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ABSTRACT

Multi-center clinical trials (MCCTs) are increasingly complex, geographically dispersed, and resource
intensive. Suboptimal workforce planning leads to protocol deviations, delays in patient recruitment,
cost overruns, and staff burnout. This manuscript synthesizes operations research, project
management, and health services literature to propose an integrated workforce optimization
framework tailored for MCCTs. Using a mixed-method design—systematic review, process mapping,
discrete-event simulation (DES), and multi-objective optimization (MOO)—we model personnel
allocation across study phases (start-up, recruitment, intervention/follow-up, closeout) and across
functional silos (site management, data management, regulatory, pharmacovigilance, biostatistics). The
results section presents a hypothetical but realistic case of a 25-site oncology trial to demonstrate how
task-based effort estimation, skill-matrix mapping, and robust scheduling (with stochastic demand for
monitoring and query resolution) can reduce cycle times by 18%, staffing costs by 12%, and overtime
by 35% without compromising quality indicators such as query turnaround, monitoring visit
frequency, and adverse event reporting timeliness. We conclude that optimization-driven workforce
planning should be embedded as a continuous, data-informed process supported by digital twins and
adaptive dashboards. Future work can extend the framework with machine-learning forecasts of
recruitment velocity, federated learning-based productivity benchmarks, and equity-centered staffing

policies.
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Fig.1 Workforce Optimization, Source:1

INTRODUCTION

Clinical trials are the gold standard for evaluating the safety and efficacy of medical interventions. Over the
last two decades, there has been a shift from single-center to multi-center clinical trial projects to accelerate
recruitment, enhance generalizability, and satisfy regulatory requirements across jurisdictions. However, the
operational complexity of MCCTs skyrockets with the number of sites, diverse regulatory environments,
heterogeneous patient populations, and multi-disciplinary teams. One chronic pain point is workforce
management: determining how many and which types of staff (clinical research associates, data managers,
statisticians, regulatory specialists, safety officers, etc.) are needed, where and when they should be deployed,
and how to adapt plans to real-time disruptions like slower-than-expected recruitment or sudden protocol

amendments.

Traditional staffing approaches rely on historical norms (e.g., one CRA per 8—10 sites) or simplistic headcount
ratios. These heuristics disregard variability in workload drivers such as visit schedules, data entry lag, query
resolution time, and adverse event rates. They also ignore interdependencies among functions: a bottleneck in
data management can cascade into delays in biostatistical analyses. Consequently, many trials experience cost
overruns, missed milestones, and quality lapses. To address this, operations research (OR) and analytics offer
optimization and simulation tools that can transform workforce planning from an ad hoc activity to a rigorous,

data-driven process.
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This manuscript addresses the following research questions:

1. What are the dominant workload drivers across the lifecycle of MCCTs and how can they be quantified

for staffing decisions?

2. Which optimization paradigms (linear programming, integer programming, robust optimization,
stochastic programming, multi-objective evolutionary algorithms) best fit the staffing problem under

uncertainty and multi-criteria trade-offs (cost, time, quality)?

3. How can discrete-event simulation (DES) and digital twins be integrated with optimization to support

scenario testing and adaptive re-planning?

4. What empirical gains (in time, cost, quality) can be achieved by implementing such models in a

realistic trial context?

The remainder of the paper is structured as follows: Section 2 reviews the literature on workforce planning in
healthcare and clinical research. Section 3 details the methodology: conceptual framework, data collection,
modeling assumptions, and optimization formulations. Section 4 presents simulated results for a case study.

Section 5 offers conclusions and Section 6 outlines future scope.
LITERATURE REVIEW

Workforce planning in healthcare and life sciences

Health services research provides several frameworks for workforce planning, often focusing on physicians
and nurses. Techniques range from demand forecasting using epidemiological models to queuing theory for
scheduling staff in emergency departments. Clinical trial operations, although adjacent, possess unique

features: protocol-driven activities, regulatory compliance milestones, and site-monitoring cycles. Prior
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studies have introduced workload scoring systems (e.g., weighted patient visits, query counts) and activity-

based costing. Yet, few translate these metrics into formal optimization models.
Operations research and project management tools

