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Abstract

Objective: To identify and synthesize inventory management strategies and modeling approaches for mitigating
drug shortages, and to determine appropriate models for understanding, simulating, and analyzing drug shortages in
narcotic and psychotropic substance (NPS) supply chain as a complex system. Methods: A structured search was
performed following Arksey and O’Malley’s five-stage framework and the PRISMA-ScR guidelines across four electronic
databases including PubMed, Web of Science, ScienceDirect, and IEEE Xplore. The articles published during 2000 and
2024 were retrieved. The inclusion criteria covered peer-reviewed studies in English that focused on strategies, models,
or technologies for managing drug shortages. Out of 4,202 records, 29 studies met the eligibility criteria for detailed
analysis. Results: The scoping review identified four major thematic clusters in 29 studies for drug shortages in
pharmaceutical supply chains. The largest thematic cluster was digital transformation and technology adoption. The most
commonly reported cluster was identified in 17 studies (58.6%), followed by management strategies and optimization in
8 studies (27.6%). System analysis and modeling approaches were identified in 7 studies (24.1%), while policy,
governance, and risk management appeared in 6 studies (20.7%). Traditional inventory management techniques, such
as safety stock policies and ABC-based analyses, were commonly applied but demonstrated limitations when used in
isolation within highly regulated contexts. Digital technologies primarily function as enabling tools, improving visibility and
coordination. In the literature, system dynamics modeling has been recognized as particularly suited for analyzing
feedback-dependent and delayed regulatory systems, while optimization or visibility-enhancing technologies usually work
with fixed policy parameters. These are all significant components of highly regulated NPS supply chains. Conclusions:
The study characterizes drug shortages in NPS supply chains as complex regulatory system challenges rather than
merely logistical issues and approaches modeling methodologies through a perspective of system complexity. The study
also highlights methodological, policy, and contextual factors specific to NPS systems in developing countries. Integrating
inventory management with regulatory systems analysis establishes a foundation for more comprehensive, policy-
oriented modeling frameworks.
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Introduction

Drug shortages have become a persistent and
increasing problem in pharmaceutical supply chains
(PSCs) worldwide, impacting healthcare systems in
both high and low-income countries (1). Shortages of
essential medicines disrupt clinical  services,
compromise patient safety, and increase healthcare
costs through treatment delays and the use of
alternative therapies (2). The severity of this issue has
increased in recent years due to the globalization of
pharmaceutical manufacturing, supply chain disruptions,
and a growing dependence on a few manufacturers. On
the supply side, manufacturing disruptions, limited
production capacity, quality issues, and dependence on
a few or geographically concentrated suppliers can
restrict availability (1-3). On the demand side, demand
uncertainty, sudden surges in clinical needs, and poor
forecasting contribute to mismatches between supply
and consumption. Regulatory factors further complicate
this situation, as approval processes, licensing
requirements, import controls, and compliance
obligations often cause delays and reduce system
flexibility. Importantly, these factors interact over time,
creating feedback effects and delays that increase the
risk of shortages (3).

The supply chains of narcotic and psychotropic
substances (NPS) face additional challenges beyond
those encountered in conventional pharmaceutical
products (4,5). NPS medicines are governed by strict
international conventions and national regulations
designed to prevent misuse, diversion, and illegal
distribution. These controls often involve quota systems,
multi-level approval processes, and oversight by
multiple regulatory agencies (4,5). While such measures
improve security, they also add to administrative
complexity, extend lead times, and reduce the ability to
respond quickly to demand fluctuations or supply
disruptions. As a result, even small disturbances in the
NPS supply chain can spread throughout the system
and cause prolonged drug shortages, highlighting the
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inherently complex and interconnected nature of this
system (3).

Many studies have examined drug shortages
and suggested strategies to manage inventory. Existing
approaches remain fragmented and often focus on
isolated operational components. In NPS supply chains,
these limitations are more pronounced because generic
inventory models rarely account for strict quota controls,
licensing constraints, and regulatory-induced delays.
Traditional methods such as safety stock and reorder
point models assume relatively stable conditions,
therefore excluding the dynamic interactions between
regulation, demand variability, and supply constraints.
Digital technologies enhance the visibility of supply
chain issues, but they don't fix structural regulatory
problems (4-7). This gap shows that we need
integrated, system-level frameworks for addressing drug
shortages in highly regulated NPS situations.
Consequently, this scoping review was conducted to
examine drug shortages not merely as logistical
inefficiencies, but as emergent consequences of
interrelated operational, behavioral, and regulatory
mechanisms. Static regulatory tools, like annual quota
allocations and licensing controls, interact dynamically
with hospital stockpiling behavior, supplier lead times,
and changing demand in NPS systems. Feedback
loops, delays, and the effects of policy resistance result
from these interactions. The conceptual basis for
implementing dynamic modeling rather than relying
solely on linear optimization techniques is provided by
addressing drug shortages through a complexity lens.
This study aims to identify and synthesize inventory
management strategies and models used to mitigate
drug shortages in the NPS supply chain, and to propose
a suitable modeling approach to develop policy

recommendations for Thailand’s NPS supply chain.

Conceptual framework
The study is secondary research to review

inventory management strategies and modeling on drug
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Figure 1. Research conceptual framework

shortages in the NPS supply chain. The retrieved
models will be evaluated to identify the root causes of
drug shortages, particularly those involving complex
system such as feedback loops, regulatory limitations,
and structural inflexibility. Therefore, inventory
management strategies and system-level modeling are
crucial tools for understanding these dynamics and
guiding effective policy decisions. The framework for
development of resilient, evidence-based approaches to

managing the NPS supply chain is in Figure 1.

Methods

This study was conducted as a scoping review
to analyze approaches for preventing drug shortages in
NPS supply chain. The study protocol was approved by
the Ethics Committee of the Ministry of Public Health.
As this research was based exclusively on the review
and synthesis of existing published literature, no direct
involvement of human participants or identifiable
personal data was required.

The review followed the five-step framework of

Arksey and O’Malley (8, 9), which included identification

of the research questions, identification of relevant
studies, study selection, data charting and synthesis, as
well as collation and reporting of the results (8, 10, 11).

