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A B S T R A C T

In preoperative planning, a number of techniques for registration of anatomical landmarks on bones, or “bones
landmarking”, have been developed for automatic measurement of lower limbs. However, the evaluation of these
techniques is often neglected, reducing confidence in results and limiting clinical applications. We propose a
protocol to evaluate landmarking techniques applied to thirty 3D images of osteoarthritic lower limbs. The
protocol includes the evaluation of the ground truth based on manual landmarking performed by two experi-
enced clinicians. Intra- and inter-operator variability were quantified. Automatic landmarking was evaluated
using the same procedure and compared to manual landmarking by computing distances with bounding boxes
including manual landmarks. The method was applied to 87 landmarks on the femur, tibia, fibula, and patella.
For intra-operator variability, the mean median error was 2.0 mm, with a maximum of 42.1 mm. For inter-
operator variability, errors ranged from 0.0 to 43.5 mm, with a mean median error of 2.3 mm across all land-
marks. The mean median error between manual and automatic landmarking methods was 2.4 mm, with a range
from 0.0 mm to 22.8 mm. Confidence intervals of automatic landmarking errors were consistent with intra- and
inter-operator variability confidence intervals. Approximately 42 % of the automatic landmarks were inside their
bounding boxes, with a mean distance of 1.4 mm from the box for landmarks on the outside. Results showed
different errors depending on landmark location and coordinates. Intra- and inter-operator variability shed light
on the difficulty of defining ground truth based on manual segmentation. This finding emphasizes the need for a
rigorous evaluation protocol for landmarking validation, including the verification of statistical test hypotheses
and population size influence.

1. Introduction

Standards of care in orthopaedic lower limb surgery have evolved
substantially over recent decades. Improvements in surgical tools, im-
plants and accurate pre-operative planning have enhanced surgeon
precision. Navigation systems[1,2], patient-specific instrumentation[3]
and 3-Dimensional (3D) image-based planning[4] were developed in the
late 1990 s and have been used primarily for joint replacements and
osteotomies. Moreover, knee arthroplasty (KA) has seen a paradigm shift
over the last decade, moving from conventional “one fits all” techniques
to more personalised implantation that matches the patient’s native
anatomy[5,6], thus requiring precise surgical planning and

instrumentation. Despite these technological advances, many surgical
procedures are still planned using 2-Dimensional (2D) radiograph im-
ages and performed with conventional instrumentation. The potential
cost and insufficient evidence for the superiority of these new tools
compared to conventional techniques represent barriers that must be
eliminated for these technologies to be widely adopted worldwide. For
knee arthroplasty, several personalized alignment philosophies utilizing
these technologies have been proposed to improve patient’ satisfaction.
These approaches aim to enhance gap balancing and patellar tracking
(functional alignment[7,8] and inverse kinematic alignment[9]) or
achieve pure knee resurfacing that replicates the patient’s native anat-
omy with (restricted kinematic alignment[10]) or without (kinematic
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alignment[11]) specific boundaries to prevent the reproduction of
highly abnormal anatomies.

The cornerstone of reproducing or correcting a patient’s anatomy
with high precision is the pre-operative quantification of morphological
and alignment parameters. Computed tomography (CT) provides supe-
rior lower limb evaluation compared to 2D radiographs, avoiding errors
related to X-ray incidence variabilities[12]. CT scans offer 3D shape
visualisation of the bone and add informations in the transverse plane
[13]. The development of low-dose CT scans has considerably reduced
patient irradiation[14], making them a reasonable medical investigation
tool prior to orthopaedic lower limb surgery. In clinical routine, lower
limb alignment must be estimated based on these medical images to
inform preoperative planning[15]. While it is possible to perform 3D CT-
based bone landmarking (manually or automatically) and compute
lower limb metrics correctly, this practice remains challenging[16,17].

Many authors have proposed semi-automatic and automatic methods
for bony landmark placement, especially to assess coronal lower limb
alignment. Methods using bone surface curvature[18], cross-section
models, shape-fitting models or axes of inertia[19,20] are currently
considered semi-automatic because they require manual segmentations,
making them impractical for daily medical practice. Automatic methods
can be categorised into knowledge-based or artificial intelligence (AI)-
based techniques[21]. Few researchers have developed methods spe-
cifically for lower limb landmarking. In lower limb studies, such
methods have achieved up to 15.8 mm mean error for femoral land-
marks and 8.7 mm for tibial landmarks compared to expected landmark
positions[22].

The evaluation of semi-automatic or automatic landmarking
methods appears to lack a clearly defined procedure for computing er-
rors and evaluating their statistical significance. In many cases, signifi-
cant methodological limitations jeopardize the relevance of the results.
The sample size used to evaluate the method in some studies is insuffi-
cient to determine the significance of the results[18,23,24]. The quality
of the ground truth and the process of obtaining it can be insufficiently
detailed[18,23,24]. Statistical methodology issues must be highlighted
in some studies[4,22,25] such as the lack of error significance calcula-
tion or the use of a statistical test without meeting its requirements.

Moreover, when intended for clinical purposes, the evaluation re-
sults should be compared with clinical standards. In cases where manual
landmarking serves as the ground truth, an assessment of repeatability
and reproducibility is necessary to establish acceptable error tolerance
thresholds for semi-automatic or automatic methods. Finally, to the best
of our knowledge, no study has yet evaluated automatic lower limb
landmarking from CT scans in patients with degenerative knee de-
formations (e.g., cartilage wear, osteophytes) resulting from advanced
osteoarthritis.

This paper proposes a procedure for evaluating 3D automatic land-
marking methods applied to segmented osteoarthritic knee bones. We
compared an automatic landmarking method to a ground truth based on
manual landmarking performed by expert clinicians. Repeatability and
reproducibility errors of manual landmarking were first computed to
define acceptable orders of magnitude for errors.

2. Material and methods

2.1. Description of the database

2.1.1. Study participants and datasets
Thirty patients (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). Informed consent was obtained
from all patients prior to data extraction. All patients underwent Total
Knee Arthroplasty (TKA) at the Grenoble Alpes University Hospital,
France. Mean hip-knee-ankle (HKA) angle was 178.3 ± 4.5◦. All patients
presented degenerative bony deformations of the knee. The proximal
femur was free of wear and deformation in all patients. Femoro-tibial,

patellofemoral and ankle wear were reported according to
radiographs-based classifications (Ahlbäck[26], Iwano[27] and Taka-
kura[28], respectively). The presence, size and location of osteophytes
were described using the method proposed by Hunter et al[29]. (Table 1
and supplementary material E).

