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Abstract

The supply chain for autologous cell therapy is highly complex due to its personalized, patient-
specific nature and regulatory requirements. Traditional logistics and planning systems lack the
granularity, real-time adaptability, and contextual awareness needed for such high-stakes
biological treatments [1]. This paper proposes a novel architecture for a context-aware Decision
Intelligence Engine (DIE) specifically tailored for cell therapy logistics. The engine integrates real-
time data from manufacturing, quality assurance, transportation, and patient readiness systems to
orchestrate decisions on scheduling, resource allocation, and risk mitigation. A multi-layer
architecture including context ingestion, predictive modeling, optimization, and stakeholder
feedback is described. Implementation of such systems shows significant potential in reducing lead
time, improving chain-of-identity compliance, and enhancing patient outcomes through timely
delivery [2].
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Introduction

The landscape of pharmaceutical logistics is undergoing a paradigm shift driven by the increasing
demand for personalized medicine, most notably autologous cell therapies. These therapies are
revolutionary in their ability to treat patients with customized biological treatments derived from their
own cells. However, this medical breakthrough has introduced unprecedented complexity into the supply
chain. Unlike conventional pharmaceuticals, where drugs are mass-produced and stored in bulk,
autologous cell therapy is fundamentally patient-specific, time-sensitive, and highly regulated [3].

A single cell therapy treatment begins with the collection of cells from a specific patient (apheresis),
which are then transported to a manufacturing site, modified, subjected to quality control testing, and
returned for reinfusion into the same patient. Each treatment is a bespoke process, with logistical
planning tailored to the unique timeline, clinical readiness, and physiological state of the patient.
Therefore, any disruption—such as a delay in manufacturing, QA hold, courier mishap, or patient
unavailability—can jeopardize the entire therapy lifecycle and compromise patient outcomes [4].

Despite these stakes, many organizations continue to rely on fragmented digital tools (spreadsheets,
legacy ERP, manual email coordination) that were designed for commodity pharmaceuticals, not living-
cell products [5]. These legacy tools lack the contextual intelligence and real-time orchestration
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capabilities needed to manage such individualized and tightly coupled workflows. Moreover, data
generated across the chain (clinical updates, temperature logs, QA flags) often remain siloed, preventing
holistic visibility and proactive decision-making.

To bridge this gap, next-generation supply chain systems must embrace Decision Intelligence Engines
(DIEs) equipped with AI/ML models, real-time data pipelines, and human-in-the-loop interfaces. These
engines go beyond basic analytics and automate planning, prediction, and actioning of logistics
decisions. Crucially, DIEs must be context-aware—capable of understanding the nuances of each patient
journey and adapting dynamically to events and exceptions.

Context awareness, in this case, is not just about integrating structured data feeds. It requires semantic
interpretation of unstructured inputs (e.g., doctor's notes, QA logs), detection of cross-system
dependencies (e.g., a delay in lab testing affecting hospital scheduling), and anticipation of downstream
effects (e.g., a weather event impacting cold chain delivery). This situational intelligence can only be
achieved through tightly coupled layers of data ingestion, predictive modeling, optimization logic, and
stakeholder collaboration.

This paper introduces and evaluates a context-aware DIE architecture purpose-built for personalized cell
therapy logistics. It outlines the technological framework, discusses practical implementation use cases,
and provides empirical evidence of impact. By leveraging this approach, healthcare organizations can
unlock new levels of responsiveness, compliance, and patient-centric efficiency in their logistics
operations.

The rest of this paper is organized as follows: Section 2 outlines the key operational and systemic
challenges faced in current cell therapy logistics; Section 3 presents the proposed DIE framework with
its technical components and orchestration logic; Section 4 explores real-world use cases where DIEs
drive performance gains; Section 5 quantifies the system’s impact using case studies and benchmark
results; and Section 6 concludes with recommendations for future research and scalable implementation.

Problem Domains in Cell Therapy Logistics

The logistics of autologous cell therapy present a unique and multi-dimensional operational challenge
that diverges sharply from conventional pharmaceutical distribution systems. These therapies, because
they are manufactured using an individual patient's own cells, are inherently non-fungible—each unit is
tied directly to a specific recipient and cannot be stockpiled or substituted [3]. This personalized supply
chain introduces an elevated level of fragility and precision, where any failure in logistics can result in
significant clinical consequences, including treatment disruption, patient harm, or permanent product
loss.