Identifying the research question

First, we define a clear and focused research
question that guides the scope of the review. We utilized
frameworks such as PCC (population, concept, context)
(10, 12) to structure the question, ensuring that it is
broad enough to capture the scope of the existing
literature while remaining specific enough to focus on
the topic. The scoping review question was structured
using the PCC elements. (Table 1)

We investigate the following broad research
questions (RQs).

RQ1: What major themes have been identified
in prior research addressing drug shortages in PSCs?

RQ2: What are the strategies for optimizing
drug supply chain management to ensure consistent
availability and minimize shortages?

RQ3: What modeling approaches are suitable
for addressing drug shortages in the NPS supply chain

as a complex system?

Table 1. Formulation of a scoping review using the “PCC element”

PCC element elements in the title
population "narcotic and psychotropic substance (NPS) supply chains"
concept "inventory management strategies and system level modeling approaches for complex
supply chains"
context "understanding and mitigating drug shortages in highly regulated pharmaceutical systems"
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Identifying relevant studies

In the second step of scoping review, we
searched four electronic databases (PubMed, Web of
Science, Science Direct, and IEEE). Search terms with
Boolean operators were ("narcotic™ OR "psychotropic
substance*" OR "controlled substance™ OR "NPS") and
("shortage*" OR "stock-out*" OR "drug shortage*" OR
"medicine shortage*") AND ("mitigat*" OR "prevent*" OR
"resilien*”) AND ("inventory management” OR
"inventory model*" OR "supply chain management" OR
"SCM" OR "logistics" OR "forecasting" OR "predictive
model™ OR "simulation")

Study selection

Inclusion criteria for studies included 1) original
qualitative and/or quantitative research, 2) studies with
focus on optimizing the drug supply chain, 3) articles
with the adequately described research design and
results, and 4) articles in English published in peer-
reviewed journals, conference papers, and gray
literature between 2000 and 2024. Exclusion criteria
included studies not related to supply chain modeling or
related strategies, publications in languages other than
English and those with focus on supply chains outside
pharmaceutical industry.

The process of selecting and reviewing studies
was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses-Scoping Reviews (PRISMA-ScR) checklist,
ensuring a systematic and consistent approach to
identifying, evaluating, and reporting the included
studies. All retrieved records were imported into the
Rayyan program for de-duplication and screening. Two
reviewers independently conducted a pilot screening to
ensure consistency, followed by independent
title/abstract and full-text screening according to
predefined inclusion and exclusion criteria.
Disagreements were resolved through discussion or
consultation with a third reviewer.

The analysis was conducted according to a

standard scoping review framework by Arksey and
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O’Malley (9) and the PRISMA-ScR guidance (13, 14).
As llustrated in Figure 2, the PRISMA_ScR flow
diagram outlines the criteria, process of study selection,
and eligibility assessment. During the identification
phase, 4,202 records were retrieved. After removing
duplicates, 2,514 records remained for screening. A
total of 2,474 records were excluded after title and
abstract examination, primarily because they addressed
general pharmaceutical logistics, hospital operations,
clinical drug utilization, or non-model-based discussions
without explicit focus on inventory strategies or system-
level approaches to shortage mitigation. Of these, 16
were excluded due to insufficient methodological detail,
lack of relevance to drug shortage mitigation, or
absence of modeling or strategic analysis components.
Ultimately, 29 studies met the eligibility criteria and were
included in the final synthesis. Among the 29 included
studies, none specifically examined NPS supply chains.
All studies focused on PSCs more broadly. However,
given that NPS supply chains operate within highly
regulated and structurally constrained environments, the
modeling approaches and inventory management
strategies identified in these studies were considered
conceptually transferable.

Charting data

The fourth step of scoping review or data
charting is a critical step in which researchers
systematically extract and organize relevant information
from the included studies. This process involves
creating a structured framework to collect, summarize,
and categorize data that addresses the research
question. To perform this step, we use a standardized
charting form or table to ensure consistency in data
collection. The charting form includes the following
components: study details (e.g., author, year, location),
overview, challenges and mitigation of PSC, themes
relevant to the review questions, and key finding.

Collating, summarizing, and reporting

The final stage of the scoping review, collating,

summarizing, and reporting the results, is a critical
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Figure 2. the PRISMA_ScR flow diagram summarizes the criteria

component of the review process. This stage involved
synthesizing data extracted from the selected studies to
give a complete overview of the current literature,
identify key thematic patterns, and highlight gaps in
current knowledge. The data collected during the
extraction phase were first organized into a structured
and usable format to facilitate systematic analysis. Data
analysis was conducted using a combination of
descriptive, quantitative, and qualitative approaches.
Descriptive analysis was employed to summarize key
study characteristics, including publication trends and
research focus. Quantitative analysis was used to
examine the distribution of studies across thematic
clusters by calculating frequencies and percentages. In
parallel, a thematic analysis was performed to identify,
code, and group recurring concepts related to inventory
management strategies, modeling approaches, digital

technologies, and policy considerations.

Result
Characteristics of studies

Examining publication trends shows several
important patterns in the development of research
aimed at improving PSC management. Although work
in this field began as early as 2017, the amount of
research has grown significantly in recent years. No
relevant studies were found between 2008 and 2013 or
in 2016. In contrast, a marked growth in publications
was observed after 2019, with more than 22 studies
published between 2020 and 2024. Overall, only two
articles were published prior to 2015, whereas the
majority of the included studies (n = 27) were published
between 2015 and 2024. This trend indicates a growing
academic and policy interest in PSC optimization, likely
driven by increasing concerns over drug shortages,
supply chain disruptions, and the need for more resilient

healthcare systems. Moreover, It may also be the
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evidence of changes in the pharmaceutical industry,
such as market consolidation and mergers between
large multinational companies, which can influence
production concentration, pricing power, and supply

chain vulnerability.