Project management canon (PMBOK, PRINCE2) suggests resource-loaded work breakdown structures
(WBS), critical path analysis, and earned value management. OR contributes deterministic linear/integer
programming for resource leveling, as well as stochastic and robust formulations for uncertainty. Multi-
objective optimization (MOOQ) is particularly relevant when balancing cost, time, and quality. Evolutionary
algorithms (NSGA-II, SPEA2) have been used for staff scheduling in hospitals and call centers. DES and
agent-based modeling (ABM) simulate flows and interactions; they suit clinical trials where patient accrual

and data cleaning are stochastic.
Gaps in existing clinical trial staffing literature

Despite increasing digitalization (CTMS, EDC systems), published work on quantitative staffing models in
MCCTs remains sparse and fragmented. Most focus on single functions (e.g., data management) rather than
end-to-end coordination. Additionally, uncertainty is often handled via sensitivity analysis rather than formal
robust/stochastic optimization. There is also limited attention to human factors such as learning curves,
burnout risk, and task-switching penalties. This paper contributes an integrated, cross-functional, uncertainty-

aware model, paired with a simulation engine and decision dashboard.
METHODOLOGY

Research design
A mixed-method research design was adopted:

o Systematic review of peer-reviewed and grey literature (2005-2024) on workforce planning in clinical

trials and allied sectors.

e Process mapping through expert interviews (n = 12 trial managers/CRAs) to capture workflow and

task frequencies in MCCTs.

o Data abstraction from a hypothetical but parameterized oncology MCCT (25 sites, 480 patients, 36-

month duration) to populate the model.

e Model development combining DES for dynamic process behavior and MOO for optimal staffing.
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e Scenario experimentation to evaluate performance under various recruitment velocities, protocol

amendments, and budget constraints.
Conceptual framework

The framework links Workload Drivers — Task Effort — Resource Requirements — Schedule &

Allocation — Performance Metrics. Key workload drivers include:
e Number of active sites and initiation pace
o Patient screening, enrollment, and visit schedules
e Data entry lag per site
e Query generation rate and resolution time
e Adverse event (AE)/serious adverse event (SAE) incidence
e Monitoring visit frequency and duration
e Protocol amendments (frequency, magnitude)

Task effort is computed via time standards (e.g., minutes per query) and probability distributions from
historical data. Resources are mapped using a skill matrix (e.g., CRA, data manager, pharmacovigilance

specialist) and assigned FTEs. Performance metrics span:
e Time: cycle time for key milestones, query turnaround
e Cost: total staffing cost, overtime
e Quality: deviation rates, audit findings

Data sources and assumptions

Because this study aims to demonstrate methodology rather than report proprietary trial data, we constructed

a detailed synthetic dataset. Assumptions include:
e Average of 19 screened patients per site with 60% enrollment rate (11-12 enrolled per site)
e Visit schedule: 8 visits/patient over 18 months
e Data entry lag ~Lognormal(p=2 days, c=1.2)
e Query rate: 0.8 queries/CRF page, 5 minutes to resolve

e AE rate: 0.35 per patient-year; SAE rate: 0.05 per patient-year
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e Monitoring visits: every 8 weeks/site, 1.5 days/visit

o Staff cost rates (fully loaded): CRA $55/hour, Data Manager $45/hour, PV Specialist $60/hour,
Statistician $70/hour, Regulatory $50/hour, Project Manager $80/hour

Modeling approach
Discrete-event simulation (DES)

DES captures stochastic processes: patient accrual, visit completion, data entry, query generation, AE
reporting. Entities (patients, CRFs, queries) traverse events with associated times. Resource pools (staff
categories) are allocated to tasks subject to availability. DES outputs time series of workload (e.g., number of

open queries) and resource utilization.
Optimization formulations
We formulated three related models:
(1) Deterministic Mixed-Integer Linear Programming (MILP)
e Decision variables: FTEs by role and phase (x_{r,p}), assignment of staff to sites/tasks (y_{r,s,t}).

e Objective: minimize total cost subject to workload coverage, skill requirements, and regulatory

constraints (e.g., minimum monitoring frequency).

o Constraints: capacity (FTE-hours), task demand satisfaction, shift length limits, and travel time

buffers.
(2) Robust Optimization (RO)

e Accounts for uncertainty in key parameters (recruitment rate, query volume) using uncertainty sets