The first major problem lies in the uncompromising requirement to maintain an unbroken Chain-of-
Identity (COI) and Chain-of-Custody (COC). Unlike traditional medicines where batch 1Ds are adequate
for traceability, cell therapy products must be tracked with absolute fidelity through all nodes: from
apheresis collection, manufacturing, QA testing, transportation, to reinfusion [4]. Any deviation or
ambiguity in tracking—whether through labeling errors, documentation gaps, or miscommunication—
can result in regulatory non-compliance or worse, a catastrophic mismatch [5].
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A second major challenge is the extreme perishability of the product. Many autologous therapies have
shelf lives of less than 72 hours after manufacturing. This means that once QA releases a batch, there is a
narrow delivery window within which the product must be shipped, stored at a precise temperature
range, and administered to the patient. Failures in courier timeliness, temperature control, or customs
clearance may render the therapy unusable [6].

The third concern is the asynchronous readiness of key supply chain nodes. Hospital resource
availability (e.g., nursing staff, infusion room schedules), patient health status (e.g., fever, infections,
new contraindications), and manufacturing capacity (e.g., equipment downtime, staff shortages) are
rarely aligned [7]. The resulting coordination overhead requires sophisticated planning systems that
account for interdependencies and continuously shifting constraints.

Most organizations still rely on fragmented tools to manage these complex interactions—standalone
spreadsheets, manual email chains, basic ERP modules, or proprietary courier portals [8]. These systems
operate in silos, and planners often need to manually reconcile data across systems to identify risks or
resolve scheduling conflicts. In the absence of a unified control tower, real-time orchestration is
impossible.

Additionally, regulatory oversight compounds the issue. Cell and gene therapies must adhere to Good
Manufacturing Practices (GMP) and compliance standards issued by agencies such as the FDA and
EMA. Every COI handoff, temperature reading, and QA event must be documented and auditable [9].
Manual errors, missing entries, or late data synchronization can delay treatment, require investigation, or
attract regulatory scrutiny.

Furthermore, supply chain resilience remains a significant concern. Events such as adverse weather,
geopolitical tensions, port congestion, or pandemic-related shutdowns can disrupt courier networks or
affect critical suppliers. Without predictive analytics or contingency modeling, many organizations
remain in reactive mode [10].

As cell therapy scales commercially, from dozens to potentially thousands of patients per month, these
issues will only intensify. The volume of planning permutations will surpass the cognitive limits of
human schedulers, demanding automated systems that can assess, prioritize, and act in near real-time.

To summarize, the critical problem domains in cell therapy logistics are:

« Non-fungibility of Inventory: Each product is personalized and irreplaceable.

« Stringent COI/COC Requirements: Zero-tolerance for traceability lapses [4].

e Product Perishability: Tight infusion windows increase risk from delays [6].

e Asynchronous Readiness: Coordination across independent actors [7].

e Fragmented Tools: Disjointed data systems impede orchestration [8].

e Regulatory Compliance Pressure: Need for auditable, real-time documentation [9].

« Lack of Predictive Resilience: Vulnerability to external disruptions [10].
These compounded complexities make the case for a context-aware, Al-enabled Decision Intelligence
Engine that can absorb real-time signals, understand interdependencies, and proactively drive planning
actions before issues escalate.
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Recommended Solution: Context-Aware Decision Intelligence Engine Architecture: To address the
multilayered challenges outlined above, | propose a context-aware Decision Intelligence Engine (DIE)
architecture purpose-built for autologous cell therapy logistics. This engine operates as a modular system
composed of five integrated layers: context ingestion, predictive modeling, orchestration optimization,
stakeholder feedback interface, and real-time monitoring. The goal is to transform raw, fragmented data
into coordinated, executable decisions that reflect patient-specific constraints and systemic supply chain
dynamics.

A.) Context Ingestion and Semantic Enrichment Layer This foundational layer ingests data from
diverse digital systems including:
o Electronic Health Records (EHRs) for patient appointment updates, clinical readiness, and
adverse events.
e Manufacturing Execution Systems (MES) for batch initiation, hold codes, and production
throughput.
o Laboratory Information Management Systems (LIMS) for QA release timelines and compliance
flags.
e Courier 10T platforms for geolocation, temperature compliance, and routing status.
e Scheduling portals from hospitals and infusion centers.
Once collected, data undergoes semantic enrichment using natural language processing (NLP) and
rule-based tagging algorithms [11]. For example, a free-text QA comment “awaiting documentation
from apheresis site” is converted into the structured status QA HOLD DOC MISSING to enable
orchestration logic. This step is essential for aligning clinical, logistical, and regulatory signals within a
unified model.

B.) Predictive Modeling Layer The modeling layer transforms historical data into forward-looking
insights. It includes:
o XGBoost classifiers to predict the likelihood of QA release within time windows, trained on
historical release patterns, delay codes, and manufacturing batch data [12].
o Prophet models to forecast courier ETA variability, especially during weather risks, high volume
periods, or customs interference.
o Bayesian networks to calculate the conditional risk of COI violations based on scan intervals,
label accuracy metrics, and manual handoff entries.
e Monte Carlo simulations to assess the distribution of reinfusion delays under different system
stressors.
Model outputs include risk scores, confidence intervals, and decision thresholds that trigger
prioritization, escalation, or deferral. Each prediction is embedded with metadata describing uncertainty
bounds and model confidence [13].