RQ1: Major themes

Identifying the themes involved a recursive
process of becoming acquainted with the studies,
followed by the generation and refinement of themes

through repeated analysis of research questions,

measured variables, and the main focus of each study.
After carefully reviewing the studies, sixteen themes
were identified in this scoping review, with some studies
featuring multiple themes. (Table 2) The most common
theme in pharmaceutical supply chain management was
the blockchain-based framework in fourteen studies (15-
28). System dynamics modeling was investigated in six
studies (29-34). Five studies focused on causal loop
diagrams (CLD) (29, 31, 33) and stock-flow diagrams
(SFD) (29, 31). Other themes included the ABC-VED
matrix analysis (35, 36), ABC-VEN analysis (37),

Table 2. Clusters of themes covered in the pharmaceutical supply chain literature.

cluster title

themes number of studies

cluster 1

- system dynamics modeling: causal loop diagrams 7

system analysis and modeling for ~ (CLDs) and stock-flow diagrams

complex supply chains

cluster 2

- ABC-VEN matrix

inventory management strategies - ABC-VED matrix analysis 2

and optimization

- inventory pooling theory

- safety stock optimization SD modeling 1

- vendor-managed-inventory (VMI) 1

- mathematical models

- ABC and VED analysis

cluster 3
digital transformation and

technology adoption

- RFID technology
- The SDDIP algorithm

- third party centralized integrated system (TPCIS) 1

- serialized global trade item number (SGTIN)

- blockchain-based framework 1
- blockchain assisted archimedes optimization with 11
machine learning driven drug supply management 1

(BAOML-DSM)

- RFID and QR codes technology

cluster 4 - policy options

policy, governance, and risk

- resiliency decisions

management - policy implications from SD modeling 2
- governance implications of cloud-based 1
- security and governance using RFID systems 1

423



inventory pooling (30),
inventory (VMI) (38), mathematical model (the SDDiP
(39),

theory vendor-managed-

algorithm) blockchain assisted archimedes
optimization with machine learning driven drug supply
management (BAOML-DSM) (24), RFID and QR codes
technology (27). One study included two themes i.e.,
third party centralized integrated system (TPCIS) and
serialized global trade item number (SGTIN) (40).
(Table 2)

The thematic analysis identified four clusters,
each comprising 20 themes that explain how previous
studies have addressed drug shortages in PSCs,
particularly within complex, highly regulated systems.
The first cluster represents system analysis and
modeling for complex supply chains. This cluster
focuses on understanding, simulating, and analyzing
complex supply chain behavior driven by feedback
loops, delays, and non-linear interactions. They directly
support the identification of appropriate models for
complex NPS systems. The second cluster represents
inventory management strategies and optimization. This
cluster reflects operational-level strategies used to
mitigate drug shortages.

These approaches act as decision levers within

system-based models and are commonly evaluated

Thai Journal of Pharmacy Practice
J P Vol. 18 No 2 Apr-Jun 2026
through simulation to assess their effectiveness under

uncertainty. One cluster is related to digital
transformation and technology adoption, focusing on the
digital technologies as enabling mechanisms that
enhance Vvisibility, coordination, and data integration
across supply chain stages. These technologies support
system-based and inventory models but do not
independently address system complexity. The last
cluster represents policy, governance, and risk
management, focusing on critical areas for linking
modeling results to policy implications, particularly in
highly regulated contexts such as the NPS supply chain.

The thematic analysis showed that digital
transformation and technology adoption were the most
frequently identified clusters (58.6%), followed by
management strategies and optimization (27.6%).
System analysis and modeling approaches accounted
for 24.1% of the studies, while policy, governance, and
risk management themes were least represented
(20.7%). This distribution highlights a strong emphasis
on technological solutions in the literature, alongside a
relative gap in system-oriented and policy-integrated
modeling approaches.

Figure 3 presents the thematic map based on

centrality (relevance) and density (development),

Thematic Map / Strategic Diagram
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derived from a co-word network analysis of
standardized author keywords from the 29 included
studies. Centrality was calculated as the normalized
strength of external links between each thematic cluster
and other clusters, indicating its structural importance
within the overall research field. Density measured the
internal cohesion of keywords within each cluster.
Digital transformation and technology adoption emerged
as the most central theme, positioned in the basic
themes quadrant and representing the largest share of
studies  (58.6%). Management strategies and
optimization function as a linking theme near the center,
whereas system analysis and modeling for complex
supply chains appears as a niche theme with strong
internal  development but lower cross-theme
connectivity. Policy, governance, and risk management
is located in the emerging or declining quadrant,
reflecting limited integration within the broader research
landscape.

Comparison of selected studies focusing on
inventory management strategies and system-based
models indicates that most studies adopted system-
oriented approaches, particularly system dynamics and
simulation-based models, to capture interactions among
supply chain components. Several studies also applied
traditional inventory techniques, such as safety stock
policies and ABC analysis, to support operational
decision-making. A detailed summary of the reviewed

studies is presented in Table 3.

RQ2: Strategies to minimize shortages

Optimizing drug supply chains to address
shortages is a complex challenge that has been the
focus of numerous research studies. Table 4 shows
challenges and mitigation strategies on optimizing drug
supply chains. One study reported the significance of
addressing drug shortages through improved supply
chain management and the development of
mathematical models to inform policy decisions (39). Six

studies focused on system dynamics simulation models
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developed to analyze supply chain performance at
various healthcare facilities (29-34). One study showed
that the third party centralized integrated system
(TPCIS) addressing issues of counterfeit, diverted
drugs, and drug shortages in PSC and improved data
sharing can enhance the efficiency of drug recall
processes and mitigate drug shortages (40). A novel
technique called blockchain-assisted Archimedes
optimization with machine learning-driven drug supply
management (BAOML-DSM) enhances drug supply
chain management. It utilizes Hyperledger Fabric to
manage the drug supply chain, improving tracking
procedures within a smart pharmaceutical environment
(24). Three studies combining the ABC and VED
analysis were highlighted as essential for better
management and prioritization of drug supplies (35, 36,
41). The ABC-VEN analysis is considered a practical
method for optimizing the PSC. The national essential
medicines list is recommended based on ongoing ABC-
VEN analysis (37). One study focusing on vendor-
managed-inventory (VMI) and consignment stock (CS)
policies for enhancing inventory management between
supply chain components (38). The last study for
reducing shortages and optimizing inventory decisions
focused on diffusion models (43).