Patients who underwent previous geometry altering surgeries of the
ipsilateral limb, including the femur, tibia, fibula and patella bones,
were excluded. For all patients, presurgical pseudonymised CT scans
were available and used to segment and reconstruct the 3D geometries
of the femur, tibia, fibula and patella bones of the ipsilateral limb. The
CT scans were performed with a Siemens multidetector scanner. The
scanning parameters were 140 kV, 49–266 mA, with a slice thickness of

Table 1
Population characteristics (osteoarthritis wear and osteophytes). FT: femoro-
tibial, OA: osteoarthritis, PF: patellofemoral,

Classification
Method

Classification: N (%)
No
lesion

Grade
1

Grade
2

Grade
3

Grade
4

Radiographs analysis (wear)
Medial FT

OA
AHLBÄCK
[26]

0 (0
%)

1 (3.3
%)

8
(26.7
%)

15 (50
%)

6 (20
%)

Lateral FT
OA

AHLBÄCK
[26]

2 (6.7
%)

7
(23.3
%)

11
(36.7
%)

8
(26.7
%)

2 (6.7
%)

PF AO IWANO[27] 6 (20
%)

7
(23.3
%)

2 (6.7
%)

10
(33.3
%)

5
(16.7
%)

Ankle OA TAKAKURA
[28]

12
(40 %)

6 (20
%)

8
(26.7
%)

4
(13.3
%)

0 (0 %)

CT Scans analysis (presence of osteophytes)
Medial

tibia
MOAKS[29] 7

(23.3
%)

13
(43.3
%)

6 (20
%)

4
(13.3
%)

NA

Lateral
tibia

19
(63.3
%)

9 (30
%)

2 (6.7
%)

0 (0 %)

Medial
trochlea

11
(36.7
%)

7
(23.3
%)

8
(26.7
%)

4
(13.3
%)

Lateral
trochlea

14
(46.7
%)

11
(36.7
%)

3 (10
%)

2 (6.7
%)

Medial
posterior
condyle

15
(50 %)

6 (20
%)

6 (20
%)

3 (10
%)

Lateral
posterior
condyle

20
(66.7
%)

6 (20
%)

3 (10
%)

1 (3.3
%)

Medial
condyle

7
(23.3
%)

10
(33.3
%)

4
(13.3
%)

9 (30
%)

Lateral
condyle

13
(43.3
%)

8
(26.7
%)

7
(23.3
%)

2 (6.7
%)

Superior
patella

23
(76.7
%)

4
(13.3
%)

3 (10
%)

0 (0 %)

Inferior
patella

20
(66.7
%)

9 (30
%)

1 (3.3
%)

0 (0 %)

Medial
patella

19
(63.3
%)

7
(23.3
%)

4
(13.3
%)

0 (0 %)

Lateral
patella

11
(36.7
%)

14
(46.7
%)

5
(16.7
%)

0 (0 %)

Anterior
distal
tibia

20
(66.7
%)

8
(26.7
%)

2 (6.7
%)

0 (0 %)

Posterior
distal
tibia

29
(96.7
%)

1 (3.3
%)

0 (0 %) 0 (0 %)
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1 mm. After anonymisation, all images were exported according to the
left-posterior-superior (LPS) coordinate system normalisation. Conse-
quently, the z-axis corresponds to the proximo-distal axis, the x-axis to
the medio-lateral axis and the y-axis to the antero-posterior axis.

2.1.2. Manual landmarking
We defined 87 landmarks distributed on anatomical features of the

femur, tibia, fibula and patella. These landmarks were chosen according
to their use in the computation of lower limb metrics usually done in
orthopaedic surgery by clinicians on X-rays and CT[30]. A description of
these landmarks is provided in supplementary materials A.

Two experienced orthopaedic surgeons were trained to position the
landmarks based on CT scan slices and 3D reconstructions of the bones.
Each landmark was manually placed by operators on 3D CT scans using
the axial, coronal, and sagittal planes. Any change in the position of a
landmark in one plane was automatically reflected in the other two
planes, ensuring spatial consistency. All landmarks were annotated
directly on the CT scan slices, and none were placed exclusively on the
3D surface models. A 3D reconstruction of the lower limb was available
throughout the process, serving as a visual aid to verify and refine the
landmark positioning, but not as the primary annotation interface. Both
operators received the same instructions regarding the landmarks’ def-
initions before the landmarking process in a training session. Operator 1
did a preliminary landmarking session of half the subject’s database.
Then a second training session was performed with both operators to
discuss the preliminary landmarking of operator 1. The landmarking
used for this study was performed after both training sessions for both
operators. The database of thirty patients was randomly divided into
two groups of 15 patients: Group (1) for Operator 1 and Group 2 for
Operator 2. Each operator performed landmarking twice on their
assigned group, with at least seven days between the first (Measure 1)
and second (Measure 2) landmarking sessions. Additionally, each
operator performed landmarking once on the group assigned to the
other operator (Measure 3). Thus, Operator 1 landmarked Group 2, and
Operator 2 landmarked Group (1) once. Errors in landmark labelling
were corrected retrospectively. Two landmarks were excluded from the
analysis due to mispositioning: one on the patella of one patient and
another on the femur of a different patient.

Measures 1 and 2 were used to perform a repeatability analysis of
both operators, and measures 1 and 3 combined were used for the
reproducibility analysis between operators. To evaluate the perfor-
mance of automatic landmarking, the ground truth was defined as the
barycentre of measures 1 and 3 of operator 1 and operator 2. Errors were
calculated for each landmark’s coordinates from differences between
each measure.

2.1.3. Automatic landmarking
To illustrate the evaluation protocol described in this study, auto-

matic landmarking was performed by establishing a mathematical one-
to-one correspondence between the 3D triangular meshes of the refer-
ence (atlas) and target (patient) bones reconstructed from patient
medical images. While this method can be implemented in various ways,
ranging from statistical shape modelling to the inference of AI-based
landmarks, we provide a brief technical description of our chosen
geometrical approach below for context.

The 3D mapping in our automatic landmarking is represented by a
3D displacement (vectors) field that superimposes the 3D mesh of each
reference bone onto its counterpart in the patient’s space. Computing
anatomical shape correspondence is an ill-posed problem as it has no
unique well-defined solution, meaning many equally valid mappings can
be chosen. Our implementation produces a meaningful space warping
that superimposes morphological singularities: concavities and con-
vexities corresponding to bony landmarks such as ligament or tendon
insertion points.

The computation of the 3D warping function is performed in 3 steps,
each progressively introducing new degrees of freedom. The first step

aims to compensate for the coarse difference in rigid pose between the
bones. To this end, an inertial analysis of the reference and target bones
is carried out, and the bones are aligned by superimposing their mass
centres and aligning their principal inertial axes according to the pa-
tient’s body orientation derived from the medical images’ metadata. The
second step anisotropically compensates for disparities in sizes along the
principal inertial directions. An Iterative Closest Point (ICP) algorithm
[31] coupled with a scaling optimization is iteratively performed to
refine the initial rigid Arun[32] registration while accounting for scaling
disparities. The third and final step unleashes the remaining degrees of
freedom by computing displacement vectors at each vertex of the
reference 3D mesh. The final and accurate warping is computed by
iteratively applying orthogonal projection and relaxation operators to
the 3D warping field until convergence (i.e., until the desired level of
mapping accuracy has been reached).

Our method requires a few seconds to warp a 50,000-vertex mesh
onto another with similar resolution. The final accuracy (mean and
maximal Hausdorf distance) is less than a millimetre. Computations
were performed on a workstation equipped with an Intel Core i7 pro-
cessor and 32 GB of RAM, using only the CPU (no GPU acceleration).

2.2. Statistical analyses

2.2.1. Scaling and positioning of patient datasets
As the size, position and orientation of bones in the CT scanner may

differ among all patients, we ensured that these differences did not in-
fluence the computation of landmark positioning errors. We used the
landmarks defined during Measure 1 (i.e., the first landmarking of both
groups of patients) to perform a generalised Procruste analysis between
all patients[33]. Before this analysis, left lower limb reconstructions
were symmetrised to enable the comparison with right lower limbs.
Transform matrices were defined for all patients according to the
calculated Procrustes distances. Considering that patients may have
various knee angles and relative bone dimensions, Procrustes distances
were computed independently for each bone. For each bone in each
patient, the same transform matrix, computed for measure 1, was
applied to all measures to obtain similar positions, orientations and
scales among patients but also to keep the same relative errors among
landmarking measures. The Procrustes distance and the resulting pa-
tients’ bones transform matrices were computed following the proced-
ure described hereafter:

1- Arbitrarily choose a reference patient in measure 1;
2- Superimpose all patients of measure 1 by applying a translation

equal to the distance between each patient’s landmark centroid and the
reference patient’s centroid.

