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Abstract

Drug shortages have become one of the most
persistent and consequential challenges facing
global healthcare systems. The centralised model of
pharmaceutical manufacturing and distribution, long
regarded as the industry standard, has proven
increasingly fragile in the face of geopolitical
disruptions, pandemic-related demand surges, and
single-source  dependency risks. This paper
examines how decentralised clinical supply
operations can serve as a practical mitigation
strategy against recurring drug shortages. Through a
combination of secondary data analysis and
structured expert input, the study identifies the
structural weaknesses of centralised supply models
and evaluates the operational, regulatory, and
economic dimensions of decentralisation as a
response. Key findings suggest that regionally
distributed manufacturing nodes, supported by
adaptive inventory protocols and digital supply
visibility tools, can significantly reduce shortage
frequency and severity. The framework developed
here offers actionable guidance for pharmaceutical
manufacturers, hospital procurement teams, and
health policy makers. Particular attention is given to
oncology, critical care, and rare disease categories
where shortage consequences are most acute. The
paper concludes that while decentralisation
introduces its own coordination challenges, its
resilience benefits outweigh transitional costs when
supported by appropriate regulatory frameworks and
inter-institutional collaboration.
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I. Introduction

The global pharmaceutical supply chain has
long operated on principles of consolidation and
economies of scale. Manufacturing is concentrated
in a small number of facilities, often located in a
handful of countries, and products are distributed
through centralised logistics networks to hospitals
and pharmacies worldwide. For much of the
twentieth century, this model worked reasonably

well. But over the past two decades, evidence has
accumulated that the centralised model carries
systemic vulnerabilities that pose serious risks to
patient care (Pauwels et al., 2021).

Drug shortages are now a near-permanent
feature of healthcare systems across the world. In
the United States alone, the Food and Drug
Administration (FDA) tracked over 300 active drug
shortages at various points in recent years (FDA,
2022). European health authorities have reported
similar patterns, with sterile injectables, oncology
agents, and anaesthetic drugs consistently appearing
on shortage lists (EMA, 2022). In lower-income
countries, shortage conditions are often more severe
and longer-lasting, with consequences that include
treatment  delays, therapeutic  substitutions,
medication errors, and in some cases patient deaths
(Schwartzberg et al., 2020).

The structural causes of drug shortages are
well documented. Heavy reliance on active
pharmaceutical  ingredient (API) production
concentrated in China and India means that
regulatory actions, natural disasters, or logistical
disruptions in these regions can cascade into
shortages across global markets (Woodcock and
Wosinska, 2013). Single-source manufacturing
arrangements, in which only one or two facilities
globally produce a given product, leave no
redundancy when quality failures or capacity
constraints arise. Thin profit margins on generic
medicines discourage manufacturers from investing
in backup capacity or diversified sourcing (Ventola,
2011).

Decentralised clinical supply operations
represent a meaningful structural response to these
vulnerabilities. Rather than concentrating production
and distribution in a small number of nodes,
decentralisation distributes manufacturing,
compounding, and inventory management across a
wider geographic footprint (Shah, 2004). This
approach draws on concepts from resilience
engineering and supply chain theory, applying them
to the specific demands of pharmaceutical
distribution. However, decentralisation is not
without its own challenges, including regulatory
harmonisation across jurisdictions, quality assurance
consistency across sites, and the coordination
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overhead of managing distributed operations (Lim et
al., 2021).

This paper seeks to examine how
decentralised clinical supply operations can be
structured to effectively mitigate drug shortages,
what enabling conditions are necessary for their
success, and what barriers must be addressed for
wider adoption. The research contributes a practical
framework to guide implementation across diverse
healthcare and manufacturing contexts.

II.  Literature Review

The theoretical foundations of supply chain
resilience provide an important starting point for
understanding decentralisation as a mitigation
strategy. Christopher and Peck (2004) introduced
the concept of the resilient supply chain, arguing
that organisations must build in flexibility,
redundancy, and collaborative capacity to absorb
and recover from disruptions. Their framework,
developed originally in the context of commercial
supply chains, has been widely applied to healthcare
logistics, where disruption consequences are
measured not just in financial terms but in patient
outcomes (Kilpatrick and Barter, 2020).