Mathematical models

Four mathematical models to address
pharmaceutical drug shortages caused by supply chain
disruptions were identified. The static optimization
models, SCDD and SCDD-l, utilize stochastic
programming to demonstrate that profit-maximizing
firms often select vulnerable supply chains for generic
oncology drugs like vinblastine and vincristine,
However, policies mandating redundancy or specific
inventory levels can effectively incentivize resilience.
Building on this, the D-SCDD model applies stochastic
dual dynamic integer programming within a dynamic
framework, revealing that reducing the lead time to add
new components (e.g., from 1 year to 3 months)

significantly lowers shortage risk and prevents market



Table 3. Summary of reviewed studies
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no. author/ year country overview mitigation of PSC focus
1 Rahman, et al., | India Objective: To improve traceability throughout the drug supply chain blockchain-based drug counterfeiting
2025 (15) Summarize: The key problem of drug counterfeiting and how blockchain technology | framework
can help improve transparency, tracking, and security in the drug supply chain.
2 Hoai Luan, Japan. Objective: To suggest an innovative anti-counterfeit medication system utilizing blockchain-based anti-counterfeit
et al., 2019 (16) Ethereum blockchain networks to improve real-world utility. framework medicine
Summarize: A novel anti-counterfeit medicine system designed to resist drug cloning
and enhance practical applicability
3 Ahmadi, et al., China Objective: To provide a transformation of the current PSC by incorporating tracking | loT and blockchain counterfeit drugs
2020 (17) technologies technology
Summarize: loT-based blockchain system aims to track drug transportation, prevent
theft, and verify the provenance of medicines
4 Saindane, India Objective: To leverage blockchain technology to enhance the transparency, security, | 0T and blockchain reduced
et al., 2020 (18) and traceability of the PSC, related to counterfeit drugs technology Counterfeits
Summarize: The blockchain's potential to reduce counterfeiting, improve compliance
with regulations, and lower operational costs through smart contracts.
5 Musamih, United Arab | Objective: To develop and Assess a blockchain-based solution for drug traceability | blockchain-based counterfeit drugs
et al., 2021 (19) | Emirates within PSCs. to prevent counterfeit drugs framework

Summarize: A blockchain-powered system for tracking pharmaceuticals within

healthcare supply chains, counterfeit medications, and improving transparency.
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Table 3. Summary of reviewed studies (continued)

no. author/ year country overview mitigation of PSC focus
6 Akram, et al., 2024 India Objective: To highlight the importance and necessity of blockchain technology for blockchain-based counterfeit drugs,
(20) PSC management systems. framework
Summarize: Reviews the importance of blockchain technology in strengthening the
PSC, highlighting its potential to enhance traceability, security, and transparency.
7 Humayun, et al., Saudi Objective: To optimize the drug distribution process (DDP), a framework for drug blockchain-based drug distribution
2022 (21) Arabia distribution is proposed. framework
Summarize: Enhancing security and coordination in the drug distribution market (DDM)
to combat issues like counterfeit drugs and coordination failures. Implementations are
planned to assess the effectiveness of the proposed blockchain system.
8 Abdallah, United Objective: To propose a blockchain-based framework for the online sale of | blockchain-based enhance
Nizamuddin, 2023 Arab pharmaceutical products, aiming to enhance transparency in the supply chain framework transparency and
(22) Emirates | Summarize: Blockchain-based framework for the PSC, addressing issues of trust within the
transparency and trust among manufacturers, suppliers, and consumers pharma supply chain.
9 Gaynor, et al., 2024 USA Objective: To identify and evaluate the most suitable blockchain applications in the | blockchain-based drug misuse and
(23) pharmaceutical industry using an extended 4D framework framework abuse prevention,
Summarize: The analysis ranked nine blockchain applications and preventing prevention of
prescription drug misuse and counterfeit sales counterfeits
10 | Shanthi, Venkatesh India Objective: To develop a blockchain-assisted Archimedes optimization combined with | blockchain-based optimizing supply
2023 (24) machine learning-driven drug supply management (BAOML-DSM) method for the | framework with chain, tracking and
pharmaceutical industry. machine learning traceability
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no. author/ year country overview mitigation of PSC focus
Summarize: Blockchain Assisted Archimedes Optimization with Machine Learning
Driven Drug Supply Management (BAOML-DSM), enhancing drug supply chain
management in the pharmaceutical sector.
11 | Crossland, et al., USA Objective: To design a trustless and scalable system for PSC that ensures end-to-end | blockchain-based counterfeit drugs
2023 (25) visibility to prevent counterfeit drugs framework
Summarize: A blockchain-based pharmaceutical track-and-trace system designed to
prevent counterfeit products from entering the PSC.
12 | Kumar, et al., 2023 India Objective: To develop a smart health supply chain management system by integrating | the novel approach | security,
(26) Blockchain technology with 10T to enhance security, efficiency, and transparency in the | for integrated iot transparency, and
supply chain with blockchain in counterfeit drugs
Summarize: The Novel Approach for Integrated loT with Blockchain in Health Supply | health supply chain
Chain (NAIBHSC) effectively addresses significant challenges in the healthcare supply | (NAIBHSC)
chain, such as security, transparency, and counterfeit drugs.
13 | Shah, et al., 2022 USA and | Objective: To introduce blockchain technology as a solution for enhancing transparency | blockchain-based drug counterfeiting
(27) India and traceability in PSCs framework by RFID | drug traceability
Summarize: The study implements blockchain technology in PSC management to | and QR codes
enhance transparency, traceability, and security using RFID and QR codes for real-time
drug tracking and counterfeit reporting.
14 | Bapatla, et al., 2024 | India Objective: To propose a novel solution using a Blockchain Enabled QR Code blockchain-based drug counterfeiting