3- Normalise patients’ size by applying a scaling factor so that the
root mean square distance of the points to the centroid of the landmarks
is one for each patient (Eq. (1). N is the total number of landmarks, s is
the scaling factor of the cloud of points, x, y, z are the coordinates of each
landmark, and x , y , z are the mean coordinates of all the landmarks of
the patient.

s =
1

∑N
i=1(xi − xi )2

+ (yi − yi )2
+ (zi − zi )2 (1)

4- Minimise distances between landmarks of each patient and the
reference patient with a rotation matrix in an iterative process;

5- Compute the mean patient, defined as the average of the patients’
landmarks positions.

6- Rescale both the mean and reference patients with the reference
patient scaling factor and compute the root mean square error of the
position of the landmarks between both patients.

7- If the root mean square error is larger than an arbitrarily chosen
convergence value, then define the mean patient as the new reference
patient and go over step 2 to step 6 again. Otherwise, save the transform
matrix, including translation, scaling and rotation for the bone and

C. Horteur et al.
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patient of interest.
8- Rescale all patients’ landmarks using the mean patient scaling

factor.
9- Apply the same transform matrix and rescaling for the same bone

and patient in measures 2 and 3.
Steps 6 and 8 were included to obtain results that could be compared

in millimetres to facilitate the interpretation. The convergence value
was set to 1 mm, which resulted in 2 to 3 iterations of the generalised
Procrustes analysis for all bones. Various patients were tested to define
the reference patient in step 1, but resulting differences in the compu-
tation of the errors were negligible. Eventually, patient 6 was chosen as
the reference patient since the generalised Procrustes analysis required
fewer iterations to complete with this patient. Considering that the al-
gorithm required the same landmarks for all patients, both discarded
landmarks detailed in §1.2 were removed to compute the transform
matrices. Except for the two patients for which these landmarks were
discarded, the transformation matrices were applied to the complete set
of landmarks for each patient.

2.2.2. Repeatability of the manual landmarking
Based on statistical principles, a sample size of thirty subjects is

usually considered sufficient to ensure the validity of parametric ana-
lyses. This sample size is consistent with commonly accepted thresholds
in statistical practice for studies involving normal distribution and
Student t-tests. Consequently, this threshold was used in this study,
however the normality and homoscedasticity of the distribution were
checked in data processing to apply the appropriate tests. A repeatability
analysis was performed for both operators across the three coordinates,

x, y, and z, of all landmarks. Consequently, a total of 522 (i.e., 2 oper-
ators x 3 directions x 87 landmarks) repeatability analyses were con-
ducted to assess the repeatability confidence intervals of each
coordinate of each landmark independently. The normality and homo-
scedasticity of each error distribution between measures 1 and 2 were
evaluated before each repeatability analysis to determine if the paired
Student’s t-test parametric test or the Wilcoxon signed rank non-
parametric test should be applied (Fig. 1). In both cases, a significance
level of 5 % was applied. A Shapiro-Wilk test was used to assess the
normality of the error distributions with a significance level of 5 %. The
conclusion of the Shapiro-Wilk tests was also qualitatively compared to
Quantile-Quantile (Q-Q) plots of the same error distributions. The ho-
moscedastic property was evaluated for errors showing a normal dis-
tribution using the Levene test with a significance level of 5 %. In
addition to the error confidence intervals for each operator and coor-
dinate of the landmarks, the minimum and maximum limit and median
values were also computed.

2.2.3. Reproducibility of the manual landmarking
A reproducibility analysis was performed to compare the land-

marking of both operators. This procedure was identical to the one
described for the repeatability analysis except that errors were
computed between measure 1 and measure 3 (Fig. 1) for all the dataset
(thirty patients).

2.2.4. Evaluation of the automatic landmarking
The final ground truth for algorithm validation was defined as the

average of combined measures 1 and 3 from both operators, as no single

Fig. 1. Summary diagram of repeatability and reproducibility analyses.
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operator can be considered the definitive reference due to the inherent
subjectivity and variability in anatomical landmark placement. This
procedure was identical to the one described previously for the repeat-
ability and reproducibility analyses. The confidence intervals of the
errors between the automatic and manual landmarking were compared
to those obtained from the repeatability and reproducibility analyses. To
further evaluate the performance of automatic landmarking in com-
parison to manual landmarking, we employed bounding boxes. This
approach is more suitable than bounding spheres as it enables under-
standing of the influence of individual axes on the error. For each
landmark in each patient, a bounding box was created with the absolute
minimum and maximum coordinates of the three landmark coordinates
of the three manual measures of both operators (measures 1, 2, and 3).
Each patient’s automatic landmarks were then tested to determine if
their coordinates fell within these bounding boxes. If an automatic
landmark was outside the bounding box, we determined the distances
beyond the box per coordinate by measuring from the automatic land-
mark to the closest edge of the bounding box along each direction.

3. Results

3.1. Repeatability and reproducibility of the manual landmarking

Presenting the results for all analyses for all 41 femoral, 39 tibial, and
7 patellar bone landmarks across three directions (anterior-posterior,
medio-lateral, and proximo-distal) would be cumbersome. Therefore, to
enhance the clarity of our findings, this section is organized into two
parts: an overall summary of results of the 87 critical landmarks and an
in-depth review of selected landmarks, serving as examples to better
illustrate and understand the statistical flow. Detailed results of both
repeatability studies and the reproducibility studies for all the 87
landmarks are available in Supplementary Material B.

3.1.1. Global overview of manual landmarking errors
An example of final manual landmarking performed during measures

1, 2 and 3 is presented in Fig. 2. Specifically, landmarks for patients 1
and 25 are shown in Fig. 2a for the repeatability analysis of operator 1
(referred to as repeatability 1), and the landmarks for patients 6 and 9
are presented in Fig. 2b for the repeatability analysis of operator 2
(referred to as repeatability 2). Additionally, Fig. 2c illustrates the
reproducibility analysis results between operator 1 and operator 2 for
patients 1, 25, 6, and 9. Since not all distributions of errors in repeat-
ability 1 and 2 and the reproducibility analyses were normal and ho-
moscedastic, results are expressed in terms of the median of the error for
each landmark across all patients. To simplify the presentation of the
results, the mean of these medians was computed. Table 2 provides a
comprehensive summary of the mean results across bones and co-
ordinates, including median errors and maximal values with their cor-
responding location. To provide further insight into the distributions of
errors, the percentage of the median of the errors below 4 mm with 95 %
Confidence Intervals (CI) were computed. Further detailed results for
repeatability 1, repeatability 2, and reproducibility analyses across all
landmarks and coordinates are respectively available in the supple-
mentary materials B. a), B. b), and B. c).

Each bone’s results are summarized by calculating the mean of its
landmark-specific measurements. This process involves several steps:

1. For each landmark, the differences between landmark positions
gathered from measure 1 and measure 2 are computed in all 3 spatial
directions for all 15 subjects in Group (1).

2. The median of these 15 differences is then calculated in x, y, and z for
each landmark.

3. Finally, the mean of all per-landmark median differences is
computed by considering all landmarks of a given bone.

For example, in the case of the femoral bone along the medio-lateral
axis, the reported value of 1.2 mm represents the mean of the median
errors across all 41 femoral landmarks in the repeatability analysis of
operator 1.