Drug shortage literature has evolved
considerably over the past fifteen years. Early work
by Ventola (2011) provided a foundational
taxonomy of shortage causes, distinguishing
between demand-side shocks such as sudden uptake
of a product and supply-side failures such as
manufacturing shutdowns or API unavailability.
This distinction remains analytically useful, though
more recent scholarship has emphasised that most
real-world shortages involve an interaction of both
demand and supply factors simultaneously
(Schwartzberg et al., 2020).

The role of geographic concentration in API
production as a shortage driver has received
significant scholarly attention. Woodcock and
Wosinska (2013) conducted an early empirical
analysis of the relationship between manufacturing
concentration and shortage frequency in the US
market, finding a clear association between single-
source dependency and shortage incidence. Their
recommendation for diversified sourcing and multi-
site manufacturing was largely unheeded by
industry in the years following publication, but the
COVID-19 pandemic gave new urgency to their
arguments. Pauwels et al. (2021) revisited this
question in a European context, demonstrating that
countries with greater domestic manufacturing
capacity experienced shorter and less severe
shortage episodes during the pandemic period.

Decentralised manufacturing models have
been explored in the pharmaceutical literature

through several lenses. Shah (2004) offered an early
systems-level analysis of pharmaceutical supply
chain design, identifying the trade-offs between
centralised efficiency and distributed resilience. His
modelling work suggested that under normal
operating conditions, centralised manufacturing
offers cost advantages of approximately 15 to 20
percent over distributed models, but that under
disruption conditions these advantages are reversed,
with distributed models achieving significantly
better service continuity. This insight forms an
important basis for the economic argument in favour
of decentralisation as a resilience investment.

Hospital-level and compounding pharmacy-
based decentralised supply approaches have also
been studied. Kastner et al. (2019) examined the
role of hospital pharmacy compounding in bridging
supply gaps during national shortages of sterile
injectables in Germany. Their findings indicated that
hospitals with in-house compounding capabilities
experienced fewer patient care disruptions during
shortage events and were able to maintain treatment
continuity for a higher proportion of affected
patients. However, they also noted that
compounding introduces its own quality assurance
challenges and that not all hospitals have the staff or
equipment to operate compounding programmes
safely.

Digital supply chain tools have been
increasingly proposed as enablers of decentralised
operations. Lim et al. (2021) evaluated the role of
supply chain visibility platforms in pharmaceutical
shortage management, arguing that real-time
inventory data shared across hospital networks
allows for dynamic reallocation of available stock
during shortage events. Their case study of a
hospital network in Southeast Asia demonstrated
that a shared digital inventory system reduced the
average duration of shortage impact at individual
sites by approximately 40 percent, as surplus stock
at one site could be identified and redistributed to
shortage-affected sites within hours rather than days.

Regulatory frameworks present both barriers
and enablers for decentralised supply operations.
The complexity of obtaining manufacturing
authorisations across multiple jurisdictions adds
significant cost and time to decentralised models
(EMA, 2022). However, regulatory agencies have
shown increasing openness to facilitating distributed
manufacturing in shortage contexts. The FDA's drug
shortage programme and the European Medicines
Agency's shortage monitoring framework both
provide mechanisms for expedited review of new
manufacturing sites during declared shortage
situations (FDA, 2022). Lemmens et al. (2016)
analysed  the  regulatory = dimensions of
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pharmaceutical supply chain resilience in Europe,
arguing that proactive regulatory harmonisation

rather than reactive emergency authorisation
represents a more sustainable path to shortage
mitigation.

The economics of decentralisation remain a
contested area. While resilience arguments favour
distribution,  cost  pressures  in  generic
pharmaceutical markets push strongly toward
consolidation. Pauwels et al. (2021) modelled the
total cost of shortage events, including waste from
therapeutic substitutions, extended hospital stays,
and adverse outcomes, and found that when these
downstream costs are included in the calculation,
decentralised supply models often achieve cost
parity with or superiority over centralised models
despite higher operational costs. This total-cost
perspective is increasingly adopted by health
technology assessment bodies but has yet to fully
penetrate pharmaceutical procurement decision-
making.

III. Methodology

This study used a qualitative-dominant
mixed-methods approach. Secondary data analysis
drew on published literature, regulatory shortage
databases from the FDA and EMA, and publicly
available manufacturer communications. Expert
consultation involved eleven participants from
pharmaceutical supply chain management, hospital
pharmacy, regulatory affairs, and health policy,
recruited through professional networks using
purposive sampling.