(28)

mechanism for efficient tracking and tracing of pharmaceuticals

framework

and improve supply
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Table 3. Summary of reviewed studies (continued)

no. author/ year country overview mitigation of PSC focus
Summarize: Blockchain technology in PSC management to enhance transparency, chain efficiency
traceability, and security
15 | Kumar, Kumar, 2014 | India Objective: To using system dynamics techniques to assist policymakers in improving system dynamic stock shortages
(29) the sustainability and efficiency of the supply chain modeling
Summarize: Causal loop diagrams (CLD) and stock-flow diagrams (SFD) using system
dynamics techniques for improved inventory management
16 | Wu. et al., 2015 (30) | China Objective: To demonstrate the effectiveness of Inventory Pooling theory in improving system dynamic supply shortages
drug supply chain performance, particularly in reducing shortages modeling
Summarize: Inventory Pooling is an effective method to enhance drug supply and
procurement performance, significantly reducing supply shortages
17 | Kumar, Kumar, 2015 | India Objective: To develop a system dynamics model to simulate the supply chain. | system dynamic mitigate stockouts
(31) Summarize: Causal loop and stock-flow diagrams by the system dynamic modeling to | modeling
illustrate cause-effect, incorporating safety stock to mitigate stockouts
18 | Bam, et al., 2017 South Objective: To develop a systems dynamics simulation model to evaluate the supply to system dynamic reduce shortages
(32) Africa minimize shortages and costs modeling and costs
Summarize: A system dynamics model optimizes safety stock policies to improve supplier
lead times, inventory management, and reduce shortages and costs.
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no. author/ year country overview mitigation of PSC focus
19 | Kochan, et al., 2018 | USA Objective: To examine cloud computing as an enabler of electronic supply chain | system dynamics reduce inventory
(33) management systems (e-SCMs) to enhance collaborative hospital supply chains and causal loop costs and
Summarize: The impact of cloud-based information sharing on hospital supply chain | diagrams shortages
using a SD framework, finding that reducing inventory costs and shortages.
20 | Jenzer, et al., 2021 Switzerla | Objective: To address the challenge of medicine shortages and to explore innovative system dynamics medicine shortages
(34) nd, approaches to manage supply chains, particularly through system dynamics simulation simulation
Summarize: Innovative approach combining expert interviewing and system dynamics
simulation is proposed for managing supply chains effectively.(34, 39)
21 | Kant, et al., 2015 India Objective: To explore the optimal drug inventory management technique suitable for a | ABC, VED and drug availability
(35) secondary care hospital ABC-VED matrix and management
Summarize: The ABC-VED matrix proved to be an effective system for ensuring drug efficiency
availability and optimizing resource use in secondary healthcare settings.
22 | Guru, et al., 2024 India Objective: To integrate ABC and VED analysis to categorize drugs based on consumption | ABC and VED stockouts and
(36) patterns. analysis availability of
Summarize: The ABC-VED matrix proposed a comprehensive framework for effective essential
resource allocation and inventory management it is crucial for preventing stockouts and medications
ensuring the availability of essential medications.
23 | Mfizi, et al., 2023 Rwanda | Objective: To analyze the inventory management of essential generic medicines ABC-VEN analysis | optimizing supply

37)

distributed using ABC-VEN analysis

Summarize: Analyzes pharmaceutical inventory management using ABC-VEN analysis

chain
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Table 3. Summary of reviewed studies (continued)

no. author/ year country overview mitigation of PSC focus
practical method for optimizing the PSC.

24 | Loffi, et al., 2024 (38) | Iran Objective: To propose a new viable supply chain (VSC) that integrates vendor-managed | vendor-managed- reduces costs
inventory (VMI) with a consignment stock (SC) policy to enhance inventory management | inventory (VMI)
between supply chain components and consignment
Summarize: Integrating VMI and CS policies within a viable supply chain (VSC) stock (CS) policies,
significantly reduces costs, achieving a 14.8% reduction compared to scenarios without
these strategies

25 | Tucker, 2020 (39) USA Objective: To study resiliency decisions for the highly regulated supply chains of mathematical drug shortages
generic injectable drugs models
Summarize: New supply chain design models that account for disruptions and recovery,
aiming to enhance the resilience of drug supply chains.

26 | Choi, et al., 2015 USA Objective: To improve traceability and visibility among trading partners the third party counterfeit, and

(40) Summarize: A third party centralized integrated System to overcome existing barriers and | centralized drug shortages
improve drug supply chain security integrated system
(TPCIS)

27 | Jaju et al., 2023 (41) | India Objective: To identify drugs that require stringent management control through the | ABC and VED optimizing supply
application of inventory analysis techniques analysis chain
Summarize: ABC and VED analysis improved supply chain management and proposed
solutions such as adopting bar code technology and integrating electronic health records
with inventory systems
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no. author/ year country

overview

mitigation of PSC focus

28 | King, Zhang, 2007 USA

counterfeiting detection

Objective: To reduce counterfeiting while preserving privacy

(42) Summarize: RFID technology is applied to enhance supply chain integrity through anti-

RFID technology tracking and
authenticating drugs,

counterfeiting

29 | Eapen, 2024 (43) USA

Objective: To develop and evaluate diffusion-based predictive models to prevent | diffusion models
shortages caused by supply—demand imbalances.

Summarize: The study applies diffusion models, particularly the Bass model, to
historical sales data to improve drug supply forecasting, to reduce shortages, optimize

inventory decisions, and enhance PSC resilience.

reduce shortages,
optimize inventory

decisions

exits for vincristine. Finally, the SCR model provides closed-form analytical equations
to evaluate existing supply chain configurations, showing that adding a backup
supplier is far more effective at reducing expected shortages (from 10% to 4%) than
adding a backup manufacturing line (39).

System dynamic modeling

System Dynamics (SD) modeling effectively mitigates drug shortages by
simulating complex supply chain feedback loops to identify bottlenecks and test
optimization policies before implementation. For instance, Kumar and Kumar used
SD to analyze the rural distribution of folic acid in India, demonstrating that
establishing calculated safety stocks at every supply chain stage could reduce stock-
outs caused by uncertain lead times. Similarly, Bam et al. applied SD to the amikacin
supply chain in South Africa, simulating 141 scenarios to reveal that preferentially

selecting suppliers with shorter lead times and adopting constant safety stock policies

were significantly more effective than mere overstocking in minimizing shortages and
operational costs (29-34).

