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A B S T R A C T

Background: Total knee arthroplasty (TKA) planning relies on accurate anatomical landmark identification to 
compute morpho-functional metrics guiding implant positioning. While landmark positioning errors inevitably 
propagate into surgical measurements, current validation practices apply uniform tolerance thresholds regardless 
of clinical impact. Previous sensitivity analyses identified categorical distinctions and metric-dependent patterns, 
yet no framework exists for quantifying individual landmark-axis contributions or translating these findings into 
risk-stratified acceptance criteria.
Purpose: To establish an evidence-based hierarchy of anatomical landmark criticality for TKA planning through 
comprehensive sensitivity analysis, and to propose risk-stratified acceptance criteria for quality control 
protocols.
Methods: Monte Carlo-based sensitivity analysis (50,000 iterations per metric) was performed across 30 osteo
arthritic patients (67.1 ± 8.8 years) for 14 morpho-functional metrics (11 angles, 3 distances) derived from 34 
anatomical landmarks. Manual annotations by two experienced orthopedic surgeons provided empirical posi
tioning error distributions. Atlas-based inverse morphing enabled cross-patient statistical aggregation. Two 
complementary sensitivity indices were employed: the novel Morphometrical Impact Rate (MIR), quantifying 
metric deviation per millimeter of landmark displacement, and the Chatterjee coefficient (ξ), capturing non- 
linear statistical dependencies including reference frame contamination effects.
Results: Metric sensitivity exhibited 12-fold variability (CI90: 1.37◦–16.87◦ for angular metrics). The inferior 
medial femoral condyle Z-coordinate emerged as the most critical landmark coordinate (MIR = 0.854 deg/mm 
for angles, 0.792 mm/mm for distances). Malleolar landmarks exhibited maximal sensitivity for rotational 
metrics (medial malleolus X-axis: MIR = 1.395 deg/mm). Z-axis perturbations dominated coronal measurements, 
with complete reversal for axial rotational metrics. Plane-defining landmarks demonstrated elevated Chatterjee 
coefficients despite moderate MIR values, confirming reference frame contamination as a distinct error propa
gation mechanism.
Conclusion: This study provides quantitative evidence that positioning accuracy and clinical impact are not 
synonymous. We propose a hierarchical validation framework in which tolerance thresholds scale inversely with 
quantified clinical impact, prioritizing plane-defining landmarks and high-impact landmark-axis combinations 
identified through MIR and Chatterjee coefficient analysis. Plane-defining landmarks warrant prioritized vali
dation regardless of individual MIR values, as reference frame errors cascade into multiple geometrically inde
pendent metrics.
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1. Introduction

Total Knee Arthroplasty (TKA) is indicated for end-stage knee oste
oarthritis. Although this procedure provides effective pain relief and 
generally good functional outcomes, a relatively high rate of patient 
dissatisfaction [1] has led to a recent paradigm shift [2] from a sys
tematic “one-fits-all” technique toward a personalized surgical 
approach. Several strategies have been proposed, most of which focus on 
restoring the patient’s native anatomy (e.g., kinematic [3] and restricted 
kinematic alignment [4]) and/or achieving symmetric flexion and 
extension gaps (functional alignment [5]). Traditional 2D radiographs 
are primarily limited to coronal plane planning (e.g., Hip-Knee-Ankle 
(HKA) angle, mechanical Lateral Distal Femoral Angle (mLDFA), or 
mechanical Medial Proximal Tibial Angle (mMPTA). Although modern 
3D Computed-Tomography (CT)-based planning such as robotic and 
navigation systems enable the unrestricted multi-planar positioning 
required for personalized alignment strategies (slope, torsions…), they 
focus mainly on coronal assessment. Axial and sagittal plans from 3D CT 
still lack advanced sensitivity analysis.

The growing demand for personalized surgery has driven the 
development of advanced technologies, including robotic-assisted [6]
and navigation systems [7,8], which provide surgeons with increased 
precision [9] while allowing unrestricted implant positioning in all three 
dimensions of space. These technologies rely on accurate acquisition of 
the patient’s anatomy, either through intraoperative landmark regis
tration or in combination with preoperative CT-scan data. The accuracy 
of bone resections performed using these systems, as well as the reli
ability of 3D-CT–based planning, strongly depends on the quality of 
landmark identification performed either in vivo or on CT images.

Therefore, the landmarking process represents a cornerstone in 
preoperative planning to ensure surgical accuracy and reduce the risk of 
complications associated with implant malpositioning.

Anatomical landmark identification constitutes a fundamental 
challenge in orthopedic imaging, stemming primarily from inherent 
definitional ambiguity [10,11]: no consensus exists on which landmarks 
or axes represent the most reliable standard [12,13], and many con
ventional landmarks correspond to ill-defined anatomical regions, 
including femoral epicondyles and tibial plateau margins, rather than 
geometrically distinct points [14–17]. Consequently, radiologically 
identified features often reflect variable projections of 3D bone, with 
single-plane CT measurements producing 12.7% outlier values and 
systematic errors exceeding 2◦ compared to multiplanar approaches 
[18,19].

A single landmark often contributes to multiple calculations, 
including reference frame definitions, projection planes, angular mea
surements, and distance computations. For instance, the femoral head 
center is used for frontal plane definition and HKA measurements, and 
the surgical transepicondylar axis serves both as a rotational reference 
and as a projected angle on axial planes. The reuse of landmarks across 
coordinate systems and measurement contexts introduces method- 
dependent variability, as systematic reviews document high heteroge
neity in reported axes depending on coordinate construction choices 
[10,12]. Pathological changes further complicate landmark identifica
tion, as osteophytes and erosions alter contours and induce uncertainty 
regarding placement on pathological versus native anatomy. While 
baseline landmarking positioning accuracy on native anatomy can 
achieve submillimeter accuracy, arthritic knees demonstrate substan
tially higher interobserver variability [11]. Automated landmark 
detection reduces operator variability, with recent deep learning models 
achieving angular accuracy comparable to experts [20] on 2D X-rays. 
However, algorithms inherit training biases: model performance and 
generalization depend critically on the training dataset, while studies 
demonstrate that models trained on limited pathological cases may not 
generalize across disease stages [21]. Other teams demonstrated accu
racy on the pathological population of interest using mathematically 
based algorithms [22]. When combining the limited precision of ill- 

defined landmarks, automated detection errors, the reuse of these 
landmarks across multiple calculations, and pathological complexity, 
error propagation becomes inevitable.

While the precision of anatomical landmark identification has been 
extensively documented, the literature reveals high methodological 
variability, with positioning errors ranging from sub-millimetric preci
sion to over 20 mm depending on the anatomical site and soft tissue 
coverage [17,23]. Both manual annotations and automated detection 
methods exhibit these inherent positioning uncertainties [24]. More 
importantly, the clinical impact of such variability is not uniform: pre
vious sensitivity analyses indicate that specific landmarks—particularly 
those closer to the knee joint or used for epicondylar regis
tration—possess highly restricted safe zones (<2 mm) and dispropor
tionately dictate overall registration accuracy and surgical success 
[25,26].

Schlatterer et al. introduced a Monte Carlo simulation framework 
[27] demonstrating geometric amplification whereby short epiphyseal 
axes exhibit 10-fold greater sensitivity than long mechanical axes. Their 
simulation revealed maximal angular errors of 3.84◦ for tibial axial 
rotation versus only 0.98◦ for varus-valgus alignment. More recently, 
Luo et al. employed Jacobian-based sensitivity analysis concluding that 
“landmarks used for the origin of reference frames have the greatest 
effect on system output” and establishing categorical prioritization of 
plane-defining landmarks [25].

While these foundational studies established important principles, 
several opportunities for extension remain. First, both Luo et al. and 
Schlatterer et al. [25,27] applied uniform uncertainty parameters across 
all landmarks simultaneously—while appropriate for their objecti
ves—precluding quantification of individual landmark contributions to 
specific metrics. Second, analyses focused primarily on implant posi
tioning angles rather than the broader spectrum of morpho-functional 
metrics (alignment angles, joint geometry, limb lengths) employed in 
contemporary personalized TKA planning. Third, no framework exists 
for translating sensitivity findings into differentiated acceptance 
thresholds: current validation paradigms remain anchored to uniform 
criteria, most notably the ±3◦ mechanical axis tolerance, applied 
indiscriminately regardless of landmark function or metric sensitivity.

Indeed, Schelker et al. highlighted that the universal use of the “safe 
zone” of +/- 3◦ derived from mechanical alignment is hardly applicable 
to modern personalized strategies, emphasizing an “urgent need for 
evidence-based thresholds” [28]. As Reinke et al. recently demonstrated 
in image analysis validation [29], metric selection without consider
ation of task-specific requirements leads to systematic pitfalls and 
misleading conclusions. Such uniform approaches are inadequate for 
risk-stratified validation, as they fail to distinguish high-impact land
marks requiring stringent control from those with minimal downstream 
clinical consequence. In the context of modern TKA planning, uncon
trolled errors in critical landmarks propagate directly into unintended 
gap asymmetries, altered joint line restoration, and failure to achieve the 
targeted personalized alignment.