For both repeatability analyses, femoral and tibial landmarks on the

Fig. 2. Positioning of the 9 landmarks of interest done by both operators for all three measures and by the automatic algorithm.
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z-axis (proximo-distal) exhibited means of median errors between 3.0
and 4.1 mm. Results of repeatability 1 showed that most errors were
below 10.0 mm, with notable exceptions in the x- and y-axes (1 out of 87
and 5 out of 87 landmarks, respectively). However, the z-axis displayed
the highest number of landmarking errors above 10.0 mm (12 out of 87
landmarks), particularly near the femoral and tibial shafts (9 out of 12
landmarks). Repeatability 2 revealed similar results, although with a
higher proportion of errors exceeding 10.0 mm compared to repeat-
ability 1. Specifically, errors larger than 10.0 mm occurred in 5 out of
87, 9 out of 87, and 37 out of 87 landmarks in the x-, y-, and z-axes,
respectively. Among the 37 landmarks exhibiting an error above 10.0
mm on the z-axis, 28 were located on the bone shafts. Errors for all
landmarks ranged from 0.0 to 36.5 mm for repeatability 1 and from 0.0
to 42.1 mm for repeatability 2.

Considering the reproducibility analysis, errors ranged from 0.0 to
43.5 mm, with a mean median of 2.3 mm for all landmarks. Comparing
results between operators, reproducibility errors above 10.0 mm were
slightly higher than repeatability errors, with 14 out of 87, 18 out of 87,
and 30 out of 87 landmarks in the x-, y- and z-axes.

Statistical tests (Student’s t-test for normal and homoscedastic
landmarks, Wilcoxon test for non-normal or non-homoscedastic land-
marks) revealed that 25.6 % of repeatability 1 errors, 17.8 % of
repeatability 2 errors, and 47.6 % of reproducibility errors were sig-
nificant. Operator 2 had fewer significant errors but larger measurement
errors overall compared to operator 1.

3.1.2. Representative example: Manual landmarking errors
To illustrate in greater detail the process and results above, a

representative example of the studies conducted is presented. Specif-
ically, the findings focus on a subset of clinically relevant landmarks
used in the calculation of surgical metrics, such as frontal alignment.
These include landmarks of interest: femoral head, distal femoral con-
dyles (medial and lateral) and epicondyles, tibial spines, and medial and
lateral malleolus. The analysis highlights the reproducibility between
operators for these key landmarks. Fig. 3 shows the error distribution for
each of these selected landmarks along all coordinate axes.

Additionally, the Quantile-Quantile (Q-Q) plots in Fig. 4 illustrate
the differences between normal and non-normal error distributions for
two landmarks, the femoral head and tibial medial spine.

Table 3 shows the specific landmark results for reproducibility. None
of the normal and homoscedastic landmarks of interest errors were
significant except the tibial lateral plate spine in the z-axis. Considering
non-normal or non-homoscedastic patellar landmarks, the errors for the
tibial lateral plate spine in the x-axis, for the femoral medial and lateral
condyle and tibial lateral malleolus in the y-axis, and for the femoral
medial epicondyle and the tibial medial plate spine in the z-axis were
significant, as well as the lateral malleolus on all axes.

3.2. Evaluation of automatic landmarking

Similarly to the evaluation of the manual landmarking, our findings
will be presented in two subsections for clarity: the global results and a
detailed analysis of some landmarks of interest as an example. Detailed
results for all landmarks are available in Supplementary materials C, D
and F.

3.2.1. Global overview of automatic landmarking errors
To evaluate the performance of automatic landmarking, comparisons

were made between ground truth measurements and the results of
automatic landmarking. Similarly to the repeatability and reproduc-
ibility analyses, since not all distributions of errors were normal and
homoscedastic, results are expressed in terms of the median or the mean
of the error for each landmark across all patients. To simplify the pre-
sentation of the results, the means of these medians were computed. The
detailed results for each landmark are included in supplementary ma-
terial C. Table 3 summarizes the errors between manual and automatic

Table 2
Summary results for repeatability 1, repeatability 2 and reproducibility analysis
by bone and coordinate.

Analysis Mean of the
median
errors (mm)

95 %
CI
(mm)

Maximum Error
Location (mm)

Medians <
4 mm (%)

Femur
X Repeatability 1 1.2 [0.9;

2.1]
Femoral Inf Post
Shaft (9.3 mm)

100.0

Repeatability 2 1.5 [1.1;
2.7]

Femoral Sup Sup
Ant Shaft (14.4
mm)

100.0

Reproducibility 1.5 [1.3;
2.5]

Femoral Sup Sup
Ant Shaft (14.7
mm)

100.0

Y Repeatability 1 1.2 [0.8;
2.1]

Femoral Lateral
Post Condyle
(14.5 mm)

100.0

Repeatability 2 1.6 [1.2;
2.9]

Femoral Lateral
Inferior Condyle
(16.1 mm)

95.1

Reproducibility 1.6 [1.4;
2.7]

Femoral Neck
Inf (17.9 mm)

92.7

Z Repeatability 1 3.2 [2.5;
5.9]

Femoral Mid Ant
Shaft (36.5 mm)

68.3

Repeatability 2 3.8 [2.7;
6.6]

Femoral Inf Inf
Med Shaft (32.7
mm)

51.2

Reproducibility 3.5 [3.2;
5.8]

Femoral Inf Inf
Med Shaft (31.6
mm)

61.0

Tibia
X Repeatability 1 1.9 [1.3;

3.0]
Tibial Plate
Medial Sup-Post
(13.5 mm)

89.7

Repeatability 2 1.6 [1.3;
3.1]

Tibial Inf Post
Shaft (14.5 mm)

97.4

Reproducibility 2.2 [1.8;
3.1]

Tibial Inf Post
Shaft (15.0 mm)

89.7

Y Repeatability 1 1.5 [1.1;
2.6]

Tibial Sup Med
Shaft (12.5 mm)

100.0

Repeatability 2 1.3 [1.0;
2.7]

Tibial Medial
Plate (12.6 mm)

100.0

Reproducibility 1.8 [1.6;
2.9]

Tibial Plate
Spine Medial
(23.3 mm)

92.3

Z Repeatability 1 3.4 [2.9;
7.1]

Tibial Inf Lat
Shaft (28.6 mm)

59.0

Repeatability 2 3.6 [2.7;
7.4]

Tibial Inf Med
Shaft (42.1 mm)

59.0

Reproducibility 4.1 [3.9;
7.5]

Tibial Lat Inf Lat
(43.5 mm)

56.4

Patella
X Repeatability 1 1.2 [0.8;

2.0]
Patellar Apex
Tendon Sup (7.9
mm)

100.0

Repeatability 2 1.1 [0.7;
1.7]

Patellar Apex
Tendon Sup (7.6
mm)

100.0

Reproducibility 1.2 [1.1;
1.9]

Patellar Apex
Cartilage Inf
(7.7 mm)

100.0

Y Repeatability 1 0.7 [0.5;
1.2]

Patellar Apex Inf
(4.6 mm)

100.0

Repeatability 2 0.7 [0.6;
1.5]

Patellar Apex
Tendon Sup (7.7
mm)

100.0

Reproducibility 0.8 [0.8;
1.6]

Patellar Apex
Tendon Sup (8.9
mm)

100.0

Z Repeatability 1 1.0 [0.9;
1.7]

Patellar Apex
Ant (4.1 mm)

100.0

Repeatability 2 1.7 [1.2;
2.8]

Patellar Apex
Lat (6.8 mm)

100.0

Reproducibility 1.1 [1.1;
2.1]

Patellar Apex
Lat (7.5 mm)

100.0
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Fig. 3. Error distributions for each landmark of interest in the a) x-axis, b) y-axis and c) z-axis.
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landmarking. The analysis method and the presented results mirror
those used for manual landmarking: differences between automatic
measures and the landmarking reference (mean of measures 1 and 3 of
operators 1 and 2) were calculated for each landmark across all thirty
patients. The median of these differences was then computed for each

landmark, followed by averaging these medians across all landmarks of
a given bone. For instance, the 1.8 mm value reported in Table 4 for the
femoral bone in the medio-lateral axis represents the mean of median
errors across all 41 femoral landmarks. For patella landmarks, the mean
of median errors was less than 2.0 mm, while femoral and tibial

Fig. 4. Q-Q plot of the difference between two series of measurements by operator 1 and 2 for a) the femoral head showing a normal distribution in the Y-axis and for
b) the tibia medial spine showing a non-normal distribution for all axis.