(box or ellipsoidal). Objective minimizes worst-case (or regret) cost over the uncertainty set.
(3) Multi-Objective Optimization (MOO)

e Objectives: minimize cost (C), minimize project duration (T), minimize overtime (O). Solved via e-

constraint or evolutionary algorithms to generate Pareto frontier.
Integration of DES and Optimization
We adopt a “simulate—optimize—simulate” loop:

1. Initial DES run with nominal parameters to estimate baseline workload curves.
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2. Optimization uses these curves to propose staffing plans.
3. DES reruns with optimized staffing to validate performance and perform stress tests.
4. Interactive dashboard presents trade-offs.
Validation and sensitivity analysis
Face validity was established through expert walkthroughs of process maps. Sensitivity analyses varied:
e Recruitment velocity (£30%)
e Query rate (0.6—1.2 per page)
e Monitoring frequency (6—10 weeks)
e Protocol amendment count (0—3 major changes)
Outcomes tracked: cost, overtime, delay probability, and quality metrics.

RESULTS

Baseline scenario

The baseline (heuristic staffing) plan employed 12 CRAs, 8 data managers, 3 PV specialists, 2 statisticians, 2
regulatory staff, and 2 project managers (PMs), totaling 27 FTEs across phases (weighted for part-time). DES

showed:
e Average query backlog peaked at 1,480 unresolved queries at month 14
e Monitoring visit delays in 22% of sites during months 8—12
e Overtime hours averaged 14% of total hours for CRAs and 18% for data managers
e Total staffing cost: $6.8 million over 36 months
Optimized scenario (Deterministic MILP)
The deterministic MILP recommended re-phasing staff and cross-training:

e 10 CRAs (with 2 floaters), 9 data managers (with staggered peaks), 4 PV specialists, 2 statisticians, 3
regulatory staff, 2 PMs

e Introduction of a “query strike team” during months 12—-16

e Resulting metrics:
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o Query backlog peak reduced to 620 (—58%)
o Monitoring delays down to 6% of sites
o Overtime hours cut to 9% (CRAs) and 11% (DMs)
o Total cost: $6.0 million (—12%)
Robust optimization outcomes
Under pessimistic recruitment (—30%) and high query rates (+20%), the robust plan held performance:
e Peak backlog 770
e Monitoring delays 9%

e Cost +3% relative to deterministic optimum but still —9% vs baseline This demonstrates value in

paying a small insurance premium for resilience.
Multi-objective trade-offs
A Pareto frontier revealed:
e Lowest-cost plan: $5.85M but with 15% overtime
e Lowest-overtime plan: 5% overtime but $6.25M cost

o Balanced plan chosen: $6.0M, 9% overtime, on-time completion Decision-makers can select based on

priorities (e.g., staff well-being vs budget).
Scenario analysis with protocol amendments

When a mid-trial amendment added two additional patient visits and extra lab assessments, workload surged.
Adaptive re-optimization inserted temporary contractors (2 DMs for 4 months) and shifted CRA travel

clusters. Outcome: no milestone slippage; amendment costs contained to $190k incremental spend.
Quality and compliance metrics

Audit simulations showed a 40% drop in late AE reports and a 32% reduction in monitoring findings classified
as “major.” Query resolution turnaround improved from median 9 days to 5 days. These quality gains suggest

optimization does not trade off compliance.
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CONCLUSION

This study demonstrates that workforce optimization in MCCTs is both feasible and beneficial. By integrating
DES with MILP/RO/MOQO techniques, trial managers can derive staffing plans that are cost-effective, resilient
to uncertainty, and attentive to quality indicators. The case study—though synthetic—mirrors real-world

complexities, proving the translational potential of such models.
Key takeaways:

1. Workload quantification is foundational. Without robust metrics (queries, visits, AEs), optimization

has weak inputs. Standardizing effort drivers across trials can allow benchmarking.

2. Integration beats siloed optimization. End-to-end models prevent local optima; e.g., optimizing only

CRA deployment might overload data managers.

3. Resilience matters. Robust plans cushion shocks (slow recruitment, amendments) at marginal added

cost.

4. Human factors are critical. Overtime and burnout harm quality; optimization can explicitly constrain

these.

5. Digital twins enable continuous improvement. A living model updated with EDC/CTMS data can

guide rolling adjustments.

In conclusion, MCCT sponsors and CROs should institutionalize analytics-driven workforce planning.
Investment in data infrastructure, modeling expertise, and change management will yield measurable returns

in speed, cost, and compliance.
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