In this context, the present study aims to establish, for the first time, 
an evidence-based hierarchy of anatomical landmark criticality for TKA 
planning. To achieve this, we developed a hybrid sensitivity analysis 
framework combining: 

- Monte Carlo uncertainty propagation (50,000 iterations across 30 
patients) to quantify the intrinsic sensitivity of 14 key morpho- 
functional metrics.

- Multidimensional sensitivity analysis introducing the Morpho
metrical Impact Rate (MIR) to measure error magnitude, alongside 
the Chatterjee coefficient (ξ) to evaluate statistical functional 
dependency.

The ultimate goal of this research is to propose a risk-stratified 
classification of landmarks, enabling the definition of differentiated 
acceptance criteria to secure automated planning systems and optimize 
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quality assurance protocols in orthopedic surgery.

2. Materials and methods

2.1. Study cohort and data acquisition

2.1.1. Patient population
Thirty subjects (11 men, 65.6 +/- 9.8 years old, and 19 women, 71.2 

+/- 7.8 years old) were included in this study following ethical com
mittee approval (2019-A02124-53) after providing their informed con
sent. All subjects underwent Total Knee Arthroplasty (TKA) at the CHU 
Grenoble Alpes hospital, France. Subjects who underwent previous 
geometry-altering surgeries of the ipsilateral limb, including the femur, 
tibia, fibula, and patella bones, were excluded. Demographic charac
teristics and preoperative clinical parameters are summarized in 
Table 1. For all subjects, presurgical pseudonymized full-leg CT scans 
were performed. Preoperative mechanical axis alignment was measured 
using the HKA angle from full-leg anteroposterior radiographs.

2.1.2. CT imaging protocol
Full-leg CT scans were acquired preoperatively using a Siemens 

multidetector scanner (140 kV, 49–266 mA auto-modulation, 1 mm slice 
thickness, 512x512 matrix). Following pseudonymization, all DICOM 
images were exported according to the left-posterior-superior (LPS) 
coordinate system convention: x-axis = medio-lateral (positive =
lateral), y-axis = antero-posterior (positive = posterior), z-axis = dis
talo-proximal (positive = proximal). This standardization ensures 
consistent spatial referencing across all subsequent processing steps. For 
all subjects, presurgical full-leg CT scans were used to segment and 
reconstruct the 3D geometries of the femur, tibia, fibula, and patella 
bones of the operated limb. Segmentation was performed automatically 
for all 30 subjects using a validated in-house deep learning pipeline 
based on a patch-based U-Net architecture (256x256x256 voxels at 0.8 
mm isotropic resolution), trained on 192 lower limb CT scans. Pipeline 
performance was assessed on an independent test dataset of 91 subjects, 
yielding a mean Dice similarity coefficient (DSC) of 0.97 for the four 
bones of interest. This pipeline is implemented within a surgical plan
ning software that has received FDA 510(k) clearance (K250290, 
January 31, 2025) as a Medical Image Management and Processing 
System (Class II, 21 CFR 892.2050, Product Codes LLZ/QIH), providing 
regulatory-grade external validation of the image processing workflow.

2.2. Landmark positioning data

This study aims to quantify how anatomical landmark positioning 
errors propagate into morphometric (distances and angles) parameters 
used for TKA surgical planning. Rather than focusing on landmarking 
algorithm performance, we investigate the differential clinical impact of 
positioning uncertainties across landmarks and coordinate axes to 
establish evidence-based criticality hierarchies for quality control 
protocols.

Our methodology builds upon a previously validated landmarking 
framework [22], from which we derive empirical positioning error 
distributions. For this study, we analyzed 34 anatomical landmarks (out 
of 87 initially validated) necessary to compute 14 morpho-functional 
metrics across 30 subjects.

Manual landmark annotations were performed independently by two 
experienced orthopedic surgeons on 30 subjects randomly divided into 
two equal groups. Each operator performed landmarking twice on their 
assigned group, with a seven-day interval in-between sessions, and once 
on the other group, enabling analysis of both intra-operator repeat
ability and inter-operator reproducibility. Repeatability analysis 
demonstrated a mean median error of 1.83 mm and reproducibility of 
2.34 mm. These three expert annotations per landmark constitute the 
empirical basis for modeling positioning uncertainty in the sensitivity 
analysis detailed in Section §2.4.1.

2.3. Morphometric parameters

2.3.1. Metric calculations methodology
Morphometric parameters were selected based on clinical utility in 

TKA planning. Specifically, the 34 landmarks enabled calculation of 11 
angles and 3 distances. The ISB (International Society of Biomechanics) 
planes define femoral and tibial anatomical reference frames for 
morphometry. Metrics calculations employ standardized coordinate 
geometry: (1) define anatomical planes: coronal, sagittal, and axial 
planes using landmark-defined reference frames (e.g., transepicondylar 
axis for coronal plane orientation), (2) project 3D landmark coordinates 
onto appropriate measurement planes (e.g., femoral mechanical axis 
from hip center to notch center), and (3) compute angles and distances 
with sign conventions following ISB standards (e.g., varus = negative 
HKA deviation). Metrics (angles and distances) descriptions are docu
mented in Annex A.

Detailed formulas, landmark dependencies for each metric and 
reference frames definitions are provided in Supplementary Table S1. 
Visual illustrations of landmark configurations and vector constructions 
for representative metrics (mLDFA and mMPTA) are provided in Fig. 1.

2.4. Sensitivity statistical analysis

Statistical analysis was performed using Python 3.12 (Python Soft
ware Foundation) with common scientific computing libraries.

The complete analytical pipeline is composed of four steps (described 
below); Fig. 2 summarizes this pipeline.

2.4.1. Cross-patient error distribution modeling
A fundamental challenge in aggregating landmark positioning errors 

across patients lies in anatomical variability: positioning uncertainty 
observed in one patient’s coordinate system cannot be directly 
compared with uncertainties from geometrically distinct anatomies. To 
enable inter-subject comparability and aggregation of landmark posi
tioning errors across patient-specific anatomies, we employed an atlas- 
based inverse morphing methodology. This approach uses a fixed 
anatomical atlas (Atlas0) as a common coordinate framework.

For each patient p, a spatial transformation ϕ0→p maps the atlas ge
ometry to patient-specific anatomy using a scaled Iterative Closest Point 
(ICP) algorithm for initial global alignment, followed by a non-linear 
warping. The inverse transformation ϕ− 1

0→p enables projection of pa
tient landmarks back into the unified atlas coordinate system.

The methodology follows a systematic workflow: (1): for each 
landmark, compute barycenter from manual annotations (n = 3) and 
project it onto patient bone surfaces, as the centroid of multiple anno
tations may fall outside the bone surface; (2): apply inverse trans
formation ϕ− 1

0→p to map patient landmarks to Atlas0, (3) build statistical 
distributions in Atlas0, (4) forward-transform landmarks back to patient- 
specific coordinate systems via ϕ0→p and (5) build statistical distribu
tions on the patients and perform patient-specific sensitivity analysis. 
Steps (3) and (5) require statistical characterization of positioning un
certainty. For each landmark k, we modeled positional uncertainty using 
a multivariate normal distribution Xk ∼ N(μk,Σk) , where μk represents 
the empirical mean position and Σk denotes the 3 × 3 covariance matrix 

Table 1 
Demographic details of the study participants and preoperative mechanical 
alignment.

Parameters Men (n = 11) Women (n = 19) All (n = 30)

Age (years) 65.6 +/- 9.8 71.2 +/- 7.8 67.1 +/- 8.8
Height (mm) 178.3 +/- 6.7 160.8 +/- 4.9 167.2 +/- 10.2
BMI (kg/m2) 28.1 +/- 4.7 28.7 +/- 6.0 28.5 +/- 5.1
HKA angle (◦) 176.5 +/- 4.7 179.4 +/- 4.1 178.3 +/- 4.5
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capturing both error magnitude and directional dependencies. A rejec
tion sampling algorithm with orthogonal surface projection ensured 
anatomically valid landmark positions (acceptance threshold: projection 
distance < 1 mm). We generated 50,000 valid samples per landmark, a 
number determined through empirical convergence analysis demon
strating sensitivity measure stabilization (maximum deviation < 0.02 
between runs) beyond 40,000 samples. This sampling procedure was 
repeated independently for each of the 30 patients, yielding patient- 
specific sensitivity distributions that account for inter-subject morpho
logical variability.

Complete mathematical formulations, including barycentric coordi
nate transformations and surface projection algorithms, are provided in 
Supplementary Materials S2.

