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Introduction

Allogeneic hematopoletic stem cel

transplantation (allo-HSCT) for acute

myeloid leukemia (AML) presents a

fundamental therapeutic paradox:
myeloablative conditioning (MAC)

reduces relapse but increases non-

relapse mortality (NRM), while reduced

-Intensity conditioning (RIC) lowers
NRM but permits higher relapse. This

graft-versus-leukemia (GVL) trade-off

has never been formally optimized.

We hypothesized that bivariate copula

modeling of competing risks could
guantify the dependence structure

between relapse and NRM, enabling

Pareto optimization to identify regimens

that simultaneously minimize both
endpoints.

Methods

We conducted a meta-analysis synthesizing
data from four databases (Google Scholar,
PubMed, Cochrane) encompassing 99
unigue studies of MAC, RIC, venetoclax-

augmented conditioning (MAC+Ven, RIC+Ven),

and haploidentical transplantation (Haplo-SCT)
INn AML. Individual patient data (N=2,000;
400 per arm) were reconstructed using
competing-risks simulation calibrated to
published benchmarks. Two-year cumulative
Incidence functions (CIFs) were estimated
via Aalen-Johansen methods. Clayton and
Gaussian copulas were fitted via maximum
likelihood with 1,000-iteration bootstrap
confidence Intervals. Pareto frontiers were
constructed In relapse-NRM space, and
Euclidean distance to the utopia point

(0% relapse, 0% NRM) identified optimal
regimens.

Results

Two-year CIFs revealed marked heterogeneity:
MAC (relapse 27.8%, NRM 23.5%), RIC

(relapse 42.5%, NRM 11.8%), MAC+Ven
(relapse 17.3%, NRM 26.3%), RIC+Ven

(relapse 37.0%, NRM 13.8%), and Haplo-SCT
(relapse 27.3%, NRM 30.8%). Clayton copula
dependence parameters (0) demonstrated

strong positive dependence in MAC (6=3.725,
95% CI 2.837-4.927), MAC+Ven (0=3.453,

95% CI 3.064-3.742), and Haplo-SCT (6=10.000,
95% CI1 7.811-10.000), but weak dependence In
RIC (6=0.493, 95% CI 0.402-0.575) and RIC+
Ven (0=0.734, 95% CI1 0.671-0.782). Gaussian
copula correlations paralleled these findings
(MAC p=0.958, RIC p=0.571, MAC+Ven p=0.943,
RIC+Ven p=0.668, Haplo-SCT p=0.990). Pareto
frontier analysis identifled MAC+Ven as closest
to the utopia point with the highest overall
survival proxy (56.5%), while Haplo-SCT was
Pareto-dominated.
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Conclusion

Bivariate copula meta-analysis

reveals that MAC +venetoclax

achieves Pareto-optimal balance in the
GVL paradox, offering superior disease
control (17.3% relapse) despite modestly
elevated NRM (26.3%) and yielding the
highest overall survival proxy (56.5%).
The strong positive dependence
(0=3.453, p=0.943) between relapse and
NRM in MAC+Ven suggests shared
biological mechanisms amenable to
targeted intervention. This copula-based
framework provides the first quantitative
solution to transplant conditioning
optimization in AML.
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Results
Figure 1 — Aalen-Johansen Cumulative Incidence Functions
Relapse (solid) and Non-Relapse Mortality (dashed) by Conditioning Regimen
MAC RIC MAC+Ven RIC+Ven Haplo-SCT
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Figure 4 — Forest Plot: Clayton Copula 6 with 95% Bootstrap Ci

Quantifying the GvL-GVHD Biological Trade-off Strength per Regimen
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