Table 3
Detailed landmarks of interest test results for reproducibility analysis. P-values with an (*) indicate significant inter-operator differences. SD: standard deviation. CI:
confidence interval.

Coordinate Normal (Shapiro-
Wilk)

Homoscedastic
(Levene)

Mean error +/- SD error
(mm)

Median
(mm)

CI 95 %
(mm)

P-value
(Student)

P-value
(Wilcoxon)

Femoral Head X x x − 0.7 [0.7; 1.2] − 0.2
Y ✔ ✔ 0.9 +/- 0.6 − [0.7; 1.1] 0.4 −

Z x x − 1.1 [0.8; 1.3] − 0.9
Femoral Condyle

Medial
X x x − 1.4 [1.0; 2.3] − 0.1
Y x x − 4.3 [3.4; 6.1] − <0.05*
Z x x − 0.5 [0.5; 0.9] − 0.1

Femoral Condyle
Lateral

X ✔ ✔ 2.2 +/- 1.5 − [1.6; 2.7] 0.4 −

Y x x − 4.3 [3.7; 6.1] − <0.05*
Z x x − 0.7 [0.6; 1.1] − 0.1

Femoral Epicondyle
Medial

X x x − 0.5 [0.5; 1.0] − 0.4
Y x x − 1.2 [1.3; 3.3] − 0.8
Z x x − 2.5 [2.9; 5.2] − <0.05*

Femoral Epicondyle
Lateral

X ✔ ✔ 0.7 +/- 0.5 − [0.5; 0.9] 0.5 −

Y ✔ ✔ 1.1 +/- 0.8 − [0.8; 1.3] 0.2 −

Z x x − 3.0 [2.6; 4.4] − 0.8
Tibial Plate Spine

Medial
X x x − 0.4 [0.4; 1.0] − 0.1
Y x x − 1.1 [0.7; 3.7] − 0.8
Z x x − 1.0 [0.7; 1.2] − <0.05*

Tibial Plate Spine
Lateral

X x x − 0.6 [0.6; 1.2] − <0.05*
Y x x − 1.1 [0.7; 2.3] − 0.7
Z x x − 1.0 [0.6; 1.2] <0.05* 0.1

Tibial Medial
Malleolus

X x x − 0.8 [0.6; 1.0] − 0.2
Y x x − 1.4 [1.3; 2.4] − <0.05*
Z x x − 1.9 [1.6; 2.9] − 0.1

Fibula Lateral
Malleolus

X x x − 0.6 [0.6; 1.1] − <0.05*
Y x x − 3.0 [2.5; 4.3] − <0.05*
Z x x − 2.9 [2.7; 5.0] − <0.05*
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landmarks had mean errors of less than 3.0 mm on the x- and y-axes.
Femoral and tibial landmarks on the z-axis exhibited the largest errors,
with mean errors exceeding 3.0 mm but without median errors
exceeding 10.0 mm. These results are consistent with the repeatability
and reproducibility analyses.

Articular landmarks (e.g., femoral condyles and patellar landmarks)
show high precision with low median errors. For example, Patellar Apex
Inf (X = 1.1 mm, Y = 0.6 mm, Z = 0.4 mm) achieves near-perfect ac-
curacy with 100 % of measurements under 4 mm, highlighting the
reliability of automatic methods for articular landmarks. Shaft land-
marks, particularly for the femur and tibia, exhibit higher errors. This is
particularly evident in regions like the femoral shaft mid med (Z = 8.59
mm) and the tibial shaft sup sup ant (Z = 8.17 mm), which are less
anatomically distinct and harder to pinpoint. The tibia presents greater
overall variability compared to the femur, especially in proximal and
distal tibial regions (e.g., Tibial Dist Ant, X = 6.99 mm). The smaller size
and less defined contours of the tibia pose a challenge for both manual
and automatic landmarking techniques, resulting in larger errors.

Table 5 presents a summary of the distances on each axis separating
the automatic landmark from the bounding box. These distances are
measured when the automatic landmark is outside the bounding box. On
average, the distance between the automatic landmark and the bound-
ing box was 1.4 mm for femoral landmarks, with a maximum of 8.1 mm
for Femoral Sup Med Shaft in the z-axis, 1.5 mm for tibial landmarks,
with a maximum of 6.9 mm for Tibial Sup Sup Ant Shaft in the z-axis and
0.7 mm for patellar landmarks. Mean distances are below 1.5 mm for
each bone and axis, except for the z-axis in femoral and tibial landmarks.

Across all landmarks, the proportion within the box was 77.2 % on
the x-axis, 70.3 % on the y-axis, and 77.1 % on the z-axis. On average,
the proportion of landmarks within the three-dimensional bounding box

was 45.3 % for femoral landmarks (with 54.2 % for femoral shaft
landmarks), 39.4 % for tibial landmarks (with 47.2 % for tibial shaft
landmarks), and 42.4 % for patellar landmarks. Shaft landmarks were
within the bounding box for 50.7 % of cases compared to 42.4 % for
overall landmarks. This indicates that although automatic landmarks
positioned on the shafts exhibited the greatest measurement errors, they
were proportionally more often within the range of manual land-
marking. This can be explained by the fact that the size of the bounding
box increases when manual landmarking is less precise. Consequently,
while automatic landmarking showed more dispersion along the z-axis
compared to manual landmarking, the larger bounding box for shaft
landmarks increased the likelihood of correct positioning of automatic
landmarks. Fig. 5 illustrates two examples of automatic landmarking:
one within the bounding box and one outside it.

Finally, parametric testing (Student’s t-test) showed significant dif-
ferences (p < 0.05) in 81.3 % of landmarks, and non-parametric testing
(Wilcoxon) revealed significant differences in 59.4 % of landmarks.

3.2.2. Representative example: Automatic landmarking errors
To illustrate the detailed process and results, findings for clinically

relevant landmarks are presented in this section. Fig. 6 shows the error
distribution for each landmark for all coordinate axes.

Confidence intervals for repeatability and reproducibility analyses as
well as manual versus automatic landmarking for each coordinate are
provided in Fig. 7. These plots allow for the qualitative comparison of
the performance between automatic and manual landmarking.

Table 6 presents a summary of the distances in millimetres sepa-
rating the automatic landmarks of interest from the bounding box on
each axis. Further detailed results across all landmarks are available in
the supplementary materials D. The last column of the table presents the
proportion of landmarks found within the bounding box for all patients,

Table 4
Summary of mean errors and statistical measures between manual and auto-
matic landmarking.

Mean of the
median errors
(mm)

95 % CI
(mm)

Maximum Error Location
(mm)

Medians < 4
mm (%)

Femur
X 1.8 [1.5;

2.6]
Femoral Condyle
Metaphysis Post Med
(11.1 mm)

100.0

Y 1.7 [1.5;
2.6]

Femoral Great Trochanter
Tip (17.0 mm)

97.6

Z 4.0 [3.3;
5.2]

Femoral Sup Lat Shaft
(19.8 mm)

51.2

Tibia
X 2.1 [1.8;

2.9]
Tibial Distal Ant (11.6
mm)

89.7

Y 2.5 [2.2;
3.4]

Tibial Plate Spine Medial
(21.0 mm)

74.4

Z 3.3 [2.8;
4.8]

Tibial Sup Sup Ant Shaft
(22.8 mm)

56.4

Patella
X 1.0 [0.8;

1.5]
Patellar Apex Cartilage Inf
(5.1 mm)

100.0

Y 0.8 [0.7;
1.2]

Patellar Apex Tendon Sup
(6.5 mm)

100.0

Z 1.2 [1.0;
1.8]

Patellar Apex Cartilage Inf
(6.8 mm)

100.0

Table 5
Summary of mean distances between the automatic landmark and the bounding
box per direction and overall.

