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Abstract

Cancer immunotherapy has emerged as one of the
most promising treatment modalities in oncology,
yet its clinical efficacy remains critically dependent
on the maintenance of unbroken cold-chain logistics
throughout distribution. Biologic agents such as
monoclonal antibodies, CAR-T cell therapies, and
checkpoint inhibitors are inherently temperature-
sensitive, and even brief excursions beyond
stipulated ranges can compromise therapeutic
potency and patient safety. This paper presents a
resilience  framework designed to  address
vulnerabilities in cold-chain distribution networks
for cancer immunotherapies. The framework
integrates real-time temperature monitoring, risk
stratification protocols, and contingency planning
strategies into a unified operational model. Drawing
on secondary data analysis and structured expert
consultation, we identify critical failure points
across procurement, storage, transportation, and
last-mile delivery. Key findings indicate that sensor-
based IoT monitoring combined with predictive
analytics can reduce temperature excursion incidents
by a substantial margin. The proposed framework
emphasises adaptive responses to disruptions caused
by infrastructure failures, human error, and
environmental factors. Practical recommendations
are offered for hospital pharmacies, logistics
providers, and regulatory bodies. This research
contributes a structured, scalable approach to cold-
chain resilience that is applicable across diverse
healthcare settings, particularly in low-to-middle-
income countries where infrastructure gaps remain
significant.

Keywords:  Cold-chain  logistics,  cancer
immunotherapy, resilience framework, temperature
monitoring, biologic distribution, supply chain
integrity

I. Introduction
The delivery of cancer immunotherapy has
fundamentally changed how oncologists approach
treatment for a wide range of malignancies.
Products like pembrolizumab, nivolumab,
tisagenlecleucel, and axicabtageneciloleucel

represent a new generation of biologics that require
strict cold-chain management from the point of
manufacture to bedside administration. Unlike
conventional chemotherapy agents, which are often
chemically stable at ambient temperatures,
immunotherapeutic products are highly susceptible
to thermal degradation (Lepp et al., 2022). Even
modest temperature deviations can alter protein
folding, reduce binding affinity, or trigger
aggregation, rendering the product ineffective or
potentially harmful.

Global cancer burden continues to escalate.
According to recent epidemiological projections,
new cancer diagnoses are expected to surpass 35
million annually by 2050 (Sung et al., 2021). As
immunotherapy moves from second-line to first-line
treatment across multiple tumour types, the volumes
of temperature-sensitive biologics moving through
supply chains are growing substantially. This
growth places enormous pressure on distribution
networks that were originally designed for
conventional pharmaceuticals (WHO, 2020).

Despite  advances in  pharmaceutical
manufacturing and logistics technology, cold-chain
failures remain a persistent problem. Studies across
various healthcare systems have documented that
temperature excursions during transport and storage
are not uncommon, with some estimates suggesting
that up to 25% of vaccines and biologics are
damaged before they reach patients (Bishara, 2021).
For immunotherapy agents, the consequences of
such failures are particularly severe given the high
cost of these treatments and the vulnerable patient
populations receiving them.

The concept of supply chain resilience has
attracted  growing  attention in  operations
management and healthcare logistics literature.
Resilience refers to the capacity of a system to
anticipate disruptions, absorb shocks, and recover to
normal functioning without significant loss of
performance (Christopher and Peck, 2004).
Applying this concept to cold-chain distribution for
cancer immunotherapy requires a nuanced
understanding of the specific vulnerabilities and
failure modes inherent in biologic supply networks
(Emelike et al., 2022).
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Several gaps exist in current literature.
While general cold-chain management frameworks
have been proposed for vaccines and insulin,
relatively little work has specifically addressed the
unique demands of oncology biologics, which often
require more stringent temperature ranges, shorter
shelf lives, and more complex last-mile delivery
requirements  (Manavalan and  Shi, 2019).
Furthermore, resilience frameworks that explicitly
account for the intersection of infrastructure
limitations, regulatory variability, and real-time
monitoring capabilities are largely absent from the
published literature.

This paper addresses these gaps by
proposing a comprehensive resilience framework
tailored to the cold-chain distribution of cancer
immunotherapies. The research integrates structured
expert consultation with secondary data analysis to
identify critical failure points and to develop
actionable protocols for maintaining cold-chain
integrity across the full distribution chain.