C.) Orchestration and Optimization Engine This core layer converts insights into executable plans. It
integrates:
e Business Rule Engine: Encodes operational constraints and regulatory mandates, such as
minimum time between manufacturing and infusion [9].
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e Mixed-Integer Linear Programming (MILP): Optimizes batch sequencing, courier
assignments, and lab prioritization to minimize turnaround time while preserving compliance
[14].
o Reinforcement Learning (RL) Agents: Continuously learn optimal reallocation strategies by
simulating outcomes from past overrides and action efficacy [15].
Sample pseudo-code:
if ga_hold_reason == "doc_missing' and doc_eta> 3h:
reschedule _batch(manufacture_id)
alert_scheduler(patient_id)
eliftemp_risk_score> 0.85 and time_to_infusion< 5h:
trigger_backup_courier(batch_id)
This layer allows for proactive reallocation, preventive slot reassignment, and optimized patient-
calendar alignment.

D.) Stakeholder Feedback Loop and Override Interface Not all decisions can be fully automated.
The DIE architecture incorporates a human-in-the-loop layer:

o Presents prioritized decisions with underlying data justification.

« Allows clinicians, QA officers, or planners to override with rationale.

o Logs override outcomes for continual model retraining.

e Supports "what-if" scenario planning (e.g., batch delay propagation across multiple patients).
This layer promotes user trust while maintaining auditability, which is crucial for FDA validation and
compliance protocols [16].

E.) Real-Time Control Tower Dashboard and Alert System To ensure continuous visibility and
accountability:

o The dashboard displays node-level status for QA, logistics, and patient readiness.

o Color-coded indicators highlight bottlenecks, at-risk batches, and pending escalations.

o Integration with SMS, email, and platform APIs facilitates multi-channel alerts.
Forecasted bottlenecks are shown with timelines and predicted delay intervals, allowing planners to
preemptively rebalance workloads or re-sequence deliveries [17].
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Diagram 1: DIE Architecture for Personalized Cell Therapy Logistics

CONTEXT INGESTION
COI/COC Status
Facility QA Status

Regional Availabilityty

.

PREDICTIVE MODELING

!

ORCHESTRATION LOGIC

|

FEEDBACK INTERFACE

.

REAL-TIME ALERTING

This five-layer architecture enables a shift from reactive planning to proactive orchestration, powered by
real-time intelligence. It addresses not only logistical efficiency but also compliance, safety, and patient
outcomes.

In the following section, | outline key use cases and measurable operational benefits resulting from real-
world deployments of this DIE model.

Uses: The context-aware Decision Intelligence Engine (DIE) has demonstrated versatility and
measurable impact across a range of operational scenarios in autologous cell therapy logistics. Below are
specific use cases that illustrate how the DIE architecture improves efficiency, enhances compliance, and
safeguards patient outcomes.

A.) QA Queue Optimization and Batch Prioritization Traditional QA processes follow static FIFO
(first-in, first-out) or risk-based frameworks that do not account for downstream delivery schedules or
patient treatment windows. The DIE analyzes incoming data such as courier availability, patient
readiness, and expiration risk, and reprioritizes QA samples accordingly. In one pilot, predictive QA
queue reordering reduced average hold time by 14% and increased on-time batch release adherence by
18% [18].

B.) Dynamic Patient Notification and Treatment Rescheduling When upstream disruptions are
predicted—such as a courier delay or lab bottleneck—the DIE alerts the hospital interface with a real-
time update. Clinicians can then proactively adjust infusion room schedules, coordinate with patients, or
request medical clearance shifts. This use case has reduced last-minute cancellations by 23% and
improved treatment adherence metrics [19].

C.) Chain-of-ldentity (COI) Violation Prevention COIl lapses remain one of the top audit risks in
advanced therapy supply chains. The DIE continuously monitors event logs and route timestamps to
identify anomalies, such as early handoffs or skipped barcode scans. It flags these as potential COI
breaches and triggers compliance intervention workflows. One deployment reduced COI investigation
cases by 31% over three quarters [20].

D.) Risk-Based Courier Reassignment When external disruption probabilities increase (e.g., forecasted
storms, traffic congestion, customs alerts), the DIE calculates the margin-of-delay risk versus product
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expiration time. If the threshold is crossed, the system autonomously reallocates courier resources and
updates routing instructions. Predictive courier substitution has led to a 21% improvement in delivery
time reliability for perishable batches [21].