X (mm) Y (mm) Z (mm) Mean distance by bone landmarks
(mm)

Femoral 1.2 1.2 2.2 1.4
Tibia 1.2 1.3 2.0 1.5
Patella 0.5 0.4 1.3 0.7

Fig. 5. Positions of automatic landmarks (red dot) compared to the manual
landmarking bounding boxes (in blue) associated to each landmark of one
patient (patient 1). On the top row (a), two landmarks out of the bounding
boxes are shown. On the bottom row (b), two landmarks inside the bounding
boxes are shown.
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ranging from 6.7 % to 50.0 %.
Table 7 shows the landmarks of interest results for automatic land-

marking. Normal and homoscedastic landmark errors were considered
significant except for the Femoral Epicondyle Lateral in the z-axis (85.7
% of significant error for normal and homoscedastic landmarks).
Considering non-normal or non-homoscedastic landmarks, 25.0 % of
errors were considered significant.

4. Discussion

This study aimed to propose an evaluation procedure for manual and
automatic landmarking methods applied to osteoarthritic knee bones.
Indeed, a standardized evaluation protocol seems crucial in the light of
the limitations of previous studies. Nguyen et al[24]. evaluated two AI-

based techniques for 3D and 2D landmarking applied to a piglet hin-
dlimb. The dataset used for validation was small (one piglet limb), the
quality of the ground-truth data used for training and validation was not
discussed, and the results were not compared to an acceptable error
threshold. Phan et al[23]. evaluated their anatomical femoral landmark
prediction method in a similar way on 35 patients. Subburaj et al[18].
presented an automated method to identify landmarks on 3D bone
models. They compared automatic landmarks with manual landmarks
obtained from palpation by three experienced clinicians. However, the
process for obtaining manual landmarks was not detailed. They assessed
the intra- and inter-operator variability in manual landmarking for all
landmarks along the three axes independently. The average of each set
of manual landmarks was used to define the gold standard. The authors
provided the mean absolute error between automatic and manual

Fig. 6. Automatic versus manual landmarking error distributions for each landmark of interest in the a) x-axis, b) y-axis and c) z-axis.
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landmarking. Results showed errors of the same order of magnitude as
the manual inter-operator variability. However, the method’s efficiency
evaluation across different patients was limited, as only one patient was
used in the dataset. Consequently, they could not perform further sta-
tistical analyses of the results. Victor et al.[34] evaluated the accuracy of
knee manual landmarking from CT scans. Three operators performed
landmarking on images of six specimens. The study reported the intra-
and inter-operator variability and the Intra-class Correlation Coefficient
(ICC). The intra- and inter-operator variability were computed using the
distance between the mean and the observed positions of a landmark.
The ICC was computed as the ratio of the total variance of different
observers’ landmarking and the variance between patients. Further-
more, Fürmetz et al.[25] evaluated a protocol analysing 3D bone models
of the lower limbs of three specimens. Three operators performed the
landmarking, and the same evaluation as Victor et al.[34] was used. In
both studies, the authors reported the mean and standard deviation of
the errors but did not evaluate whether the error distributions followed a
normal distribution, which is necessary to compute the ICC[35].
Furthermore, they did not assess the significance of the errors. Bori et al.
[36] evaluated measurements based on automatic landmarking of
amputated legs. Three experienced operators performed manual land-
marking, and the researchers computed inter-operator variability and
the ICC. They evaluated the agreement between the automatic and
manual results using the Pearson correlation coefficient and the Bland-
Altman graphs[37]. The authors evaluated the normality of the distri-
bution using the Shapiro-Wilk test but did not report whether the error
distributions were homoscedastic. In addition, they computed the errors
for measurements rather than landmark positions, which may be less
sensitive to landmark mispositioning. The small dataset size also limited
the power of the tests. Baek et al.[38] included 43 human femurs in their
study, which were all landmarked by two expert clinicians using their
anatomical deformation technique. They evaluated the accuracy of their
algorithm using the leave-one-out cross-validation method, which is
suitable for AI-based methods but not for knowledge-based techniques.
Jacinto et al.[22] complemented the evaluation of their automatic
method for landmark positioning by comparing the results with the
ground truth based on the manual landmarking performed by three
trained operators. They also assessed the inter-operator variability of the
landmarking on three knees. They compared different methods using the

one-sided Welch t-test to quantify the test of equal means. Although this
method was applied to 17 patients, the authors did not discuss the
impact of the sample size. Furthermore, they did not explain the choice
of the statistical test. The Welch t-test is designed for unequal population
variances but still requires the assumption of distribution normality to
be met[39].

In our study, the automatic landmarking results were compared with
manual landmarking results performed by two trained clinician opera-
tors in order to evaluate and validate their accuracy. The procedure was
applied on a database of thirty patients with osteoarthritic knees. The
sample size was chosen according to the classically admitted threshold
used in statistical analysis to apply the student t-test. Yet, the distribu-
tion normality hypothesis was not true for many analyses. It is important
to note that in most of the literature studies, this threshold was not
respected[22,25,34]. Rather than defining a gold standard for 3D
automatic landmarking, this study emphasises the need for a rigorous
evaluation of such techniques, including verifying the quality of the
chosen ground truth and comparing results with clinical requirements.
Table 8 presents a comparative analysis of reproducibility errors across
different studies[18,22,40,41].

The manual landmarking method revealed intra-operator landmark
errors ranging from 0.0 to 42.1 mm, with a mean median error of 2.1
mm for all landmarks in both repeatability analyses. Specifically, the
mean median error was 2.1 mm for femoral landmarks, 2.6 mm for tibial
landmarks, and 1.1 mm for patellar landmarks. The likelihood of errors
increases in the presence of substantial morphological variability be-
tween subjects, as was the case in this cohort, in which many patients
exhibited degenerative morphological changes (bone wear and osteo-
phytes). The intra-operator variability was compared with the results of
Della Croce et al[40]. They conducted landmarking with one operator
who marked six times on two patients (8 femoral and 6 tibial land-
marks). In contrast, our study involved two operators marking twice on
fifteen patients (41 femoral and 39 tibial landmarks). Our study showed
lower error rates, with a mean of median errors of 2.1 mm for femoral
landmarks compared to Della Croce et al.’s 5.6 mm, and 2.6 mm for
tibial landmarks compared to 3.8 mm. When focusing on landmarks
used for axis measurements on the femur or tibia, Della Croce et al.’s
errors were 9.8 mm for the medial epicondyle vs 1.8 mm in our study,
10.0 mm vs 2.3 mm for the lateral epicondyle, 8.6 mm vs 1.5 mm for the

Fig. 6. (continued).