2.4.2. Sensitivity analysis framework
To quantify how landmark positioning errors propagate into 

morpho-functional metrics, we developed a comprehensive analysis 
pipeline combining one established method with several novel contri
butions. The width of the 90% confidence interval (CI90), defined as the 
empirical interval [Q5, Q95] of the 50,000 Monte Carlo output values, 
was used as the primary measure of metric sensitivity. Two comple
mentary sensitivity indices were then employed. The Morphometrical 
Impact Rate (MIR), introduced in this study, quantifies the amplitude of 
metric deviation per millimeter of landmark displacement: it captures 
how much a given landmark-axis combination can move a metric value 
through direct geometric participation. The Chatterjee coefficient [30]
quantifies statistical dependency between landmark coordinate pertur
bations and metric deviations, detecting non-linear and reference frame 
contamination effects invisible to amplitude-based measures alone: a 
landmark may exhibit low MIR yet high ξ if its errors systematically 
corrupt multiple metrics through reference frame distortion rather than 
direct lever-arm effects. Together, MIR and ξ characterize two 

mechanistically distinct error propagation pathways. Three comple
mentary visualization approaches support their interpretation: Hanabi 
plots characterizing how metric values respond to landmark coordinate 
perturbations, sensitivity heatmaps displaying ellipsoidal uncertainty 
regions overlaid on 3D bone surfaces to visualize spatial error distri
butions and critical positioning zones, and criticality maps plotting MIR 
against the Chatterjee coefficient to visualize the dual-index sensitivity 
distribution landmark-axis combination. Together, this multi-faceted 
framework enables identification of critical landmarks requiring prior
itized validation.

2.4.2.1. Chatterjee coefficients. The Chatterjee rank coefficient ξ(X,Y)
quantifies statistical dependency between landmark coordinate X and 
metric Y, ranging from 0 (independence) to 1 (perfect functional 
dependence) [30]. Unlike Pearson or Spearman correlations, Chatterjee 
coefficients detect non-linear, non-monotonic relationships, handle 
correlated, non-independent variables, and do not require distributional 
assumptions.

Our implementation divided the 50,000 projected samples into 500 
consecutive packets of 100 samples each. For each packet, mean land
mark coordinate displacement and mean metric deviation were 
computed. This approach was applied independently to each anatomical 
axis (X, Y, and Z), enabling characterization of axis-specific de
pendencies between landmark positioning errors and metric deviations.

2.4.2.2. Morphometrical impact Rate (MIR). We introduce the Morpho
metrical Impact Rate (MIR), a novel metric developed in this study to 
quantify the rate of change of metric values with respect to landmark 
coordinate perturbations, expressed in millimeters of absolute 
displacement along each anatomical axis. The MIR is computed as a 
range-based sensitivity measure across the empirical error distribution: 

Fig. 1. Anatomical landmark configurations and geometric vector constructions used to compute morpho-functional metrics in TKA planning. (a) Femoral landmarks 
defining the mechanical Lateral Distal Femoral Angle (mLDFA): the mechanical axis vector (proximal-to-distal red arrow) and the joint line vector (transverse red 
arrow) are shown for both right (R) and left (L) femora; the dashed red arc illustrates the resulting angle. (b) Tibial landmarks defining the mechanical Medial 
Proximal Tibial Angle (mMPTA): the tibial mechanical axis vector and the joint line vector are shown for both right (R) and left (L) tibiae. Cyan spheres represent 
anatomical landmarks.
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MIR(Laxis
k ,M) =

max(M) − min(M)

max(Laxis
k ) − min(Laxis

k )

where M and Laxis
k represent, respectively, the metric and landmark co

ordinate values observed across the 500 packets.
For angles, MIR is expressed in deg/mm, representing the average 

angular deviation induced per millimeter of landmark displacement. For 
distance metrics, MIR is dimensionless (mm/mm), representing the 
proportional change in measured distance per unit landmark 

displacement.

2.4.2.3. Hanabi plots: A novel visualization method. We introduce 
Hanabi plots (Fig. 3), a new visualization approach (named after the 
Japanese word for fireworks), reflecting the characteristic scatter 
pattern that emerges when displaying the relationship between land
mark coordinates and perturbations and resulting metric variations.

For each landmark-metric pair, Hanabi plots display 50,000 samples 
organized as 500 batches of 100 points. This representation reveals re
lationships between dependent landmark coordinates and morpho
metric outcomes, enabling identification of linear versus non-linear 
dependencies and scatter patterns indicative of measurement stability.

The MIR corresponds to the slope of the envelope connecting 
extreme points in the Hanabi plots. While MIR quantifies the amplitude 
of metric sensitivity, the Chatterjee coefficient ξ quantifies how tightly 
metric values follow landmark coordinate variations.

The complete Hanabi plot generation methodology is provided in 
Supplementary Materials Section S3.

2.4.2.4. Integrated criticality interpretation. The combination of MIR and 
the Chatterjee coefficient enables a two-dimensional characterization of 
landmark sensitivity. To illustrate this framework, we present examples 
from the mLDFA (mechanical Lateral Distal Femoral Angle) metric 
analysis: 

- High MIR + High ξ: the Inferior Lateral Femoral Condyle Z-coordi
nate (MIR = 0.866 deg/mm, ξ = 0.282) exhibits both large metric 
range and tight functional relationship, representing a dual-threat 
landmark requiring primary validation attention

- High MIR + Low ξ: The Inferior Medial Femoral Condyle Z-coordi
nate (MIR = 0.630 deg/mm, ξ = 0.055) demonstrates large metric 
range but high scatter, indicating geometric amplification with un
predictable error propagation despite substantial lever-arm effects.

Fig. 2. Methodological workflow for Monte Carlo-based sensitivity analysis of 
anatomical landmark positioning errors in TKA surgical planning metrics.

Fig. 3. Hanabi plot for the atMNSA metric at the Femoral Neck Posterior 
landmark (Patient 12). Each marker represents the mean absolute metric de
viation (◦) for a batch of 100 Monte Carlo samples, plotted against the centered 
landmark coordinate displacement (mm) along the X-axis (blue crosses), Y-axis 
(orange triangles), and Z-axis (green circles). The characteristic “firework” 
scatter pattern reveals axis-specific functional dependencies: the Y-coordinate 
exhibits a pronounced V-shaped relationship indicating strong metric sensi
tivity (high MIR), while X and Z coordinates demonstrate broader dispersion 
with weaker dependency. Vertical dashed red lines indicate a ± 3 mm, a 
positioning range representative of typical manual annotation variability re
ported in the literature.
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- Low MIR + high ξ: The Inferior Lateral Femoral Condyle Y-coordi
nate (MIR = 0.053 deg/mm, ξ = 0.356) shows a small metric range 
but a tight relationship, representing a naturally stable landmark 
that nonetheless introduces systematic, potentially correctable 
biases.

- Low MIR + low ξ: The Inferior Femoral Notch Y-coordinate (MIR =
0.053 deg/mm, ξ < 0.005) exhibits both a small metric range and 
high scatter, indicating functional independence where positioning 
errors contribute negligibly to measurement uncertainty.

This two-dimensional representation provides a systematic basis for 
quality control decision-making. Landmarks with elevated values on 
both indices should be prioritize for manual review, while those 
combining high MIR with low ξ or high ξ with low MIR warrant con
ditional review based on the specific error propagation mechanism. 
Landmarks with low values on the indices contribute negligibly to 
measurement uncertainty. The boundaries between regions are not 
discrete thresholds but reflect continuous gradients in sensitivity, as 
illustrated in Figs. 8 and 9.

2.4.2.5. Sensitivity heatmap. To facilitate results interpretation of 
landmark-specific sensitivity, sensitivity heatmaps (Fig. 4) display 
ellipsoidal uncertainty regions overlaid on 3D bone surfaces, visualizing 
error distributions and critical positioning zones for individual patients 
and landmarks.

3. Results

3.1. Metric sensitivity analysis

3.1.1. Monte Carlo uncertainty propagation
Monte Carlo uncertainty propagation across 50,000 iterations per 

metric quantified how positioning uncertainties propagate through 
morphometric calculations to affect surgical planning measurements. 
Analysis across 30 patients revealed a heterogeneous sensitivity land
scape, quantified by Monte Carlo output variance, spanning 0.13 mm2 

(femoral length variance) to 26.30◦2 (external tibial torsion variance, 
equivalent to a standard deviation of 5.13◦). Mean CI90 width across 
angular metrics was 6.44 ± 0.69◦ (median 6.09◦), and 2.35 ± 0.69 mm 
(median 2.65 mm) for distance metrics.

Fig. 5a) and b) display the complete morphometric sensitivity 
spectrum, with metrics ranked by mean CI90 width across the 30-patient 
cohort. Error bars represent inter-patient variability (standard deviation 
of CI90 values across subjects), indicating whether sensitivity is consis
tent across anatomical morphologies or subject to individual anatomical 
variations.