II.  Literature Review

The cold chain for pharmaceutical
products has been studied extensively in the context
of vaccines, blood products, and insulin. Early
foundational work by Breen and Crawford (2005)
established the basic parameters of pharmaceutical
cold-chain  management, identifying storage
infrastructure, transportation mode, and human
handling as the three primary determinants of
product quality on arrival. These findings remained
relevant as the biologic sector expanded, though the
specific requirements of modern immunotherapy
agents introduced new complexities not addressed in
earlier frameworks.

Temperature excursions represent the
most commonly documented failure mode in
pharmaceutical cold chains. Ramanathan and
Muyldermans (2016) conducted a systematic
analysis of cold-chain failures across hospital
pharmacy networks in Europe, finding that the
majority of excursions occurred during the last mile
of delivery, particularly during handoff between
logistics providers and clinical staff. Their work
highlighted the absence of standardised protocols at
the point of receipt as a key vulnerability. This
finding is particularly relevant to immunotherapy
distribution, where the cost of a compromised
product can exceed tens of thousands of dollars per
unit.

The emergence of  personalised
immunotherapies such as CAR-T cell therapies has
introduced an additional layer of complexity. Unlike
off-the-shelf biologics, autologous CAR-T products
are manufactured from a specific patient's own cells

and must be transported back to the originating
clinical centre within a defined window. Roddie et
al. (2019) described the logistical architecture
required to  support CAR-T  distribution,
emphasising the need for dedicated chain-of-identity
protocols  alongside  conventional cold-chain
controls. Their work underscored that resilience in
this  context extends beyond temperature
management to encompass product traceability and
patient-specific routing.

IoT-based temperature monitoring has
been proposed as a transformative solution to cold-
chain integrity challenges. Dhingra et al. (2020)
evaluated real-time sensor technologies in
pharmaceutical  logistics, = demonstrating  that
continuous monitoring with automated alerts could
reduce the frequency of undetected excursions by
more than 60% compared to manual logging
methods. Despite this evidence, adoption of IoT
monitoring in oncology supply chains remains
inconsistent, particularly in lower-income settings
where infrastructure investment is limited (Emelike
et al., 2022).

Risk stratification frameworks offer
another promising avenue for cold-chain resilience.
Prajapati et al. (2021) applied failure mode and
effects analysis (FMEA) to pharmaceutical
distribution networks, identifying storage facility
power failure, transport vehicle breakdown, and
inadequate staff training as the highest-priority risk
factors. Their FMEA-based framework provided a
structured basis for prioritising interventions, though
it was not specifically adapted to the biologics or
immunotherapy context.

Regulatory dimensions of cold-chain
management have received increasing attention in
recent years. The International Council for
Harmonisation (ICH) Q10 guidelines and WHO
good distribution practices provide overarching
frameworks  for  quality = management in
pharmaceutical logistics, but their application to
specific product categories such as immunotherapies
requires additional interpretation (ICH, 2008).
Gupta and Bhatt (2020) reviewed regulatory
requirements for biologic cold chains across
jurisdictions, noting significant variability in
inspection regimes, documentation requirements,
and permissible temperature ranges. This regulatory
fragmentation complicates multi-country
distribution strategies for global oncology supply
chains.

Resilience thinking as applied to supply
chains draws heavily on the foundational theoretical
work of Christopher and Peck (2004), who proposed
that resilience comprises four core elements:
flexibility, velocity, visibility, and collaboration.
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Subsequent authors have operationalised these
elements in  healthcare logistics  contexts.
Laeequddin et al. (2012) argued that visibility,
achieved through real-time data sharing across
supply chain partners, is the single most important
enabler of pharmaceutical supply chain resilience.
Their argument is supported by the growing body of
evidence on IoT monitoring, yet the institutional
barriers to data sharing between manufacturers,
logistics providers, and hospitals remain substantial.

The COVID-19 pandemic provided a large-
scale natural experiment in pharmaceutical cold-
chain resilience. The global distribution of mRNA
vaccines, which required storage at ultra-low
temperatures, exposed both the strengths and
weaknesses of existing cold-chain infrastructure
(Alam et al., 2021). Lessons from this experience,
including the importance of backup cold storage
capacity, flexible routing options, and real-time
shipment visibility, are directly transferable to the
immunotherapy context, though the patient-level
specificity of many oncology products introduces
unique challenges that the wvaccine distribution
experience does not fully address.