C. Horteur et al.



European Journal of Radiology 191 (2025) 112292

12

medial part of the tibial plateau and 5.2 mm vs 2.2 mm for the lateral
tibial plateau. However, this comparison should be interpreted with
caution, as the higher number of landmarks per bone in our study may
reduce overall error estimates by averaging, potentially introducing a
favourable bias. This underscores the importance of considering not

only global variability metrics but also landmark-specific uncertainties.
The findings highlight the need to examine not only the overall
error, but also intrinsic uncertainty about specific landmarks that
may have a potential impact on clinical measurements. For
example, when assessing mechanical axes, the choice of method can

Fig. 7. Confidence intervals of manual analyses (repeatability 1 and 2 and reproducibility) and automatic evaluation for landmarks of interest in the a) x-axis, b) y-
axis and c) z-axis.
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significantly influence the resulting angles[42]. Moreover, anatomical
regions prone to deformation—such as the tibial spines or condylar
landmarks—can introduce even greater variability.

Our study revealed inter-operator variability ranging from 0.0 to
43.5 mm, with mean median errors slightly higher than in the repeat-
ability analysis (2.3 mm vs 2.1 mm). Our method generally yields lower
mean results than other studies, except in the case of tibial landmarks
compared to both Jacinto et al. studies[22,41]. Considering the lateral
part of the tibial plateau, for example, we obtained an average error of
4.1 mm, compared with 3.4 mm for Jacinto et al.[22] and 4.9 mm for
Subburaj et al[18]. These discrepancies may be attributed to the trained
operators’ higher precision with fewer landmarks to place on the tibia,
leading to fewer errors in their study. Jacinto et al.[22] used five
landmarks, while our study used thirty-nine tibial landmarks, poten-
tially accounting for the observed discrepancies. In comparison, Sub-
buraj et al.[18] measured variations in manual positioning using three
knees, each marked by three different orthopaedic surgeons, while Della
Croce et al.[40] employed six registered physical therapists with gait
laboratory experience. Expertise and number of operators might have an
impact on the reproducibility results. Given that both operators in our
study have the same level of expertise, the observed higher reproduc-
ibility error values are likely attributable to differences in their tech-
nique and interpretation of landmarks. Even with equivalent training
and experience, small variations in landmark approaches, such as dif-
ferences in positioning, perspective or judgement, can introduce in-
consistencies. These variations can lead to discrepancies in the
placement of landmarks, ultimately reducing inter-operator consistency.
Furthermore, it is important to note that manual landmarking is a time-
consuming and tedious operation. Despite the valuable information
provided by landmarking, implementing manual landmarking in clinical

practice appears challenging. Therefore, the higher reproducibility er-
rors do not necessarily indicate a lack of skill, but rather highlight the
inherent challenges and subjective nature of the landmarking process.
This also underscores the need to take into account results for
landmarks of interest for applications such as angle measurement,
rather than global results, which might appear superior but exhibit
unsatisfactory results for measurements of clinical interest.

Consistency across different conditions is another critical factor.
Operators might have used the image slices for landmarking while
others might prefer using the 3D reconstruction, which can affect the
precision of landmark localisation. Our study showed that accurately
positioning landmarks on the femoral and tibial shafts is particularly
difficult due to their unique anatomical characteristics. Indeed, these
structures are cylindrical and elongated, lacking distinct and easily
identifiable anatomical features that can serve as reliable reference
points. This lack of prominent landmarks makes it challenging to ach-
ieve consistent and precise placement. Additionally, the shafts are
often subject to various anatomical variations and irregularities,
such as slight bends or twists, which can further complicate the
landmarking process. The results showed higher error rates in these
regions, especially on the proximo-distal axis, where mean of median
errors was twice as high as other coordinate axes.

We observed that the accuracy of landmarking differs notably be-
tween simpler and more complex anatomical regions. For example,
patellar landmarks, which are located in relatively straightforward
anatomical areas, exhibit mean median errors of less than 2.0 mm,
demonstrating high precision and accuracy in both manual and auto-
matic methods. This suggests that landmarks in regions with more
distinct anatomical features are easier to place accurately. Therefore, the
observed differences in accuracy demonstrate that regions with more
distinct anatomical features, such as ridges and contours, facilitate more
precise landmarking, while the smoother and less defined surfaces, such
as shaft regions, introduce significant challenges and increase the like-
lihood of errors. However, regions with minimal relief—namely the
diaphysis—are primarily used to define shaft centres via 3D barycentric
calculations for establishing vertical axes; as a result, any landmarking
errors in these areas have only a limited impact on barycentre position
and on measurements in the frontal and sagittal planes.

Our results also emphasised the importance of standardised mea-
surement techniques to reduce inter-operator variability, as significant
discrepancies were found in manual landmarking. Shaft landmarks
showed higher inter-operator dispersion relative to intra-operator
dispersion, suggesting that their definition is particularly prone to
misinterpretation. Advanced imaging techniques, such as 3D imaging

Fig. 7. (continued).

Table 6
Mean distances (in mm) between the automatic landmark and the bounding box
in the x, y and z-axis and the proportion of the landmark in the bounding box.

Landmarks X (mm) Y (mm) Z (mm) Proportion (%)

Femoral Head 0.5 0.4 0.0 46.7
Femoral Condyle Medial 1.4 0.3 0.0 6.7
Femoral Condyle Lateral 0.8 0.6 1.5 13.3
Femoral Epicondyle Medial 1.0 0.7 0.8 36.7
Femoral Epicondyle Lateral 0.6 0.7 5.7 46.7
Tibial Plate Spine Medial 1.5 0.6 1.7 43.3
Tibial Plate Spine Lateral 0.0 2.2 4.3 40.0
Tibial Medial Malleolus 0.6 0.3 1.0 33.3
Fibula Lateral Malleolus 2.5 1.1 6.9 50.0
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and high-resolution scans, can help mitigate these limitations by
providing clearer and more detailed views of complex anatomical re-
gions. Incorporating multi-modal imaging data could enhance the
robustness of landmarking algorithms, providing additional context and
reducing ambiguity in landmark identification.

This study then evaluated an automatic landmarking method, which
produced landmark errors ranging from 0.0 to 22.8 mm, with a mean
median deviation of 2.4 mm. Kuiper et al.[43], who evaluated 32
landmarks, reported a mean difference of 2.17 ± 1.37 mm between fully
automatic and manual methods. Their reported errors ranged from 0.36
± 0.19 mm for the femoral head centre to 3.63 ± 2.21 mm for the
femoral greater trochanter. Notably, they did not quantify errors on
femoral and tibial shaft landmarks, as these were used solely for angle
computation. In contrast, our evaluation included shaft landmarks,

which exhibited some of the highest variability among all anatomical
points. Including these landmarks in our evaluation increases the overall
error metrics and reflects a more comprehensive, but also more chal-
lenging, assessment of automatic landmarking performance. Among all
landmarks, the femoral shaft landmarks exhibited the largest dispersion
compared to tibial landmarks. Jacinto’s study[22] indicated that both
manual and automatic landmarking were more precise for the tibia than
for the femur, a trend observed only in the automatic landmarking in our
study. This discrepancy could be due to the same amount of shaft
landmarks on the tibial and femoral bones but fewer tibial landmarks
than femoral ones in our study, as well as the use of plane sections by the
operators. Table 8 presents a comparative analysis of automatic land-
marking errors across different studies. Our proposed method demon-
strated lower error results than other studies and is comparable to

Table 7
Detailed landmarks of interest test results for automatic vs manual landmarking. P-values with an (*) indicate significant differences. SD: standard deviation; CI:
confidence interval.

