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Evidence of racial bias in pulse oximeter device measurements



Quantifying path-specific causal effect of pulse-oximeter 
discrepancies on clinical decision-making in the ICU

1. Extend existing causal 
mediation analysis for 
multiple mediators

2. Develop robust estimators with theoretical 
guarantees and better performance in 
small-sample regimes (e.g. ICU data)
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Causal fairness model with two mediators

Natural Indirect 
Effect (NIE)

Natural Direct 
Effect (NDE)

Total Effect (TE)

V-specific Direct 
Effect (VDE)

Pearl, UAI, 2001 Pulse oximetry
application



The VDE is identifiable using the back-door adjustment and given by

VDE doubly robust estimator

We use the doubly robust estimator,

Nuisance parameters defined following Jung, NeurIPS, 2024



Algorithm Theorem 2 (informal)

Since                 , we use the self-normalized (SN) estimator,                                , 
as this improves the estimation stability in practice.

Theoretical guarantees of the VDE estimator



Critical care data on invasive ventilation-related outcomes
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EWA to summarize measurement trajectories 
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Semi-synthetic experiments

The self-normalized estimator (right) has smaller variance compared to the 
canonical doubly robust estimator (left)

Bands
show 
95% 
CIs



Real-world experiments

Ventilation rate VDE is negligible (95% CI eICU [-0.23, -0.19], MIMIC-IV [-0.56, -0.36]), 
but more pronounced for ventilation duration (95% CI eICU [2.2, 2.5], MIMIC-IV [6.9, 7.9])

Positive effect = more frequent or longer treatment for Black patients vs. White patients

Error
bars
show 
95% 
CIs



Conclusions and future work

● We examine heterogeneity by race in a clinically actionable healthcare
process using path-specific causal analysis with theoretical guarantees

● Bias primarily manifests in ventilation duration, 
not in treatment initiation

● Future work could model temporality explicitly
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