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1. Introduction 
Automated total knee arthroplasty (TKA) 
planning relies on anatomical landmarks to 
compute surgical metrics. These algorithms are 
typically evaluated on localization accuracy 
alone, yet a small positioning error can have 
very different clinical consequences depending 
on the metric considered. We present a Monte 
Carlo framework quantifying how landmark 
errors propagate into TKA planning metrics, 
illustrated by two contrasting cases: the 
mechanical hip-knee-ankle angle (mHKA) and 
the external tibial torsion angle (ETT). 
 
2. Materials and Methods 
Thirty osteoarthritic TKA subjects (67.1 ± 8.8 
years) underwent preoperative full-leg CT 
imaging. Landmarks were manually annotated 
twice by two surgeons on segmented 
lower-limb meshes, characterizing landmark 
positioning variability [1]. These distributions 
were propagated through 14 TKA planning 
metrics via atlas-based inverse morphing and 
Monte Carlo simulation (50,000 
iterations/metric/patient). Sensitivity was 
quantified by the 90% confidence interval of 
metric deviation (CI₉₀) and the Chatterjee 
coefficient (ξ), which measures statistical 
dependency between landmark displacement 
and metric deviation [2]. An automatic 
landmarking procedure, custom-made, was 
also applied to the same subjects. 
 
3. Results 
Automatic landmarking achieved a mean error 
of 2.4 mm, comparable to manual 
inter-operator variability (2.3 mm). Error 
propagation revealed a 146-fold range in 
angular variance across metrics. The mHKA 
was robust (CI₉₀ < 2°), with heterogeneous but 
predominantly low landmark-metric 
dependency (ξ ranging 0–0.29), driven 
primarily by tibial plateau landmarks along the 
X-axis. In contrast, the ETT was highly 
sensitive (CI₉₀ = 16.9°), with strong statistical  

 
dependency at malleolar landmarks (Fig 1, 
medial malleolus: ξ = 0.231), reflecting four 
landmarks defining two short transverse axes 
where in-plane errors compound without 
geometric averaging.  

 
Fig 1: ETT sensitivity to medial malleolus displacement, 
subject 11 (lateral view). Arrow color encodes the 
induced angular error magnitude (°); orange dots show 
manual annotation variability; blue dot indicates the 
reference position. 
 
4. Discussion and Conclusions 
Standard landmarking accuracy is an 
insufficient predictor of clinical metric 
reliability. The ETT/mHKA contrast shows 
that geometric configuration, not error 
magnitude, determines sensitivity: short 
transverse axes amplify errors multiplicatively, 
while a long mechanical axis absorbs them. 
Patient morphology further modulates this 
effect, making landmark criticality both 
metric-specific and patient-dependent. This 
framework directly supports risk-stratified 
verification and validation of automated TKA 
planning systems. 
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