3.1.2. Metric sensitivity spectrum

3.1.2.1. Angular metrics. The ranked CI90 distribution (Fig. 5a) reveals a 
continuous sensitivity spectrum spanning from mHKA (CI90 = 1.37◦ ±

0.22◦) to ETT (16.87◦ ± 0.90). The two lowest-sensitivity metrics are 
mHKA and mLDFA (CI90 = 1.91◦ ± 0.51◦). mJLCA (CI90 = 3.85◦ ±

0.48◦), mMPTA (CI90 = 3.46◦ ± 0.37◦), and tibial slope (CI90 = 4.82◦ ±

Fig. 4. Landmark positioning variability and metric sensitivity at the Posterior Femoral Neck landmark (Patient 12, atMNSA metric). Orange markers (1–30): 
barycenters of manual annotations from each patient, inverse-morphed to Atlas0 then forward-morphed onto Patient 12′s anatomy. Color scale: resulting atMNSA 
angle value (◦) for each landmark position.
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0.81◦) exhibited moderate sensitivity. atMNSA (CI90 = 6.09◦ ± 0.47◦), 
EpiPost (CI90 = 6.24◦ ± 0.43◦) demonstrated low inter-patient vari
ability (SD = ± 0.43◦-0.47◦), indicating consistent sensitivity across 
anatomical configurations. LatSlope (CI90 = 7.38◦ ± 2.04◦) exhibits the 
highest inter-patient variability of all angular metrics (SD = ±2.04◦). 
ETT (CI90 = 16.87◦ ± 0.90◦) and FTR (CI90 = 11.10◦ ± 0.38◦) occupy 
the upper end of the spectrum, both with low inter-patient variability. 
The low standard of deviation (SD =± 0.38◦-0.90◦) indicates systematic 

sensitivity independent of anatomical configuration.

3.1.2.2. Distance metrics. The three distance metrics span a 3-fold range 
(CI90: 1.09–3.31 mm). Femoral length shows the lowest sensitivity (CI90 
= 1.09 ± 0.38 mm, variance = 0.13 mm2); however, this must be 
interpreted with caution, as the femoral head center was treated as fixed, 
meaning landmark positioning uncertainty was not propagated through 
this anatomical point. Consequently, the reported low variance 

Fig. 5. Morphometric sensitivity spectrum ranked by mean 90% confidence interval (CI90) width across 30 patients for a) angular metrics and b) distance metrics. 
Error bars represent inter-patient variability (SD of CI90 values across subjects), illustrating the range of individual anatomical responses to landmark positioning 
uncertainty.

Table 2 
Top 15 landmark-axis combinations ranked by Morphometrical Impact Rate (MIR) for angular metrics.

# Landmark Axis Mean MIR (deg/mm) Mean Chatterjee (ξ) Projection Plane Primary Affected Metrics

1 Tibial_Mal_Med X 1.395 0.150 Axial ETT
2 Fibula_Mal_Lat X 1.295 0.068 Axial ETT
3 Femoral_Epicondyle_Med X 1.138 0.077 Axial, Coronal EpiPost, mHKA
4 Femoral_Neck_Post Y 1.056 0.198 Axial, Coronal ATTF, atMNSA
5 Femoral_Condyle_Inf_Med Z 0.854 0.115 Coronal mJLCA, mLDFA
6 Femoral_Condyle_Inf_Lat Z 0.833 0.180 Coronal mJLCA, mLDFA
7 Femoral_Condyle_Post_Med Y 0.777 0.041 Axial EpiPost, FTR
8 Tibial_Plate_Med Z 0.748 0.071 Axial, Coronal ETT, FTR, mJLCA
9 Femoral_Condyle_Post_Lat Y 0.673 0.042 Axial ATTF, EpiPost
10 Femoral_Epicondyl_Lat X 0.657 0.106 Axial, Coronal EpiPost, mHKA
11 Tibial_Plate_Lat Z 0.635 0.049 Axial, Coronal ETT, FTR, mJLCA
12 Tibial_Plate_Lat_Sup_Post Z 0.566 0.125 Sagittal, Coronal LatSlope, Slope, mJLCA
13 Fibula_Mal_Lat Y 0.561 0.110 Axial ETT
14 Tibial_Mal_Med Y 0.551 0.232 Axial ETT
15 Tibial_Plate_Med X 0.532 0.046 Axial, Coronal ETT, FTR, mJLCA
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represents only the contribution from the distal landmark (medial 
condyle inferior), and a more comprehensive error model incorporating 
femoral head variability would likely yield higher estimates for this 
metric. Tibial length and leg length exhibited higher sensitivity (CI90 =

3.31 ± 0.79 mm and 2.65 ± 0.85 mm, respectively).

3.1.3. Dual-index sensitivity rankings

3.1.3.1. Angular metrics. Table 2 presents the 15 landmark-axis com
binations ranked by MIR for angular metrics, with corresponding 
Chatterjee coefficients. The complete rankings by Chatterjee coefficient 
are provided in Supplementary Table S4.

Malleolar landmarks dominated mechanical sensitivity: the medial 
tibial malleolus (X-axis: MIR = 1.395 deg/mm, Chatterjee ξ = 0.151) 
and the lateral fibular malleolus (X-axis: MIR = 1.295 deg/mm, ξ =
0.068) exhibited the highest MIR values, serving as distal references for 
ETT. Their moderate-to-low ξ values indicate that, despite large metric 
ranges, the input–output relationship exhibits substantial scatter. Ex
amples of malleolar and tibial plateau landmark distribution range for 
ETT angle calculation are given in Fig. 6.

Femoral epicondyles demonstrated substantial impact despite 
serving primarily to define the reference plane rather than being direct 
measurement endpoints (medial epicondyle X-axis: MIR = 1.138 deg/ 
mm, ξ = 0.077; lateral epicondyle X-axis: MIR = 0.657 deg/mm, ξ =
0.106) (Fig. 7(a)). The medial epicondyle’s high MIR reflects its X-axis 
role in transepicondylar axis definition; the lateral epicondyle’s elevated 
ξ on the Y-axis reflects anteroposterior sensitivity to coronal plane 
orientation. Femoral condylar landmarks showed consistently high MIR 
values across multiple metrics: the inferior medial femoral condyle (Z- 
axis: MIR = 0.854 deg/mm, ξ = 0.115) and the inferior lateral femoral 
condyle (Z-axis: MIR = 0.833 deg/mm, ξ = 0.180) contribute to three 
geometrically distinct calculations (mLDFA, mJLCA, and femoral length 
(Fig. 7(b)).

Posterior femoral condyle landmarks exhibited elevated Y-axis 
sensitivity (posterior medial: MIR = 0.777 deg/mm, ξ = 0.041; posterior 
lateral: MIR = 0.673 deg/mm, ξ = 0.042). The morphometrical impact 
hierarchy revealed fundamental asymmetry wherein distal landmarks 
consistently exhibited higher MIR values than proximal landmarks 
despite comparable absolute positioning errors.

Across the top 15 angular combinations, a systematic dissociation 
between MIR and ξ is evident: landmarks with the highest MIR (malleoli, 
MIR > 1.2 deg/mm) exhibit ξ < 0.20, while landmarks with the highest ξ 
(posterior condyles, femoral neck) exhibit MIR < 1.1 deg/mm. This 
dissociation, visible in Fig. 8, reflects two mechanistically distinct error 
propagation pathways: geometric amplification (high MIR, low ξ) versus 
reference frame contamination (moderate MIR, high ξ).

3.1.3.2. Distance metrics. Table 3 presents MIR rankings for distance 
metrics with corresponding ξ values. The complete Chatterjee rankings 
are provided in Supplementary Table S5.

The inferior medial femoral condyle Z-coordinate dominated both 
indices simultaneously (MIR = 0.792 mm/mm, ξ = 0.533), the only 
landmark-axis combination to achieve top rank by both criteria. This co- 
elevation reflects its role as the distal terminus for femoral length 
calculation, where vertical positioning directly determines total femoral 
dimension without intermediate geometric transformations or aver
aging effects. Its X- and Y-axes also maintained detectable ξ values 
(0.439 and 0.342, respectively) despite near-perpendicular orientation 
to the measurement axis, reflecting non-idealized 3D geometry.

Distal tibial landmarks showed moderate but consistent dual sensi
tivity: distal medial tibia (Z-axis: MIR = 0.340 mm/mm, ξ = 0.262) and 
the distal lateral tibia (Z-axis: MIR = 0.316 mm/mm, ξ = 0.391) 
exhibited higher ξ values relative to their MIR than tibial spine land
marks, indicating that distal tibial positioning errors maintain more 
structured functional relationships with length metrics than plateau- 

level contributions. The lower sensitivity compared to femoral mea
surements reflects the tibial length calculation methodology involving 
centroid computations (tibial center of shaft, tibial center of plateau) 
that partially average positioning errors across multiple contributing 
landmarks. Tibial spine landmarks demonstrated lower ξ despite com
parable MIR values (medial and lateral, Z-axis: MIR ≈ 0.316–0.340 mm/ 
mm, ξ ≈ 0.110–0.157), consistent with centroid-based averaging 
attenuating individual landmark influence on output consistency. Fig. 9
illustrates the spatial distribution of sensitivity ellipsoids for this pos
terior uncertainty at the lateral tibial plateau: ellipsoids extend onto 
osteophytic formations, with the automated landmark position (blue 
sphere) localizes to native bone surface anterior to the osteophyte 
margin, whereas manual expert annotations (represented by ellipsoid 
distributions) exhibit greater posterior dispersion, a pattern consistent 
with the interpretive ambiguity between pathological bone overgrowth 
and native anatomical boundaries in degenerative joints.