Thematic analysis was applied to expert
consultation transcripts, with coding conducted
across three analytic passes to identify emergent
themes. Secondary quantitative data on shortage
frequencies, durations, and product categories were
synthesised descriptively. The decentralised supply
framework was developed through a structured
synthesis of these data streams and validated
through two rounds of expert review.

PROBLEM IDENTIFICATION AND
RESEARCH QUESTION FORMULATION
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Figure 1: Research Methodology Flowchart

Table 1: Research Design Summary

Component Description

Study Design

Qualitative-dominant mixed methods

Secondary Data Sources

FDA shortage database, EMA shortage reports, peer-reviewed literature

Expert Participants

11 (supply chain, pharmacy, regulatory, policy)

Analysis Method

Thematic coding + descriptive statistics

Framework Validation

Two-round expert review

Geographic Scope

USA, EU, India, Southeast Asia

2015-2023

Study Period Covered

IV.  Experimental Setup

To test the operational logic of the
proposed framework, a scenario-based simulation
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was constructed representing three pharmaceutical
supply configurations: a fully centralised model
with single-site manufacturing and hub-and-spoke
distribution, a partially decentralised model with
two regional manufacturing nodes and distributed
warehousing, and a fully decentralised model with
four regional nodes integrated through a shared
digital inventory platform.

Each configuration was subjected to three
simulated disruption scenarios: a regulatory

shutdown of the primary manufacturing site, a major
logistics disruption affecting international freight,
and a sudden demand surge driven by a disease
outbreak. Performance was measured across four
indicators: time to shortage onset, shortage severity
measured as percentage of demand unmet, time to
supply restoration, and proportion of patient
treatments uninterrupted.
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Figure 2: Simulation Configuration Schematic

Table 2: Simulation Scenario and Configuration Parameters

Disruption Scenario Centralised Model | Partial Decentralisation | Full Decentralisation
Regulatory site shutdown High severity Moderate severity Low severity
Logistics disruption High severity Moderate severity Low-moderate severity

Demand surge

Moderate severity

Moderate severity Low severity

Mean time to shortage onset (days) | 4.2 11.7 19.3
Mean restoration time (days) 38.4 21.1 9.8
V. Results Expert consultation reinforced these

Simulation  results clearly favoured
decentralised configurations across all three
disruption scenarios and all four performance
indicators. The fully decentralised model delayed
shortage onset by an average of 19.3 days compared
to 4.2 days in the centralised model, giving
healthcare systems substantially more time to
activate contingency responses. Time to supply
restoration was reduced from an average of 38.4
days under full centralisation to 9.8 days under full
decentralisation, a reduction of approximately 74
percent.

quantitative findings with contextual insights.
Participants consistently emphasised that the
benefits of decentralisation are most pronounced
when combined with digital inventory visibility,
suggesting that technology investment is a necessary
complement to structural distribution changes.
Several participants noted that regulatory barriers,
particularly the cost and time of obtaining multi-site
manufacturing authorisations, represent the single
greatest practical obstacle to wider adoption of
decentralised supply models.
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Figure 4: Expert-Identified Barriers to Decentralisation Adoption

Table 3: Expert-Identified Barriers and Proposed Mitigations

Barrier Citation Proposed Mitigation

Frequency (%)
Regulatory  authorisation | 90.9 Mutual recognition agreements and fast-track shortage authorisation pathways
complexity
Capital investment | 81.8 Public-private co-investment models and resilience-linked procurement incentives
requirements
Quality assurance | 72.7 Centralised quality standards with distributed implementation support
consistency
Workforce capability gaps 63.6 Regional training hubs and shared competency frameworks
Coordination overhead 54.5 Shared digital inventory platforms with automated reallocation protocols
Resistance from centralised | 45.5 Policy-level mandates for supply diversification tied to market authorisation
operators
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Table 4: Framework Performance QOutcomes Across Key Indicators

Performance Indicator Centralised Model | Fully Decentralised Model | Improvement
Mean shortage onset time (days) 4.2 19.3 +359%

Mean restoration time (days) 38.4 9.8 -74.5%
Patient treatments uninterrupted (%) | 61.0 94.0 +54.1%
Demand unmet at peak shortage (%) | 34.0 8.0 -76.5%
Cross-site stock reallocation events 0 17 N/A

VI.  Discussion

The findings of this study make a strong
empirical and operational case for decentralised
clinical supply operations as a drug shortage
mitigation strategy. The simulation results align
with the theoretical predictions of Shah (2004) and
the empirical findings of Pauwels et al. (2021),
confirming that distributed supply configurations
outperform centralised ones under disruption
conditions across multiple performance dimensions.