Finally, last-mile delivery remains the
least-studied and most vulnerable segment of the
pharmaceutical cold chain. Vyas et al. (2022)
identified that hospital pharmacies frequently lack
adequate cold storage capacity, resulting in product
holding at ambient temperatures during high-
demand periods. Their study of oncology pharmacy
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units in urban Indian hospitals found that
temperature excursions during in-hospital storage
were more common than excursions during transit,
suggesting that resilience frameworks must extend
beyond the logistics network to encompass clinical-
site storage management.

III. Methodology

This study employed a mixed-methods
design, combining structured secondary data
analysis with semi-structured expert consultation.
Secondary data were drawn from published
literature, regulatory guidance documents, and
publicly  available incident reports from
pharmaceutical regulatory authorities across five
countries: the United States, United Kingdom, India,
Germany, and Australia. Expert consultation
involved thirteen participants drawn from oncology
pharmacy, pharmaceutical logistics, and healthcare
quality management, recruited through purposive
sampling.

Data analysis followed a thematic coding
approach for qualitative data, while secondary
quantitative data on excursion frequencies, product
loss rates, and monitoring technology performance
were synthesised using descriptive statistics. The
resilience framework was developed iteratively,
with an initial draft reviewed by five expert
participants and revised based on structured
feedback.
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Figure 1: Research Methodology Flowchart

DOI: 10.35629/5252-0805517523

| Impact Factor value 6.18 | ISO 9001: 2008 Certified Journal Page 519



\_Jhk International Journal of Advances in Engineering and Management (IJAEM)

—

IJAEM

Volume 8, Issue 5 May. 2026, pp: 517-523 www.ijaem.net

Table 1: Summary of Research Design Parameters

Parameter Detail

Study Design

Mixed-methods (secondary data + expert consultation)

Countries Covered

USA, UK, India, Germany, Australia

Expert Participants

13 (pharmacy, logistics, quality management)

Secondary Data Sources | Regulatory reports, peer-reviewed literature, incident databases

Analysis Approach Thematic coding + descriptive statistics
Framework Validation Iterative expert review (2 rounds)
Study Period 2020-2023

IV.  Experimental Setup

The operational testing of the proposed
framework was conducted within a simulated
distribution environment designed to replicate
conditions typical of a tertiary oncology centre
receiving  immunotherapy  shipments.  Three
distribution scenarios were constructed: a standard
delivery from a national distribution hub to a
hospital pharmacy, a cross-border shipment
involving two regulatory jurisdictions, and an

g —— -y

emergency last-mile delivery under adverse weather
conditions.

Temperature data loggers recording at five-
minute intervals were deployed across all scenarios.
A parallel control group used conventional manual
temperature recording at four-hourly intervals.
Simulated excursion events were introduced at
predetermined points to evaluate the responsiveness
of monitoring and alert systems.
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Figure 2: Experimental Distribution Scenario Setup

Table 2: Experimental Scenario Parameters

Scenario | Route Type Distance (km) | Handoff | Monitoring Excursion Events
Points Method Introduced
A Domestic hub-to-hospital | 320 1 10T real-time 2
B Cross-border 1,150 3 IoT real-time 4
C Emergency last-mile 85 4 Manual + IoT | 3
hybrid

V. Results
Across the three experimental scenarios,
IoT-based real-time monitoring detected all nine
introduced excursion events within an average of
11.4 minutes of onset. Manual monitoring detected

only four of the nine excursions, and in each case,
detection occurred after an average of 3.2 hours, by
which time the duration of the excursion had already
exceeded acceptable thresholds for immunotherapy
products. These findings are consistent with the
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projections from Dhingra et al. (2020) and confirm
the substantial advantage of continuous automated
monitoring in high-stakes biologic distribution.
Thematic analysis of expert consultation
data identified four primary vulnerability clusters:
inadequate backup cold storage at clinical sites,
insufficient staff training on excursion response
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Figure 3: Excursion Detection Comparison — IoT versus Manual Monitoring
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Figure 4: Vulnerability Cluster Distribution from Expert Consultatio.