The distance metric landscape is more compact than angular metrics 
(Fig. 10): no landmark-axis combination exceeds MIR = 1.0 mm/mm, 
and the ξ range (0.014–0.533) is dominated by a single outlier (Femo
ral_Condyle_Inf_Med_Z). This compactness reflects the simpler geometric 
structure of length calculations compared to projected angular 
measurements.

3.1.4. Axis-specific sensitivity patterns
To identify which coordinate perturbations dominate metric de

viations, we decomposed landmark positioning errors along three 
orthogonal anatomical axes: X (mediolateral), Y (anteroposterior), and Z 
(proximodistal). This directional analysis enables axis-prioritized qual
ity control protocols.

Aggregated sensitivity analysis across all landmark-axis combina
tions contributing to the 14 metrics (n = 69 for angular metrics, n = 15 
for distance metrics) revealed distinct directional patterns (Table 4 and 
Fig. 11).

Ten out of 14 metrics exhibited the highest sensitivity to Z-axis 
positioning errors, reflecting lower limb morphometry, where surgical 
planning metrics predominantly quantify alignment or dimensions 
along the limb's long axis. For distance measurements, Z-axis pertur
bations generated a median MIR of 0.33 mm/mm compared to 0.15 
mm/mm for the X-axis and 0.07 mm/mm for the Y-axis. Coronal plane 
angular metrics (mHKA, mLDFA, mMPTA, mJLCA) demonstrated even 
stronger Z-axis dominance, with a median MIR of 0.22 deg/mm versus 
0.08 deg/mm (X) and 0.06 deg/mm (Y)—a 2.8-fold difference. This 
pattern reflects that proximodistal positioning errors directly alter the 
projected vertical coordinates of landmark pairs defining mechanical 
axes, while mediolateral and anteroposterior errors primarily affect 
perpendicular coordinates, contributing minimally to coronal angle 
calculations.

In contrast, rotational metrics measured within the transverse plane 
(ETT, FTR, EpiPost, ATTF) exhibited a completely inverted sensitivity 
hierarchy. Mediolateral (X-axis) errors dominated with a median MIR of 
0.62 deg/mm, followed by anteroposterior (Y-axis) at 0.44 deg/mm, 
with proximodistal (Z-axis) exhibiting the lowest impact at 0.29 deg/ 
mm. This reversal arises because rotational metrics quantify angular 
relationships between landmark pairs lying within the transverse (XY) 
plane: for instance, external tibial torsion compares the transmalleolar 
axis to the tibial plateau axis, both defined by landmarks separated by 
only 60–80 mm horizontally. Positioning errors occurring within this 
measurement plane (X and Y axes) directly alter the apparent orienta
tion of these short axes, whereas Z-axis errors displace landmarks 
perpendicular to the measurement plane, preserving angular relation
ships. With such short inter-landmark distances, even modest in-plane 
errors (1–2 mm) translate into substantial angular deviations (0.7–1.4◦).

Sagittal plane metrics (Slope, LatSlope, ATTF) demonstrated an in
termediate pattern where Z-axis sensitivity remained dominant (median 
MIR = 0.42 deg/mm) but Y-axis contribution increased substantially 
(0.32 deg/mm) compared to coronal metrics (0.06 deg/mm). The Z-to-Y 
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Fig. 6. Hanabi plots and sensitivity maps for ETT for patient 27. Represented landmarks are (a) lateral malleolar, (b) medial malleolar, (c) medial tibial plateau and 
(d) lateral tibial plateau. Each point represents a batch of 100 samples (500 batches total).
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ratio of only 1.3-fold indicates meaningful sensitivity to both prox
imodistal and anteroposterior positioning errors, reflecting dual geo
metric dependencies of sagittal angle calculations. Femoral anteversion 
(ATTF) exhibited similar dual sensitivity but with reversed magnitudes: 
Y-axis MIR (0.52 deg/mm) exceeded Z-axis MIR (0.36 deg/mm), as 
anteversion primarily measures anteroposterior orientation of the 
femoral neck axis relative to posterior condylar reference.

4. Discussion

This study presents a comprehensive quantitative sensitivity analysis 
of landmark positioning errors on morphometric metrics used for TKA 
planning. Through atlas-based inverse morphing, Chatterjee coefficient 
analysis, and Monte Carlo simulation across 30 osteoarthritic patients 
with 50,000 iterations per metric, we established criticality hierarchies 

Fig. 7. Sensitivity ellipsoids for high-impact landmarks. (a) Medial femoral epicondyle demonstrating mediolateral positioning uncertainty affecting trans
epicondylar axis definition. (b) Inferior femoral condyles showing proximodistal uncertainty propagating into mLDFA and mJLCA calculations.

Fig. 8. Criticality map for angular metrics. Each point represents one landmark-axis combination (n = 69). The x-axis displays the MIR (deg/mm); the y-axis displays 
the Chatterjee coefficient (ξ). Point colour encodes the Euclidean distance from the origin in the min–max normalized (MIR, ξ) space, defined as √(MIR_norm2 +

ξ_norm2) / √2, providing a visual summary of combined dual-index magnitude (0 = low sensitivity, 1 = high). This color scale is intended as a visual aid only; MIR 
and ξ should be interpreted independently as described in the text. Labels identify the five highest-impact combinations. Two mechanistically distinct clusters are 
visible: high-MIR/low-ξ combinations (malleolar landmarks) reflecting geometric amplification, and moderate-MIR/high-ξ combinations (posterior condyles, 
femoral neck) reflecting reference frame contamination.
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for both angular and distance metrics.
This study builds upon foundational sensitivity analyses by Schlat

terer et al. [27] and Luo et al. [25]. Schlatterer's Monte Carlo framework 
first demonstrated geometric amplification whereby short epiphyseal 
axes (≈100 mm) exhibit 10-fold greater sensitivity than long mechanical 
axes (≈400 mm), with rotational errors reaching 3.84◦ versus ≤ 0.98◦

for coronal alignment—a principle our findings strongly corroborate. 
Luo et al. extended this work using Jacobian-based analysis, establishing 
the critical insight that “landmarks used for the origin of reference 
frames have the greatest effect on system output.”.

The present study extends this framework in four directions: (1) 
systematic evaluation of 14 morpho-functional metrics spanning align
ment, joint geometry, and limb dimensions; (2) introduction of the 
Morphometrical Impact Rate (MIR) providing landmark-specific, axis- 

resolved sensitivity quantification in clinically interpretable units (deg/ 
mm, mm/mm); (3) application of Chatterjee coefficients to detect non- 
linear dependencies and reference frame contamination effects not 
captured by variance-based methods alone; and (4) propagation of 
patient-specific empirical error distributions across 30 anatomies rather 
than uniform uncertainty parameters.

Notably, our error model treated the femoral head center as 
geometrically fixed (sphere-fitting eliminates positioning ambiguity); 
consequently, the inferior medial femoral condyle Z-coordinate emerged 
as the most critical landmark (MIR = 0.854 deg/mm for angular metrics, 
0.792 mm/mm for distances). This finding complements rather than 
contradicts Luo et al.'s conclusion regarding reference frame origins: 
both studies identify proximal landmarks as high-impact sites, but our 
analysis further resolves which specific coordinates within these 
anatomical regions drive measurement uncertainty. The clinical impli
cation is that validation protocols should prioritize not merely cate
gorical landmark types (reference frame vs. endpoint) but specific 
landmark-axis combinations based on quantified downstream impact.

Our results provide independent corroboration of Schlatterer's geo
metric amplification principle: mHKA (CI90 = 1.37◦, lever arm 
800–1000 mm) demonstrated substantially lower sensitivity than 
mJLCA (CI90 = 3.85◦, lever arm 60–80 mm). The broader sensitivity 
range observed in our study (1.37◦ to 16.87◦, 12-fold) compared to 
Schlatterer's analysis (0.98◦ to 3.84◦, 4-fold) reflects primarily our in
clusion of axial rotational metrics—external tibial torsion (ETT, CI90 =

16.87◦), femoro-tibial rotation (FTR, CI90 = 11.10◦), femoral neck 
anteversion (ATTF, CI90 = 7.75◦), and the epicondylar-posterior 
condylar angle (EpiPost, CI90 = 6.24◦)—all dependent on particularly 
short transverse axes (60–80 mm spans). This extended metric scope 
reveals that geometric amplification effects are most pronounced for 
rotational measurements in the axial plane, where lever-arm distances 
are minimal and in-plane positioning errors (X and Y axes) translate 
directly into angular deviations.

The distinction between plane-defining and endpoint landmarks, 
established by Luo et al. through Jacobian analysis, receives quantita
tive support from our dual-index framework: plane-defining landmarks 
exhibited higher Chatterjee coefficients (median ξ = 0.082) than 
endpoint landmarks (ξ = 0.063) despite comparable or lower MIR 
values. This pattern—moderate individual impact but elevated statisti
cal coupling—reflects the reference frame contamination mechanism 
whereby errors at plane-defining sites propagate into multiple geomet
rically independent metrics simultaneously. Our contribution lies in 
quantifying this effect and demonstrating that Chatterjee coefficients, 
rather than variance-based measures alone, are necessary to detect such 
multivariate error propagation.

