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ABSTRACT:

Background. Cellular therapies — particularly chimeric antigen receptor T-cell (CAR-T) constructs — challenge
conventional dose-finding and trial design paradigms. Maximum tolerated dose (MTD) logic is poorly suited to
biological agents whose efficacy plateaus below toxicity thresholds. Delayed and cumulative cytokine-mediated
toxicities, including cytokine release syndrome (CRS), violate the rapid-readout assumption of the 3+3 design
and standard continual reassessment method (CRM) designs. Patient heterogeneity in disease burden, prior
lines of therapy, and manufacturing feasibility makes uniform enrolment inefficient. Combination regimens
compound these challenges by introducing intercurrent events that conventional estimands handle poorly.

Methods. We present a programme of complementary Bayesian methods. First, KA-TITE-OBD: a keyboard-
adaptive (KA), time-to-event (TITE) design targeting the optimal biological dose (OBD). Escalation decisions
are driven by posterior probabilities that the toxicity rate at the current dose falls within pre-specified intervals,
with partial follow-up information incorporated through a weighted likelihood. OBD selection uses a joint
posterior over toxicity and efficacy with admissibility rules based on posterior probability thresholds, and priors
elicited from historical CAR-T trial data. Second, a Bayesian patient selection algorithm constructing a posterior
risk score integrating clinical, manufacturing, and prognostic covariates, with hierarchical borrowing across
patient subgroups and Bayesian predictive probability of success (PPoS) driving enrolment decisions. Third, an
estimands framework for combination oncology trials, aligned with International Council for Harmonisation
(ICH) E9(R1), under composite, while-on-treatment, and hypothetical strategies, with shared-parameter and
pattern-mixture models for informative dropout and priors enabling principled sensitivity analysis.

Results. Simulation studies across realistic CAR-T toxicity—efficacy surfaces show that KA-TITE-OBD identifies
the OBD with higher probability than time-to-event continual reassessment method (TITE-CRM) and time-to-
event Bayesian optimal interval (TITE-BOIN) variants under late-onset toxicity scenarios, with comparable or
smaller sample sizes. The patient selection algorithm reduces expected screen-failure rates while preserving
target population validity. The estimands framework demonstrates that strategy choice materially affects
treatment-effect estimates in combination settings, with direct implications for United States Food and Drug
Administration (FDA) Project Optimus and European Medicines Agency (EMA) regulatory submissions

Conclusions. Bayesian complex innovative design (CID) methodology — spanning dose optimisation, adaptive
enrolment, and estimand-aligned analysis — provides a coherent toolkit for the next generation of cellular and
combination oncology trials. The unifying methodological commitment is posterior-probability-based decision-
making with explicit prior elicitation and propagation of uncertainty across design, enrolment, and analysis.
Open-source R implementations on the Comprehensive R Archive Network (CRAN) support uptake by applied
trialists.
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