Third party centralized integrated system

The third party centralized integrated system (TPCIS) mitigates drug
shortages by establishing a centralized database for real-time inventory visibility and
implementing a "drug shortage early alert system". This system allows manufacturers
to detect pending stock-outs at the wholesaler level and immediately shorten
production lead times to proactively replenish supply, rather than waiting for delayed
orders. For example, simulations comparing this integrated approach to a traditional,
disjointed supply chain ("AS-IS") demonstrated that the TPCIS reduced the average
number of drug shortage cases in pharmacies by 85% (from 24,918 to 3,647) by

enabling faster responsiveness to demand fluctuations (40).
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Table 4. Challenges and mitigation strategies for availability and minimizing shortages

challenges and mitigation strategies

number of studies (reference)

mathematical models

system dynamic modeling

third party centralized integrated system (TPCIS)
blockchain-based framework with machine learning
ABC and VED analysis

ABC-VEN analysis

vendor-managed-inventory (VMI) and consignment

diffusion models

1(39)
6 (29-34)
1 (40)
1(24)
3 (35, 36, 41)

1 (37)

stock (CS) policies 1 (38)

1 (43)

Blockchain-based framework
The blockchain assisted Archimedes
optimization with machine learning driven drug supply
management (BAOML-DSM) model mitigates drug
shortages by integrating the Hyperledger Fabric
blockchain for secure, real-time supply chain tracking
and using a gradient boosting decision tree (GBDT)
algorithm to optimize drug recommendations and
inventory management. This system enhances visibility
into drug flows, enabling stakeholders to quickly identify
supply interruptions and recover from them more
efficiently than with traditional methods. For example,
by using the Archimedes optimization algorithm (AOA)
to fine-tune parameters, the model achieved a superior
prediction accuracy of 96.68% on benchmark datasets,
significantly outperforming the other methods like
support vector machine (95.42%) and random forest
(95.16%), thereby ensuring more precise demand
matching and reducing the administrative inefficiencies
that lead to stock-outs (24).

ABC and VED analysis

The ABC (Always Better Control) and VED
(Vital, Essential, Desirable) analyses were used to
categorize drugs based on their expenditure and clinical
importance (35). ABC analysis classifies inventory items

based on their budget expenditure. It helps identify
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which items consume the most resources and require
the most attention. Drug items are arranged by total
expenditures in descending order and cumulative costs
are calculated. Group A is high-value items that account
for a significant portion of the total cost. Group B is
moderate-value items. Group C or low-value items
account for a small portion of the total cost.

The ABC-VED matrix analysis was conducted
to further classify drugs into three categories to enhance
inventory control. The use of systematic inventory
control methods, such as ABC and VED analysis, was
highlighted as essential for better management and
prioritization of drug supplies (41). It emphasized the
importance of integrating inventory control techniques,
specifically ABC and VED analysis, to ensure the
availability of essential medications while optimizing
resource utilization (36). The ABC-VED matrix proposed
a comprehensive framework for effective resource
allocation and inventory management prioritization,
balancing financial and clinical factors (35, 36, 41).

ABC-VEN analysis

VEN analysis was conducted using expert
judgment by categorizing products according to their
impact on public health. It categorizes items into Vital (V)
or items essential for survival and critical for health,

Essential (E) or items necessary for basic health



services, and non-essential (N) or Iltems that are not
critical for the health service. The combination of ABC
and VEN analyses, known as ABC-VEN, provides a
comprehensive approach to inventory management by
considering both the cost and the criticality of the items.
This method is particularly useful for identifying products
that require strict control and ensuring that vital and
expensive products are carefully monitored to prevent
shortages (37).

VMI and Consignment Stock policies

A new viable supply chain (VSC) model
integrates vendor-managed-inventory (VMI) with a
consignment stock (CS) policy to enhance inventory
management in the healthcare industry. This integration
is facilitated through a hybrid robust stochastic
optimization (RSO) technique, which incorporates
robustness and risk criteria into the objective function to
ensure optimal solutions. Reduction in costs was
greater when VMI and CS were included in the problem-
solving approach, compared to scenarios without these
strategies. This highlights the effectiveness of these
methods in reducing supply chain cost (38).

Diffusion models

Diffusion models enhance drug supply
forecasting by capturing how medicine demand evolves
over time in response to external drivers and adoption
behavior. By anticipating demand growth and turning
points, these models support proactive production
planning, inventory optimization, and early mitigation of
drug shortages, thereby enhancing supply chain
resilience (43).

A three-dimensional gap analysis shows that
the current literature on this issue has some structural
problems. First, the methodological gap shows that
modeling approaches are not well integrated. For
example, optimization models often focus on
operational efficiency under rigid baselines, while SD
models focus on policy dynamics with significant
feedback. However, there isn't much integration

between these two approaches, and hybrid approaches
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are still not fully developed. Second, the policy-
relevance gap shows that significant amounts of
research remain theoretical or based on simulations and
don't directly connect model structures to real-world
regulatory tools, such as rules for allocating quotas,
timelines for licensing, or mechanisms for enforcement.
This makes it more difficult for decision-makers to use
the research. Third, the context gap shows that most
studies have been conducted in developed
pharmaceutical markets, and there aren't many real-
world examples of how NPS systems work in highly
regulated developing countries. This lack of balance in
the context makes it challenging to apply the findings to
other situations and underscores the importance of

modeling based on each country's rules.

RQ3: suitable approaches for NPS supply chain

Results from the included studies show that
drug shortage issues are inherently complex and cannot
be fully explained by single-factor or static approaches.
The literature consistently shows that shortages emerge
from the interaction of multiple process-level and policy-
level factors, including regulatory constraints, inventory
control policies, demand variability, supply disruptions,
and information delays. These interactions often
generate non-linear system behavior and delayed
effects, which are difficult to capture using conventional
analytical models.