4.1. Landmark criticality and validation implications

Our results challenge the assumption that landmark positioning error 
magnitude correlates directly with clinical impact. The superior poste
rior femoral shaft landmark demonstrated a high reproducibility posi
tioning error in the Z-axis in the cohort (median 2.67 mm) and yet 
contributed marginally to TKA-relevant metrics (MIR < 0.05 deg/mm, 
Chatterjee ξ < 0.02). Conversely, the inferior medial femoral condyle 
exhibited low positioning errors in the Z-axis (median 0.50 mm) and yet 
appeared as the most critical landmark for both angular (MIR = 0.854 
deg/mm, ξ = 0.309) and distance (MIR = 0.792 mm/mm, ξ = 0.533) 
metrics. This landmark's influence extends across multiple metrics 
simultaneously: a positioning error propagates into coronal alignment 
(mLDFA), joint geometry (mJLCA), and femoral length quantification, 
compounding its clinical relevance despite modest absolute positioning 
uncertainty.

Current quality-assurance practices and tools for landmark-based 
planning most often rely on uniform prediction-to-true landmark dis
tance thresholds (typically 2–4  mm) applied identically across all 
landmarks. Such heuristics are used both in regulatory submissions and 

Fig. 9. Sensitivity ellipsoids for lateral tibial plateau superior anterior land
mark demonstrating posterior positioning uncertainty. Ellipsoid distributions 
onto osteophytic formations present in osteoarthritic knees reflecting inter
pretive ambiguity between pathological bone overgrowth and native anatom
ical boundaries.

Table 3 
Top 15 landmark-axis combinations ranked by Morphometrical Impact Rate 
(MIR) for distance metrics.

# Landmark Axis Mean 
MIR 
(mm/ 
mm)

Mean 
Chatterjee 
(ξ)

Primary 
Affected 
Metrics

1 Femoral_Condyle_Inf_Med Z 0.792 0.533 FemLength
2 Tibial_Dist_Med Z 0.340 0.262 LegLength, 

TibLength
3 Tibial_Plate_Spine_Lat Z 0.340 0.157 TibLength
4 Tibial_Dist_Lat Z 0.316 0.391 TibLength
5 Tibial_Plate_Spine_Med Z 0.316 0.110 LegLength, 

TibLength
6 Tibial_Dist_Med X 0.224 0.182 TibLength
7 Tibial_Dist_Lat X 0.156 0.243 LegLength, 

TibLength
8 Tibial_Plate_Spine_Med X 0.152 0.031 LegLength, 

TibLength
9 Tibial_Plate_Spine_Lat X 0.120 0.049 TibLength
10 Tibial_Plate_Spine_Lat Y 0.112 0.078 TibLength
11 Femoral_Condyle_Inf_Med X 0.110 0.439 TibLength
12 Tibial_Plate_Spine_Med Y 0.091 0.033 FemLength
13 Tibial_Dist_Lat Y 0.074 0.014 TibLength
14 Femoral_Condyle_Inf_Med Y 0.070 0.342 LegLength, 

TibLength
15 Tibial_Dist_Med Y 0.058 0.017 FemLength
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in validation studies [24,31–33]. This one-size-fits-all strategy allows 
large errors at high‑impact sites while demanding unnecessary precision 
at stable locations. A landmarking algorithm achieving 3.0 mm error at 
the Femoral Condyle Inferior Medial (passing ± 3 mm validation) in
duces an average 2.6◦ mechanical axis deviation and a 1.8◦ joint line 
convergence error, clinically significant deviations that escape current 
detection protocols.

These findings call for a sensitivity-stratified approach to validation 
effort: landmarks occupying the upper end of both the MIR and ξ dis
tributions, including malleolar landmarks, femoral epicondyles, poste
rior femoral neck, and the inferior medial femoral condyles, warrant the 
most stringent positioning requirements, while those at the lower end 
contribute minimally and may tolerate relaxed thresholds without 
compromising surgical planning accuracy. This has direct implications 
for automated planning systems: current validation workflows, whether 
robot-assisted, navigation-based, or 2D radiograph software, typically 
apply uniform accuracy thresholds across all landmarks, whereas our 

findings suggest that validation effort should concentrate on landmarks 
critical to the specific metrics of surgical interest, plus plane-defining 
landmarks regardless of the procedure. Automated systems inheriting 
bias from training data would particularly benefit from targeted un
certainty quantification at high-impact anatomical sites.

4.2. The invisible threat: Geometric mechanisms of error amplification

Monte Carlo uncertainty propagation revealed heterogeneous 
sensitivity spanning 146-fold range for angular metrics (variance range: 
0.18–26.30◦2) and 8-fold range (variance range: 0.13–1.08 mm2) for 
distance metrics. Three distinct geometric mechanisms explain this 
variability.

4.2.1. Lever-arm effects
Angular metrics sensitivity to landmark positioning errors scales 

inversely with the distance separating the landmarks defining each axis. 
This geometric relationship creates opposing effects depending on 
measurement configuration (e.g., projection planes).

For long-span measurements, large inter-landmark distances atten
uate the angular impact of positioning errors. The mHKA angle, defined 
by hip-to-ankle landmarks spanning 800–1000 mm (depending on pa
tients’ morphology) exhibited minimal sensitivity. This protection scales 
systematically with measurement span: mHKA outperforms mLDFA, 
which outperforms mJLCA, reflecting progressively shorter lever arms. 
Previous studies reporting scan–rescan and inter-observer errors of 1–2◦

for HKA measurements on long-leg radiographs [34–36] are consistent 
with our Monte Carlo results.

Conversely, short-span measurements amplify positioning errors into 
large angular deviations. External tibial torsion quantifies the angular 
offset between two short transverse axes: the transmalleolar axis (60–70 
mm) and the tibial plateau axis (70–80 mm). With four independent 

Fig. 10. Criticality map for distance metrics (n = 15). Point color encodes the same continuous sensitivity score as Fig. 8: √(MIR_norm2 
+ ξ_norm2) / √2, with MIR 

and ξ independently min–max normalized within the distance metric subset. Labels identify the five highest-impact combinations ranked by MIR. The Femoral 
Condyle Inferior Medial Z-coordinate (#1) dominates both indices (MIR = 0.79 mm/mm, ξ = 0.53); distal tibial landmarks (#2, #4) show elevated ξ relative to their 
MIR, consistent with structured error propagation through centroid-based calculations, as well as tibial spine landmarks (#3, #5).

Table 4 
Axis-Specific Sensitivity by Metric Type. Values represent median MIR (deg/mm 
or mm/mm) computed across all landmark-metric pairs within each anatomical 
plane category.

Metric 
Type

n 
Metrics

X-axis (ML) 
Median 
MIR

Y-axis (AP) 
Median 
MIR

Z-axis (PD) 
Median 
MIR

Dominant 
Axis

Distances 3 0.15 0.07 0.33 Z
Coronal 

Angles
4 0.08 0.06 0.22 Z

Sagittal 
Angles

3 0.12 0.32 0.42 Z

Axial 
Angles

4 0.62 0.44 0.29 X
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landmarks contributing errors and no geometric averaging, uncertainty 
compounds substantially to produce CI90 = 16.87◦. Recent cadaveric 
studies confirm only moderate inter-observer reliability for tibial torsion 
(ICC ≈ 0.49–0.70) with absolute errors of 4–8◦ despite standardized 
training [37], in agreement with our simulated uncertainty.

4.2.2. Reference frame contamination
Beyond direct geometric effects, errors in plane-defining landmarks 

cascade into geometrically independent metrics through reference 
frame distortion. The transepicondylar axis (TEA), connecting medial 
and lateral epicondyles separated by approximately 80 mm, defines the 
orientation of the coronal plane for multiple metrics. Berger et al. 
established the surgical transepicondylar axis as the most reliable 

reference for femoral component rotation in total knee arthroplasty 
[38].

Consider a scenario where the lateral femoral epicondyle landmark 
experiences a 2.0 mm lateral displacement error. The transepicondylar 
axis rotates by arctan(2.0/80) ≈ 1.43◦ in the coronal plane. All subse
quent calculations performed in the “coronal plane” now occur in a 
plane tilted 1.43◦ from true anatomical orientation. Since mHKA, 
mLDFA, mMPTA, mJLCA, and atMNSA all rely on this transepicondylar 
axis to define their coronal reference frame, this frame distortion cor
rupts all five parameters simultaneously, inducing false varus/valgus 
interpretation with approximately 1.4◦ bias, spurious joint line asym
metry, and systematic cross-domain bias affecting component sizing, 
alignment strategy, and soft tissue balancing predictions.

Fig. 11. Metric-axis interaction heatmap across a) angular metrics and b) distance metrics.
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This mechanism explains why plane-defining landmarks exhibited 
higher Chatterjee coefficients (median ξ = 0.082) than endpoint land
marks (ξ = 0.063) despite lower MIR values. The distinction lies be
tween univariate amplitude and multivariate correlation structure: 
plane-defining landmarks induce moderate deviations (MIR ≈ 0.3–0.5 
deg/mm) in five metrics simultaneously through reference frame 
contamination, whereas endpoint landmarks induce large deviations 
(MIR ≈ 0.8–1.2 deg/mm) in only one or two metrics through direct 
geometric participation.

