 

Building on this perspective, the Methodology operationalized 

medication pathways through multilevel causal modeling, enabling 

estimation of global effects, institution-specific deviations, and 

mediation mechanisms while preserving uncertainty and contextual 

variability. 

 

The Results demonstrated a statistically meaningful global 

reduction in cumulative medication error propagation under digital 

exposure. However, hierarchical analysis revealed pronounced 

heterogeneity, identifying three distinct institutional regimes: 

digitally aligned systems achieving comprehensive suppression of 

error transmission, partially aligned environments exhibiting 

mediation-dependent gains, and misaligned settings showing 

negligible response. Upstream medication processes emerged as 

primary leverage points, while downstream improvements 

depended critically on workflow coherence. Transition dynamics 

and amplification coefficients confirmed that digital systems 

attenuate error propagation only when embedded within aligned 

organizational structures. 

 

The Findings synthesized these quantitative outputs into coherent 

causal regimes, showing that safety improvement arises through 

different mechanisms depending on institutional readiness. 

Digitally aligned environments benefited primarily from direct 

upstream suppression, partially aligned systems relied on fragile 

mediated pathways, and misaligned institutions failed to convert 

digital adoption into meaningful safety outcomes. Nonlinear 

readiness thresholds highlighted that incremental implementation is 

insufficient to activate digital potential. The Discussion interpreted 

these patterns within a causal systems framework, demonstrating 

that digital medication systems amplify existing organizational 

properties rather than impose safety externally. Effectiveness 

emerged as a function of sociotechnical alignment encompassing 

workflow standardization, staff training, interoperability, and 

digital maturity. These insights challenge uniform deployment 

strategies and support a precision implementation paradigm 

tailored to local system characteristics. 

 

Collectively, this research establishes that digital medication 

systems can substantially reduce medication error propagation, but 

only when embedded within coherent organizational architectures. 

Technology alone is insufficient; safety improvement is co-

produced through interaction between digital tools and institutional 

structure. Several directions for future research follow directly. 

First, subsequent studies should incorporate richer organizational 

diagnostics to refine identification of causal regimes. Second, 
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longitudinal designs are needed to examine how institutions 

transition between regimes as digital maturity evolves. Third, 

integration of qualitative workflow analysis with quantitative 

causal modeling may reveal micro-level mechanisms underlying 

observed heterogeneity. Finally, future work should extend this 

framework to other clinical domains characterized by sequential 

risk propagation. By advancing a hierarchical Bayesian 

counterfactual approach to digital medication safety, this study 

contributes both methodological innovation and actionable insight, 

providing a foundation for context-sensitive digital health 

implementation in complex healthcare systems. 
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