Across the reviewed studies, traditional
inventory management strategies, such as reorder point
policies, Economic Order Quantity (EOQ), and safety
stock calculations, were the most frequently used
approaches to address operational inefficiencies. These
methods were primarily used to optimize inventory
levels and reduce stockouts under relatively stable
conditions. However, the findings also indicate that
these strategies are limited in highly regulated NPS
supply chains, where long approval processes,
regulatory lead times, and multi-agency governance

significantly influence system behavior and constrain
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rapid adjustment of inventory policies. The review
further identified the application of technology-driven
approaches, including blockchain-based traceability,
artificial intelligence, demand forecasting, and cloud-
based information-sharing systems. These approaches
were primarily used to enhance data availability,
transparency, and coordination across various supply
chain stages. Studies reported that improved
information sharing could reduce inventory costs,
enhance responsiveness, and support more accurate
demand forecasting.

On the other side, a smaller but conceptually
important group of studies has used SD modeling to
resolve problems in PSCs. The significance of SD lies
not solely in simulation outputs but also in its clear
representation of feedback loops, time delays, and
regulatory interactions through causal loop and stock-
flow frameworks. Agent-based modeling (ABM) is
appropriate for complex adaptive systems, especially for
representing diverse actor behaviors. However, SD is
more suitable for issues related to combined policy
feedback, quota systems, and system-wide regulatory
delays, as seen in NPS supply chains. SD models
represent system structure through causal loop
diagrams (CLDs) and stock—flow diagrams (SFDs),
enabling visualization of feedback loops, delays, and
interdependencies across supply chain stages (29-34).
Several studies have demonstrated the use of SD
models to simulate inventory levels and stockouts over
time. The findings suggest that SD modeling can
effectively support decision-making by enabling
policymakers to test alternative inventory and regulatory
scenarios prior to implementation. The reviewed SD
studies consistently highlighted the role of system-level
modeling in supporting policy and strategic decision-
making (29-34). By capturing the mutual relationships
among demand fluctuations, order rates, inventory
levels, and regulatory delays, SD models enable
policymakers to better understand how interventions at

one stage of the system can produce unintended effects
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at other stages. Moreover, SD-based approaches were
shown to be particularly useful for informing long-term
policy decisions aimed at enhancing the sustainability
and resilience of healthcare supply chains (29).

This scoping review provides a system-
oriented understanding of how drug shortages have
been addressed in PSCs and highlights important
implications for highly regulated contexts such as the
NPS supply chain. Although the thematic analysis
shows that digital transformation and blockchain-based
approaches constitute the largest share of the literature
(58.6%), proportion of publication reflects current
technological trends rather than methodological fithess
for structurally regulated systems. Most blockchain-
oriented studies emphasize transparency, traceability,
and anti-counterfeiting, which are critical to information
integrity but primarily address visibility issues. In
contrast, NPS supply chains are structurally shaped by
quota allocation, licensing procedures, multi-agency
approvals, and security controls that generate
endogenous time delays, feedback loops, and adaptive
regulatory responses. These dynamics influence
availability through mechanisms such as approval
backlogs, demand—quota mismatches, and policy
resistance—phenomena that cannot be fully captured
by visibility-enhancing technologies alone. Therefore,
while digital and blockchain tools address operational
transparency, SD is methodologically more suitable for
modeling the causal structure, feedback effects, and
long-term policy impacts that characterize highly
regulated NPS systems. This explains why
methodological appropriateness may diverge from

publication dominance.

SD model in supply chain challenges

Inventory control models such as SD model
could be applied to maintain the optimum quantity of
medicine at each stage of the supply chain. This could

help balance supply and demand effectively, thereby



reducing instances of stockouts and ensuring patients
have access to the medications (32).

SD is also used to develop conceptual CLDs
that represent both traditional and cloud-based
information-sharing models in hospital supply chains
(33). The findings indicate that cloud-based information
sharing can reduce inventory costs and prevent
healthcare supply shortages by providing more accurate
demand forecasts. Additionally, it significantly improves
visibility and responsiveness in healthcare supply
chains, leading to reduced costs and shortages (33).
Overall, the results indicate that while traditional
inventory management strategies and digital
technologies contribute to operational improvements,
they are insufficient for addressing drug shortages as a
complex system problem. SD modeling emerges as the
most suitable modeling approach for understanding,
simulating, and analyzing drug shortages in the NPS
supply chain, as it explicitly captures interrelated
process- and policy-level factors and supports policy-
oriented decision-making in  highly regulated

environments.

Discussion

This review shows that digital transformation
and blockchain-based approaches account for the
largest share of the literature (58.6%). However, their
popularity reflects current research trends rather than
their suitability for highly regulated NPS systems. All
digital techniques aim to make information more
accessible and easier to find. However, quota controls,
licensing delays, and regulatory feedback mechanisms
that cause time delays and policy resistance shape the
availability of NPS drugs. SD is important because it
allows for internal feedback and regulatory
relationships, which is the reason methodological
suitability may be different from publication dominance.
For example, while blockchain may provide real-time
tracking of drug flows, it does not explain how delays in

quota approval or restrictive regulatory responses to
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perceived risk may unintentionally amplify shortages, a
phenomenon commonly described as policy resistance.

In contrast, although SD modeling represents
a smaller proportion of the reviewed studies (24.1%), it
directly addresses the structural and dynamic
characteristics of complex systems. SD explicitly
captures feedback loops, time delays, non-linear
relationships, and policy resistance, enabling the
analysis of how well-intentioned regulatory or inventory
interventions may produce counterintuitive outcomes
over time. Although general supply chain tools such as
ABC analysis, EOQ, blockchain, and system-level
modeling are widely reported in the literature, their
application in NPS supply chains must be interpreted
within strict regulatory constraints, including quota
systems, licensing requirements, and mandatory
reporting. SD allows for the integration of both process-
level dynamics (e.g., ordering, stock replenishment, and
distribution) and policy-level constraints (e.g., regulatory
approvals and security controls). Importantly, the
reviewed studies emphasize that the value of SD
modeling lies not only in quantitative simulation outputs
but also in the modeling process itself. The development
of causal loop diagrams and stock—flow structures
facilitates a shared understanding among stakeholders,
including regulators, supply chain managers, and
policymakers. This participatory aspect is particularly
relevant for NPS supply chains, where multiple agencies
with distinct mandates must coordinate decisions under
strict regulatory oversight. Despite its strengths, the
application of SD modeling also presents several
limitations that warrant critical consideration. First, SD
models are highly dependent on the availability and
quality of data. In NPS supply chains, data may be
fragmented across regulatory agencies, incomplete, or
subject to confidentiality constraints, which can limit the
accuracy of models. Second, model calibration can be
challenging due to long and variable lead times,
regulatory uncertainty, and limited historical data on rare