Critically, contaminated metrics may individually be considered 
valid because absolute values remain within plausible physiological 
ranges, a mildly varus mHKA value would not raise concern in isolation. 
The underlying reference frame error becomes detectable only through 
cross-metric consistency analysis: if mHKA, mLDFA, mMPTA, mJLCA, 
and atMNSA all exhibit systematic bias in the same direction (e.g., all 
shifted toward varus), this correlated pattern reveals reference plane 
distortion that would escape single-metric validation.

4.2.3. Sensitivity amplification in unstable metrics
The sensitivity of rotational metrics carries direct clinical conse

quences. Multiple CT-based case–control studies have shown that even 
modest internal component malrotation (≈4–6◦) is strongly associated 
with anterior knee pain and patellofemoral complications after TKA, and 
that revision of malrotated components improves outcomes [39–41]. 
Patients with combined internal femoral-tibial rotation are more than 
five times as likely to experience anterior knee pain as those with 
combined external rotation. Given that ETT measurement uncertainty 
(CI90 = 16.87◦) substantially exceeds this clinically significant 
threshold, automated rotational measurements require mandatory 
manual validation before informing surgical decisions.

Translational positioning errors in TKA also carry significant clinical 
consequences. Joint line elevation—directly influenced by Z-axis land
mark positioning of tibial plateau and femoral condyle land
marks—demonstrates a significant negative correlation with functional 
outcomes (KSS function score: ρ = − 0.496, p < 0.001). Elevation 
exceeding 4–5 mm induces mid-flexion instability, patellar impinge
ment, decreased range of motion, and quadriceps weakness [42]. Pa
tients within ± 5 mm of native joint line height are 3.88 times more 
likely to achieve substantial clinical benefit [43]. Given that our analysis 
identified the inferior medial femoral condyle Z-coordinate as the 
highest-impact distance landmark (MIR = 0.792 mm/mm), Z-axis 
positioning accuracy at this site directly influences joint line restoration 
and subsequent clinical outcomes.

Tibial length (CI90 = 3.31 ± 0.79 mm) and leg length (CI90 = 2.65 ±
0.85 mm) exhibited substantially higher uncertainty than femoral 
length, reflecting cumulative error propagation through multi-stage 
centroid calculations. The tibial center of shaft and tibial center of 
plateau each aggregate positioning errors from contributing landmarks. 
The leg length measurement, combining femoral and tibial segments 
through summation, exhibited the highest variance (1.08 mm2).

Distance measurement uncertainty carries direct clinical relevance in 
other arthroplasty contexts. In total hip arthroplasty, leg length 
discrepancy (LLD) remains one of the most frequent complications 
(prevalence 3–32%) and a leading cause of orthopedic litigation [44]. 
LLD exceeding 10 mm is associated with gait disturbances, back pain, 
sciatica, and patient dissatisfaction, with studies reporting 18–27% 
reduction in Oxford Hip Score at one-year follow-up [45]. While our 
TKA-focused analysis found leg length CI90 = 2.65 mm—within 
acceptable margins when considered in isolation—cumulative un
certainties from multiple surgical steps may approach clinically signif
icant thresholds, underscoring the importance of landmark accuracy 
throughout the measurement chain.

4.2.4. Morphology-dependent sensitivity
Lateral tibial slope exhibited the most dramatic morphology- 

dependent pattern with CI90 = 7.38◦ ± 2.04◦. This inter-patient 

variability substantially exceeds that of systematically unstable met
rics like ETT and FTR. This pattern indicates that some patients achieve 
lateral slope CI90 < 5◦ (acceptable for surgical planning where guide
lines recommend 3-7◦ posterior inclination), while others exceed 10◦. 
The morphology explanation likely involves variations in lateral tibial 
plateau anatomy. Patients with relatively flat plateaus, exhibiting large 
anteroposterior dimensions, provide longer measurement baselines and 
thus create geometric configurations resistant to angular amplification. 
Conversely, patients with curved plateaus, exhibiting shorter ante
roposterior dimensions, create sensitivity to short lever-arm effects. 
Additionally, cortical definition quality in CT images varies substantially 
based on bone density and osteoarthritic remodeling patterns.

4.3. A novel hierarchical validation protocol strategy

Based on our findings from CT-based landmarking in osteoarthritic 
patients undergoing TKA planning, we propose a three-phase hierar
chical validation protocol (HVP) addressing both direct geometric ef
fects and reference frame contamination. This protocol is designed for 
validation of automated landmarking algorithms [22] against manual 
expert annotations and applies to CT-based surgical planning workflows 
where inter- and intra-operator variability and algorithmic positioning 
errors must be quantified prior to clinical deployment. 

• Phase 1 prioritize plane-defining landmark validation. All landmarks 
serving reference plane definition roles (including the femoral epi
condyles for coronal plane definition, posterior femoral condyles for 
axial rotation reference, and tibial plateau boundaries for sagittal 
plane orientation) require validation before accepting morphometric 
calculations. These landmarks demand stringent positioning control 
(±1.5 mm) regardless of their individual MIR values. If any plane- 
defining landmark exceeds this tolerance, the entire anatomical 
plane should be flagged for comprehensive manual review.

• Phase 2 conditionally validate the endpoint landmarks after con
firming reference plane integrity. Validation thresholds scale to each 
landmark’s position in the MIR and Chatterjee coefficient distribu
tions: higher-impact combinations require more stringent tolerances, 
while lower-impact combinations may tolerate relaxed requirements 
without meaningful consequences for surgical accuracy. This con
ditional approach prevents unnecessary efforts to validate endpoints 
when their underlying reference frames already contain systematic 
errors.

• Phase 3 implements cross-metric consistency checking through 
automated correlation analysis. If three or more metrics sharing a 
common reference plane exhibit correlated deviations exceeding 
1.5◦ in the same direction, plane-defining landmarks should be 
reinspected regardless of their Phase 1 validation status, providing 
redundant protection against subtle reference frame errors that 
might escape individual landmark inspection.

Translating these findings into clinical practice requires addressing 
three implementation-agnostic challenges. First, consistency in land
mark definition requires distinguishing geometrically stable landmarks 
from ill-defined regions susceptible to pathological remodeling; for the 
latter, consensus guidelines tailored to arthritic anatomy would reduce a 
primary source of inter-observer variability (as illustrated by the pos
terior dispersion of annotations at the lateral tibial plateau (Fig. 9), 
where the absence of consensus on whether to target native bone 
boundaries or osteophytic overgrowth introduces systematic uncer
tainty regardless of the landmarking method). Second, automated al
gorithms can improve reproducibility provided they are trained on such 
consensus definitions. Third, for manual or hybrid workflows, imple
menting the cross-metric consistency checks proposed in Phase 3 could 
enable real-time feedback flagging systematic reference frame distor
tions, independently of the underlying landmark solution.
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4.4. Methodological advances and broader applicability

The atlas-based inverse morphing methodology enables aggregation 
of landmark positioning errors across patient-specific anatomies into a 
unified statistical framework, facilitating population-level sensitivity 
quantification while preserving individual anatomical variability. Pre
vious landmarking validation studies typically reported mean errors and 
standard deviations for individual landmarks without quantifying 
downstream impact on surgical morphometrics. Our approach connects 
positioning accuracy directly to clinical metrics through Monte Carlo 
uncertainty propagation.

The combination of MIR (amplitude-based) and Chatterjee coeffi
cient (dependency-based) values provides complementary perspectives 
essential for comprehensive sensitivity characterization. MIR identifies 
mechanical leverage through direct geometric relationships, revealing 
which landmarks participate most strongly in metric calculations. 
Chatterjee coefficients reveal functional coupling through statistical 
dependencies, detecting multivariate correlation patterns including 
reference frame contamination effects invisible to univariate analyses.

The framework extends beyond TKA to other landmark-dependent 
surgical planning applications. Hip arthroplasty relies on acetabular 
rim landmarks for cup positioning and femoral head-neck landmarks for 
stem alignment. Spinal surgery employs pedicle landmarks for screw 
trajectory planning. Craniofacial reconstruction utilizes cephalometric 
landmarks for symmetry assessment and implant positioning. The core 
methodological principles—geometric leverage quantification, correla
tion structure analysis, and Monte Carlo uncertainty prop
agation—apply wherever anatomical landmark positioning 
uncertainties propagate into surgical planning measurements. Each 
application would require domain-specific adaptation of reference 
frames, clinically relevant metrics, and acceptance thresholds, but the 
fundamental sensitivity analysis framework remains generalizable.