The extent of improvement in patient
treatment continuity is perhaps the most clinically
significant finding. Moving from a centralised to a
fully decentralised configuration increased the
proportion of patient treatments uninterrupted
during a shortage event from 61 percent to 94
percent. For therapeutic categories such as oncology
agents or critical care medications, where treatment
delays carry serious clinical consequences, this
improvement represents a substantial reduction in
preventable patient harm.

The expert consultation findings highlight
that structural decentralisation alone is insufficient.
Regulatory authorisation complexity was identified
as the most frequently cited barrier, reflecting a
genuine obstacle that has constrained multi-site
pharmaceutical manufacturing across jurisdictions
for decades. The recommendations of Lemmens et
al. (2016) for proactive regulatory harmonisation
rather than reactive emergency authorisation remain
as relevant today as when first proposed. Progress
has been made through mechanisms such as the
FDA's drug shortage programme and the EMA's
executive steering group on shortages, but these are
reactive instruments rather than systemic structural
reforms (FDA, 2022; EMA, 2022).

The role of digital inventory platforms as
an enabler of decentralised operations deserves
emphasis. The simulation showed that cross-site
stock reallocation, which occurred seventeen times
in the fully decentralised model during simulated
shortage events, was only possible because a shared
visibility platform allowed surplus stock at one site
to be identified and redirected to shortage-affected
sites in near real time. Without this digital
infrastructure,  decentralisation risks creating
fragmented silos of inventory that cannot be
dynamically mobilised during shortages. This
finding is consistent with Lim et al. (2021), who

demonstrated similar benefits of shared visibility in
a real-world hospital network context.

Capital investment requirements represent
a legitimate concern, particularly for smaller
manufacturers and lower-income country healthcare
systems. The public-private co-investment approach
proposed in the framework draws on precedents
from vaccine manufacturing, where governments
have provided capital support for domestic
manufacturing capacity in exchange for supply
security commitments. Extending this model to
essential medicines and critical care biologics would
require political will and policy coordination, but
the economic case is strengthened considerably
when downstream shortage costs are included in the
analysis, as Pauwels et al. (2021) demonstrated.

A limitation of this study is the simulation-
based nature of the experimental component. Real-
world decentralised supply operations involve a
degree of complexity, including personnel factors,
supplier relationship dynamics, and regulatory
negotiation timelines, that scenario modelling
cannot fully capture. Field research examining
actual decentralised supply implementations in
pharmaceutical networks would provide important
complementary evidence. Additionally, the expert
sample of eleven participants, while sufficient for
thematic saturation, is small, and perspectives from
manufacturing and logistics professionals in lower-
income country contexts are underrepresented.

VII.  Conclusion

Global drug shortages represent a structural
challenge that requires structural solutions. This
paper has argued that decentralised clinical supply
operations offer a practical and evidence-supported
response to the wvulnerabilities inherent in the
centralised pharmaceutical supply model. The
simulation findings demonstrate that distributed
manufacturing and inventory configurations can
dramatically reduce shortage onset speed, shorten
restoration timelines, and protect patient treatment
continuity during disruption events.

The framework developed here identifies
regulatory  harmonisation,  digital  inventory
integration, workforce development, and public-
private capital co-investment as the four enabling
conditions necessary for successful decentralisation
at scale. None of these conditions can be created by
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any single actor alone, making cross-sector Israel: Regulatory and healthcare system

collaboration a prerequisite for progress.

For pharmaceutical manufacturers, the
implication is a need to reframe decentralisation
from a cost burden to a resilience investment. For
hospital procurement teams, it means building
shared inventory visibility into supplier contracting
requirements.  For  regulators and  health
policymakers, it means prioritising the structural
reforms that make multi-site authorisation faster,
cheaper, and more predictable. Together, these shifts
can move global pharmaceutical supply systems
meaningfully closer to the resilience that patients,
clinicians, and health systems urgently need.
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