E.) Cold Chain Anomaly Response Cold chain excursions—particularly during airport transfers or
long-distance handoffs—pose threats to product viability. The DIE analyzes real-time sensor data from
IoT devices embedded in packages. If temperature deviation thresholds are breached, the system
simulates loss probability based on duration, logs pre-deviation context, and triggers alternative recovery
routing. In live tests, proactive anomaly handling saved 6% of shipments previously deemed non-viable
[22].

F) Daily Orchestration Summary Reports for Coordinators To improve daily decision cadence, the
DIE generates a morning briefing highlighting high-risk cases, predicted delays, and optimization
suggestions. These summaries are sent via integrated dashboards and email reports to cross-functional
coordinators. Resulting interventions led to a 17% reduction in late escalations and improved inter-team
collaboration according to NPS survey results [23].

G.) Impact Deployments of the context-aware DIE across multiple U.S. and EU cell therapy programs
have yielded statistically significant improvements in operational KPIs. Results have been compiled
from clinical partner interviews, live pilots, and simulation benchmarks using real-world data.
e Turnaround Time (TAT) Reduction: Average vein-to-vein time decreased from 21.8 to 18.6
days (—14.7%) in one pilot by compressing QA, scheduling, and logistics buffers [24].
e« COI/COC Compliance Improvement: Exception reporting frequency fell by 29% after
automation of anomaly detection and resolution protocols [20].
e Missed Infusion Prevention: Treatment window misses dropped by 19%, preserving treatment
integrity and reducing rescheduling overhead [19].
e QA Throughput Efficiency: Priority-based queue optimization enabled a 12% gain in sample
testing productivity without increasing lab headcount [18].
e Courier Cost Containment: Dynamic carrier substitution reduced premium expedited
shipments by 16% while improving SLA adherence [21].
e Labor Savings: Orchestration automation reduced planner workload by an estimated 27% based
on task logs and time tracking reports [23].
e Projected Revenue Increase: Scaled throughput without adding headcount or infrastructure
resulted in an estimated $4.2M/year uplift at one U.S. site [24].

These metrics reinforce the transformative potential of Decision Intelligence Engines in regulated,
patient-centric logistics environments.

In the next section, | discuss broader implications for scalability, technology adoption, and ethical
considerations for future research and deployment.

Conclusion

The advent of personalized cell therapies presents a historic inflection point in medicine—but it also
introduces one of the most complex logistical challenges ever encountered in the biopharmaceutical
domain. The individualized nature of autologous treatments, coupled with regulatory oversight,
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perishability, and patient-critical timelines, renders traditional supply chain systems inadequate. This
paper has presented the design and demonstrated impact of a context-aware Decision Intelligence
Engine (DIE) that addresses this gap by embedding real-time data, Al-driven forecasting, and decision
optimization directly into the orchestration layer of cell therapy logistics.

The DIE architecture is not merely an IT upgrade; it is a strategic transformation. Its layered design—
ranging from context ingestion to stakeholder feedback—enables personalized, predictive, and proactive
interventions across the therapy lifecycle. Use cases have shown reductions in QA wait times, courier
failure rates, COI violations, and manual planning labor, while boosting patient throughput, delivery
accuracy, and operational compliance. These findings validate the system's capacity to scale logistics
capabilities in line with the growing demand for cell and gene therapies.

However, the implementation of DIEs must also confront several challenges. First, system integration
with legacy platforms—EHRs, QA systems, MES, and courier APIs—requires not only technical
compatibility but also cross-organizational collaboration. Second, the reliability of Al-driven
recommendations depends on the quality and granularity of historical data, which remains uneven across
hospital networks and CMOs. Third, human-in-the-loop design must strike a careful balance between
automation and operator agency—especially in patient-critical decisions.

From a scalability perspective, expanding the DIE model across multiple therapies and geographic
regions will necessitate the inclusion of local regulatory rules, language-specific NLP models, and
regionally relevant courier performance data. Moreover, ethical considerations around algorithmic bias,
data privacy, and transparency must be addressed proactively. For example, how are prioritization
decisions made when two patients face similar risk profiles? What accountability structures govern
overrides or failed interventions?

Future research should explore the application of generative Al models for treatment simulation,
reinforcement learning agents for dynamic scheduling, and integration with blockchain for immutable
chain-of-identity documentation. Additionally, cost-benefit analyses should be extended beyond logistics
to include avoided treatment delays, reduced adverse events, and improved patient satisfaction.

In conclusion, context-aware Decision Intelligence Engines offer a path forward in transforming
logistics into a true enabler of personalized medicine. Their successful deployment in cell therapy
represents a blueprint for other high-risk, high-precision domains—from biologics to emergency
response. By embedding intelligence into the supply chain core, healthcare organizations can ensure that
breakthrough therapies are not only developed—Dbut delivered—with the reliability and urgency that
modern patients deserve.
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