but impactful shortage events. Third, SD models may
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encounter policy resistance, where stakeholders are
reluctant to accept model-based recommendations that
challenge established regulatory practices or
institutional norms. In highly controlled NPS systems,
proposed changes, such as adjusting quotas or
streamlining licensing processes, may face resistance
due to concerns over misuse, diversion, or legal
compliance. These challenges underscore the
importance of combining SD modeling with stakeholder
engagement and transparent communication to
enhance model credibility and policy acceptance.

The findings of this scoping review have
important implications for Thailand’s NPS supply chain,
which operates under a highly centralized and tightly
regulated system governed by the Thai Food and Drug
Administration and the Narcotics Code. In Thailand,
NPS procurement, importation, distribution, and
reporting are regulated through quota approvals,
licensing, and mandatory reporting requirements, which
aim to prevent diversion but also introduce significant
administrative delays and inflexibility. Within this
context, digital technologies such as blockchain could
support regulatory compliance by improving traceability,
auditability, and real-time reporting to the Thai FDA,
potentially reducing the administrative burden
associated with drug movement records and annual
quota reconciliation. However, these technologies alone
cannot address structural delays arising from approval
cycles, conservative quota-setting, or emergency supply
adjustments, which are central challenges in the Thai
NPS system.

SD modeling offers a more suitable framework
for the Thai context. This simulation models how Thai
regulatory policy decisions interact with hospital
demand, inventory, and supplier lead times. It
specifically addresses a centrally governed quota
system, similar to other highly regulated NPS regimes
that involve annual production quotas, licensing, and
mandatory reporting. Although the reviewed studies

mainly focus on international supply chains, they
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examine regulatory environments with centralized
oversight and controlled distribution—structures that
closely resemble Thailand’s framework. Therefore,
applying these modeling approaches to the Thai context
is justified, provided that local regulatory parameters
and institutional details are explicitly integrated.
Although the goal of this scoping review was to
map the range of current strategies for responding to
drug shortages, the search strategy primarily focused
on terms related to problem-solving and reducing
problems. Consequently, studies focusing specifically
on root-cause analysis or structural drivers—without

» o«

relating their research to “mitigation,” “resilience,” or
comparable intervention terminology—may have been
underrepresented. Even though this doesn't change the
overall patterns found, it might help explain why
technology-driven and solution-focused approaches
were so common in the dataset. Therefore, the findings
should be considered a guide to the current publication
frameworks rather than a comprehensive representation
of system-level analyses. Future reviews could enhance
coverage by systematically integrating causal and
driver-focused search terms. SD modeling has
advantages for understanding feedback structures and
policy resistance, but hybrid modeling approaches might
be even better. For instance, combining SD with
stochastic or multi-echelon optimization models could
improve the accuracy of operational decisions and
policy-level scenario testing. Hybrid frameworks may be
particularly useful for NPS supply chains, where
regulatory controls and inventory optimization need to
be evaluated together. For researchers, the findings
highlight the need for further empirical applications of
SD modeling in NPS contexts, particularly studies that
integrate regulatory data and examine long-term policy
impacts. Strengthening this line of research could
contribute to more resilient, transparent, and responsive
NPS supply chains.

This review purposefully focused on strategies

for mitigation, prevention, and resilience to address drug



shortages, rather than analyzing structural causes or
consequences. The high number of excluded records is
due to the use of specific inclusion criteria that require
specific inventory management or system-modeling
components, not mistakes made during the search.
While specific keywords ensured the study was relevant
to the goal, future research might use additional
structural and policy-related terms to offer another
perspective. Furthermore, most information on NPS
supply chains is derived from general pharmaceutical
literature, which may not be directly relevant to this
situation. These limitations suggest the importance of
future qualitative modeling studies based solely on NPS
regulatory and operational data. The limitation to
English-language and pharmaceutical-related
publications may inadequately represent gray literature
and regulatory reports, especially from NPS authorities
in developing countries such as Thailand.

SD modeling is particularly suitable for
analyzing drug shortages in highly regulated supply
chains because it captures feedback loops, time delays,
and non-linear interactions among supply, demand,
inventory, and regulatory controls. Lacking a system-
level perspective, policymakers risk overestimating the
efficacy of quota restrictions while underestimating
administrative delays. They may also fail to anticipate
compensatory behaviors, such as stockpiling, which can
exacerbate shortages under strict regulations.
Therefore, future research should focus on developing
SD models that integrate operational processes,
inventory policies, and regulatory mechanisms. Such
models would facilitate scenario testing, thereby

mitigating the risk of unintended policy consequences

Conclusions

This scoping review synthesizes existing
evidence on inventory management strategies,
analytical models, and technological approaches
developed to mitigate drug shortages in PSCs, with

relevance to highly regulated contexts such as the NPS

T;.‘;‘;",z':f;:fp’:f;z;"z%;”;""“"“
supply chain. The findings suggest that drug shortages
are the result of a complex interplay of several factors,
including regulatory constraints, operational procedures,
information flow, and demand—supply uncertainties,
rather than isolated issues. Although traditional
inventory management methods, such as safety stock
policies and ABC analysis, are still helpful for
operational decisions, they often fall short when used
alone in complex situations. Digital technologies,
including blockchain, artificial intelligence, and cloud-
based information sharing, improve visibility and
coordination but primarily function as enabling tools
rather than comprehensive solutions. Overall, the
review suggests that SD modeling is particularly well-
suited for addressing drug shortages in complex
pharmaceutical systems, as it facilitates the
understanding, simulation, and analysis of interrelated
process- and policy-level factors, providing a valuable
foundation for evidence-based policy and inventory

decision-making.
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