4.5. Limitations

Several limitations warrant consideration. First, our cohort consisted 
exclusively of osteoarthritic patients undergoing TKA evaluation; oste
oarthritic remodeling, osteophyte formation, and cartilage loss may 
alter landmark positioning uncertainty patterns compared to healthy 
joints, and generalizability to non-pathological anatomy or other pro
cedures requires validation. Second, positioning error distributions were 
derived from manual annotations by two experienced orthopedic sur
geons; inter- and intra-operator variability patterns may differ with 
other expertise levels, annotation protocols, or automated landmarking 
algorithms employing deep learning approaches. Third, Monte Carlo 
simulations assumed multivariate normal distributions; alternative dis
tribution models including heavy-tailed distributions or mixture models 
were not explored. Fourth, the study focused on static measurement 
uncertainties without considering dynamic factors such as patient 
positioning variability during CT acquisition, weight-bearing versus 
supine imaging differences, or surgical workflow constraints. Addi
tionally, no explicit pose normalization beyond the LPS coordinate 
convention was enforced; residual variability in limb orientation may 
introduce noise in the reported axis-specific sensitivity patterns, which 
should therefore be interpreted as population-level tendencies rather 
than perfectly patient-invariant directional decompositions. Fifth, the 
analysis assumed accurate bone segmentation. Although the pipeline 
achieved mean DSC = 0.97 on an independent test set, residual seg
mentation errors were not modeled; the femoral head center was treated 
as geometrically fixed to isolate landmark-specific contributions; its 
sensitivity to upstream segmentation inaccuracies is therefore not 
captured here. In workflows with lower segmentation quality, cumula
tive uncertainty from both stages may exceed the values reported. Sixth, 
the proposed criticality hierarchies were derived from a single-center 
cohort acquired under a homogeneous CT protocol, using a specific 
atlas-based morphing pipeline. Generalizability to other imaging 

systems, acquisition parameters, osteoarthritis severity profiles, and 
anatomical morphotypes warrants prospective validation, though the 
sensitivity analysis framework itself remains protocol-agnostic.

4.6. Future works

Future research should investigate whether patient-specific charac
teristics—particularly osteoarthritis severity and morphological var
iants—systematically modulate error propagation patterns. Our cohort 
comprised exclusively osteoarthritic patients (Ahlbäck grade 2–4), yet 
preliminary observations suggest that advanced joint degradation, 
especially lateral compartment involvement, may amplify positioning 
uncertainty at specific landmarks, raising the question of whether dis
ease severity necessitates adapted validation requirements.

Beyond patient factors, extending this framework to other orthope
dic procedures—hip arthroplasty, shoulder reconstruction, spinal 
fusion—where landmark-based planning similarly governs surgical 
outcomes would test the generalizability of geometric criticality hier
archies. Finally, integration of uncertainty quantification into surgical 
planning interfaces, displaying measurement confidence intervals 
alongside nominal values, could fundamentally change how surgeons 
interpret borderline measurements in clinical practice.

5. Conclusion

This study reveals a fundamental paradigm shift in how landmark 
positioning errors should be evaluated for surgical planning: positioning 
accuracy and clinical impact are not synonymous. Current validation 
practices, which apply uniform tolerance thresholds across all land
marks, fail to capture the true propagation of measurement uncertainty 
into surgical metrics. Our findings demonstrate that seemingly accept
able positioning errors at geometrically critical sites can induce clini
cally significant deviations in alignment and joint geometry 
measurements, while larger errors at non-critical landmarks remain 
inconsequential.

To address this gap, we developed novel sensitivity indicators: the 
Morphometrical Impact Rate (MIR) quantifies error amplitude per 
millimeter of landmark displacement, while the Chatterjee coefficient 
captures statistical dependency patterns including reference frame 
contamination effects. Complementary visualization tools—Hanabi 
plots, sensitivity heatmaps, and criticality maps—translate these quan
titative findings into intuitive representations supporting clinical 
decision-making and quality control implementation.

We propose a hierarchical risk-stratified validation framework 
comprising three priorities: first, ensuring the reliability of plane- 
defining landmarks that establish anatomical reference frames, as er
rors at these sites cascade into multiple geometrically independent 
metrics; second, validating endpoint landmarks according to their 
demonstrated mechanical impact on specific surgical measurements; 
third, implementing cross-metric consistency checks to detect subtle 
reference frame distortions that would escape individual landmark in
spection. This framework, developed here for CT-based TKA planning, 
must be adapted to the imaging modality and clinical context—notably, 
lower-resolution intraoperative imaging (e.g., robotic systems with 
limited field-of-view) may exhibit different error distributions requiring 
modality-specific validation requirements. Looking forward, key ques
tions remain on whether patient-specific morphological characteristics 
can enable adaptive validation protocols, and how uncertainty-aware 
interfaces could translate these findings into routine clinical practice.
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Annex. 

Table 1, Table 2 and Table 3 present the angles and distances with their corresponding descriptions and the centroid's definition. Each metric is 
computed from 2 vectors (U and V), each defined by 2 landmarks (U1 and U2; V1 and V2).

Table 1 
Angular metric names with their description, 2D projection plane and landmarks defining U and V.

Angular 
metrics

Description 2D Projection 
Plane

Landmarks (* are detailed in Table 3)

mHKA Mechanical Hip Knee Ankle Angle Coronal U1: TCS* 
U2: Femoral Hip Center 
V1: TCS* 
V2: TCP*

mLDFA Lateral Distal Femoral Angle Coronal U1: Femoral Notch Inf 
U2: Femoral Hip Center 
V1: Femoral Condyle Inf. Med. 
V2: Femoral Condyle Inf Lat.

mMPTA Medial Proximal Tibial Angle Coronal U1: TCS* 
U2: TCP* 
V1: TLCC* 
V2: TMCC*

mJLCA Joint Line Convergence Angle Coronal U1: Femoral Condyle Inf. Med. 
U2: Femoral Condyle Inf Lat. 
V1: TLCC* 
V2: TMCC*

atMNSA Coronal Cervico-Diaphyseal Angle Coronal U1: Femoral Shaft Sup Sup Center 
U2: Femoral Shaft Inf Inf Center 
V1: Femoral Neck Center 
V2: Femoral Hip Center

Slope Posterior inclination of the tibial plateau Sagittal U1: TCCsag* 
U2: TCPsag* 
V1: TAC* 
V2: TPC*

LatSlope Posterior inclination of the lateral tibial plateau Sagittal U1: TCCsag* 
U2: TCPsag* 
V1: Tibial Plate Lat. Sup. Ant. 
V2: Tibial Plate Lat. Sup. Post

ATTF −
condyl post

Femoral Neck Anteversion Posterior Condyles Axial U1: Femoral Neck Center 
U2: Femoral Hip Center 
V1: Femoral Condyle Post Lat. 
V2: Femoral Condyle Post Med.

EpiPost Epicondyle—Condyle Post angle Positive means internal rotation of the 
posterior condyles relative to the epicondyle's axis

Axial U1: Femoral Epicondyle Lat. 
U2: Femoral Epicondyle Med. 
V1: Femoral Condyle Post Lat. 
V2: Femoral Condyle Post Med.

(continued on next page)
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Table 1 (continued )

Angular 
metrics 

Description 2D Projection 
Plane 

Landmarks (* are detailed in Table 3)

ETT External tibial torsion angle Axial U1: Tibial Plate Med. 
U2: Tibial Plate Lat. 
V1: Tibial Mal. Med. 
V2: Tibial Mal. Lat.

FTR Rotation between Femur and Tibia Axial U1: Femoral Condyle Post Med. 
U2: Femoral Condyle Post Lat. 
V1: Tibial Plate Med. 
V2: Tibial Plate Lat.

Table 2 
Distance metric names with their description, 2D projection plane and landmarks defining U and V.

Distance Metrics Description Landmarks (* are detailed in Table 3)

Femur Length 3D femoral length from femoral head to medial condyle U1: Femoral Hip Center 
U2: Femoral Condyle Inf. Med.

Tibia Length 3D tibial length U1: TCS* 
U2: TCP*

Leg Length 3D leg length U1: Femoral Hip Center 
U2: TCP*  

Table 3 
Tibial Sparse Centroids definitions.

Description Landmarks

TPC Tibial Posterior Interplateau Center 1/2 Tibial Plate Med. Sup. Post. 
1/2 Tibial Plate Lat. Sup. Post

TAC Tibial Anterior Interplateau Center 1/2 Tibial Plate Med. Sup. Ant. 
1/2 Tibial Plate Lat. Sup. Ant.

TCP Tibial Plafond Center 1/2 Tibial Distal Med. 
1/2 Tibial Distal Lat.

TCS Tibial Spine Centroid 1/2 Tibial Plate Spine Med 
1/2 Tibial Plate Spine Lat

TCCsag Tibial Median Interplateau Center 1/5 TPC 
4/5 TAC

TCPsag Tibial Plafond Sagittal Center 1/2 Tibial Distal Post. 
1/2 Tibial Distal Ant.

TMCC Tibial Medial Plateau Center 1/4 Tibial Plate Med. Sup. Post. 
1/4 Tibial Plate Med. Sup. Ant. 
1/4 Tibial Plate Spine Med. 
1/4 Tibial Plate Med.

TLCC Tibial Lateral Plateau Center 1/4 Tibial Plate Lat. Sup. Post. 
1/4 Tibial Plate Lat. Sup. Ant. 
1/4 Tibial Plate Spine Lat. 
1/4 Tibial Plate Lat.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ejrad.2026.112894.
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