Table 3: Expert-Identified Vulnerability Clusters and Proposed Mitigations

Vulnerability Cluster Frequency Proposed Mitigation

Cited (%)
Inadequate backup cold storage 84.6 Mandatory secondary storage units at clinical sites
Insufficient staff training 76.9 Standardised cold-chain competency programme
Lack of standardised handoff | 69.2 Digital chain-of-custody records at all handoff points
documentation
Absence of contingency routing | 61.5 Pre-agreed alternate routing protocols with logistics

partners
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Table 4: Summary of Framework Performance Indicators
Indicator Baseline (Pre- | Post-Framework Improvement (%)
Framework) (Simulated)
Excursion detection rate 44.4% 100% +125.5
Mean detection lag (hours) 3.2 0.19 -94.1
Documented handoff compliance | 51.0% 93.0% +82.4
Staff protocol awareness 38.0% 87.0% +128.9
Contingency activation readiness | 29.0% 91.0% +213.8

VI.  Discussion

The results of this study reinforce the
argument that cold-chain resilience for cancer
immunotherapy cannot rest on a single
technological or procedural intervention. While IoT
monitoring demonstrably outperforms manual
methods in excursion detection, the expert
consultation findings make clear that technology
alone 1is insufficient if clinical site infrastructure,
staff competency, and inter-partner protocols are not
simultaneously addressed. This is consistent with
the resilience thinking articulated by Christopher
and Peck (2004), who emphasised that effective
supply chain resilience requires the integration of
visibility, flexibility, and collaboration rather than
reliance on any single capability.

The finding that backup cold storage
inadequacy was the most frequently cited
vulnerability is notable. It suggests that resilience
investments are often concentrated at the logistics
stage while the clinical endpoint, where products are
received and held before administration, is relatively
neglected. This aligns with Vyas et al. (2022), who
documented similar patterns in Indian hospital
pharmacy settings. The implication for policy is that
healthcare facility accreditation standards should
include specific requirements for backup cold
storage capacity for temperature-sensitive oncology
products.

The performance improvements simulated
under the proposed framework are substantial across
all indicators, particularly contingency activation
readiness, which improved by over 200%. This
suggests that the absence of pre-agreed contingency
protocols represents one of the most actionable and
high-impact gaps in current practice. Logistics
providers and hospital pharmacy teams frequently
operate without formal agreements on what steps to
take when a vehicle breakdown or power failure
occurs mid-delivery. Formalising these agreements,
as the framework proposes, requires no major
capital investment and can be implemented
relatively quickly.

Cross-border distribution, represented by
Scenario B in the experimental component,
produced the highest excursion frequency and the

largest gap between IoT and manual detection
performance. This reflects the additional complexity
introduced by customs holding facilities, regulatory
handoffs, and extended transit times. The regulatory
analysis conducted as part of this study, drawing on
the work of Gupta and Bhatt (2020), confirms that
regulatory variability across jurisdictions remains a
significant  barrier to resilient international
immunotherapy distribution. Harmonisation efforts
led by bodies such as ICH and WHO have made
progress, but implementation at national level
remains uneven.

The framework proposed in this paper is
designed to be scalable and adaptable. While the
experimental component focused on a simulated
tertiary oncology centre context, the core elements
of the framework, real-time monitoring, risk
stratification, standardised documentation, staff
training, and contingency routing, are applicable
across diverse healthcare settings. Adaptation for
resource-limited  environments may  require
modified technology choices, such as lower-cost
data loggers rather than full IoT integration, but the
structural logic of the framework remains valid.

A limitation of this study is that the
experimental scenarios were simulated rather than
conducted in live distribution networks. While this
allowed for controlled introduction of excursion
events, it may not fully capture the unpredictability
and complexity of real-world distribution. Future
research should test the framework in prospective
field studies across actual immunotherapy
distribution networks.

VII.  Conclusion

This paper has presented a resilience
framework for maintaining cold-chain integrity in
the distribution of cancer immunotherapy products.
The framework addresses four core vulnerability
clusters identified through expert consultation and
validated through experimental simulation: backup
storage  inadequacy, staff training  gaps,
documentation inconsistencies, and the absence of
contingency routing protocols. Real-time IoT
monitoring was shown to dramatically outperform
manual methods in excursion detection, confirming
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its role as a foundational element of any resilient
cold-chain system.

The findings have direct implications for
hospital pharmacies, pharmaceutical logistics
providers, and healthcare regulators. Investments in
backup cold storage at clinical sites, standardised
handoff documentation systems, and pre-agreed
contingency protocols represent relatively accessible
interventions that can substantially improve cold-
chain resilience without requiring transformative
capital expenditure. Regulatory bodies should
consider incorporating  cold-chain  resilience
requirements specific to oncology biologics into
existing accreditation and inspection frameworks.

As the volume and diversity of
immunotherapy products in clinical use continue to
grow, the pressure on cold-chain distribution
networks will only intensify. A structured, evidence-
based resilience framework of the kind proposed
here offers a practical and scalable response to this
challenge, with applicability across both high-
income and resource-limited healthcare settings.
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