Coordi-
nate

Normal
(Shapiro-
Wilk)

Homoscedastic
(Levene)

Mean error
+/- SD error
(mm)

Median
(mm)

CI 95 %
(mm)

P-value
(Student)

P-value
(Wilcoxon)

Pearson
Correlation

Spearman
Correlation

Femoral Head X x x − 1.7 [1.4;
2.6]

− 0.07 − 0.8

Y x x − 1.5 [1.6;
3.0]

− 0.35 − 0.9

Z ✔ ✔ 3.5 +/- 1.4 − [3.0;
4.0]

<0.05* − 0.9 −

Femoral
Condyle
Medial

X ✔ x − 1.8 [1.3;
2.2]

− 0.13 − 0.5

Y ✔ ✔ 2.7 +/- 1.9 − [2.0;
3.3]

<0.05* ​ − 0.1 ​

Z x x − 0.8 [0.8;
1.2]

− <0.05* − 1.0

Femoral
Condyle
Lateral

X x x − 1.4 [1.4;
2.7]

− 0.97 − 0.2

Y ✔ x − 3.3 [2.7;
4.4]

− 0.08 − − 0.4

Z x x − 0.8 [0.6;
1.0]

− <0.05* − 1.0

Femoral
Epicondyle
Medial

X x x − 0.5 [0.4;
0.6]

− 0.5 − 1.0

Y x x − 2.5 [2.1;
3.7]

− <0.05* − − 0.1

Z ✔ x − 2.1 [1.7;
2.8]

− 0.8 − 0.6

Femoral
Epicondyle
Lateral

X x x − 0.5 [0.5;
1.0]

− <0.05* − 1.0

Y x x − 0.9 [1.3;
2.8]

− 0.02 − − 0.2

Z ✔ ✔ 2.9 +/- 1.4 − [2.4;
3.4]

0.2 − 0.4 −

Tibial Plate
Spine Medial

X x x − 0.4 [0.4;
0.8]

− 0.5 − 0.9

Y x x − 1.2 [1.0;
3.7]

− 0.8 − 0.6

Z x x − 0.6 [0.6;
1.2]

− 0.1 − 1.0

Tibial Plate
Spine Lateral

X x x − 0.4 [0.4;
1.0]

− 0.9 − 0.9

Y x x − 0.8 [0.8;
2.0]

− 0.1 − 0.7

Z ✔ ✔ 0.9 +/- 0.7 − [0.7;
1.2]

<0.05* − 1.0 −

Tibial Medial
Malleolus

X ✔ ✔ 1.0 +/- 0.7 − [0.8;
1.3]

<0.05* − 0.9 −

Y ✔ ✔ 4.4 +/- 3.1 − [3.3;
5.5]

<0.05* − 0.2 −

Z ✔ ✔ 2.3 +/- 1.5 − [1.8;
2.9]

<0.05* − 0.9 −

Fibula Lateral
Malleolus

X x x − 0.5 [0.4;
0.7]

− <0.05* − 1.0

Y x x − 1.8 [1.5;
2.5]

− 0.1 − 0.8

Z x x − 1.7 [1.5;
2.7]

− 0.8 − 0.9
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manual landmarking, as the error magnitudes are similar in both
repeatability and reproducibility analyses. Focusing on landmarks used
for axis measurements on the femur or tibia, Jacinto et al. ’s error for the
medial distal epicondyle was 4.8 mm, while Subburaj et al.’s was 4.4
mm compared to 1.7 mm in our study. However, Jacinto et al. ’s error
was 4.3 mm and Subburaj et al.’s was 3.6 mm compared to the 1.4 mm
that we measured for the lateral epicondyle. For the medial and lateral
parts of the tibial plateau, Jacinto et al. ’s error is 3.8 mm and 3.1 mm
and Subburaj et al.’s is 4.9 mm and 4.6 mm compared to 2.9 mm and 4.1
mm here.

It is important to note that landmark positioning in each study was
performed on different structures and with different methods. Subburaj
et al.[18] localized landmark regions based on a classification system
(peak, ridge, pit, ravine) and utilized a priori spatial information, while
Jacinto’s method generated spatial coordinates of anatomical points
within the knee frame[22]. The landmarking of a representative point
within an anatomical region is inherently less precise than that of a point
located on a well-defined geometric feature due to the absence of
distinct boundaries or reliefs to guide the identification. The differences
highlight the diversity in landmarking strategies and their respective
advantages and limitations. The irregular shapes and proximity to other
anatomical features in these regions make accurate landmarking
particularly difficult. The presence of large osteophytes in some patients
and the degenerative deformation of the knee likely contributed to
misdetections, affecting the accuracy of both manual and automatic
landmarking. This complexity can lead to higher error rates and reduced
measurement precision. Notably, in Jacinto’s case (arthroplasty), the
bones are represented only in the region of the knee (distal femur and
proximal tibia) while in our case, a full lower limb was used[22].
Implementing machine learning and deep learning models could
significantly enhance the accuracy and consistency of these registrations
[44]. These models, trained on large datasets, could recognize complex
patterns that may not be apparent to human operators, thus reducing
errors and increasing precision.

Clinical applications of a reliable lower limb automatic landmarking
technique would be valuable for the use of image-based navigation or

robotic systems for TKA implantation. Indeed, most of these technolo-
gies currently require manual landmarking, which appears time-
consuming in daily clinical practice. Quick and precise anatomical
evaluation using 3D CT automatic landmarking appears as a crucial tool
when discussing surgical indication for congenital lower limb de-
formities correction (tibial posterior slope reduction, coronal malalign-
ment correction) or when planning a knee arthroplasty or osteotomy. In
addition, the same applications can be used for pelvic, hip, foot and
ankle surgery using models including landmarks of interest on the
involved bones.

Our study has several limitations. Manual landmarking was per-
formed using TwinSight’s TwinForge software, which only permits
placement of landmarks on orthogonal CT slices with concurrent 3D
position visualization. Automatic landmarking, by contrast, relied on
meshes generated via automatic segmentation from SurgiTwin, a SaaS
platform currently under FDA submission. Consequently, we could not
fine-tune CT slice orientation in the landmarking software, and the
anatomical planes remained defined by the patient’s lower-limb posi-
tioning during image acquisition. The supine position in the CT scan
satisfactorily reproduces the femoral and tibial axial plane should the
knee be in full extension. Since flexum is a frequent condition in oste-
oarthritic knees, this might have slightly compromised landmarking
precision, especially for shaft landmarks on the z-axis, which were all
positioned on the same axial slice that was not always strictly orthogonal
to the tibial and femoral mechanical axes. The supine position during CT
acquisition does not allow for control of lower limb orientation, often
resulting in spontaneous external rotation. This alters the appearance of
coronal and sagittal CT slices between patients. In addition, visual
positioning of the shaft landmarks, consistently with their definition
(with no tools to measure precise distances on the z-axis), explains the
poor results reported. In terms of statistical methodology, our analysis
offers the advantage of describing repeatability, reproducibility, and
comparison with the automatic technique for each landmark. This is
achieved at the cost of a high number of tests performed, thus increasing
the alpha risk. An alternative approach to rule out this issue would be
the use of mixed-effects models to present overall generalized results.
Finally, for clinical relevance, the accuracy of landmark positioning
should also be assessed using lower limb metrics of interest as primary
endpoints.

Future research should prioritize the evaluation and improvement of
landmarking techniques, particularly in addressing the topographic
challenges posed by different anatomical regions with local deforma-
tion, such as osteophytes. While understanding anatomical variability
and developing specialized algorithms are important, it is equally crit-
ical to assess how accurately landmarks are placed and how errors in this
process can impact key surgical metrics such as angles and distances. By
focusing on the accuracy and precision of landmarking, researchers can
better ensure that surgical planning is not only well-informed but also
capable of accommodating the inherent variability and complexity of
individual anatomical structures, ultimately leading to more successful
outcomes in knee surgery.

5. Conclusion

When evaluating the performance of an automatic landmarking
method, it is essential to compare it to a ground truth based on
repeatability and reproducibility. Moreover, it is important to examine
not only global errors, but also specific errors linked to landmarks of
clinical interest. It is crucial to verify the hypotheses for performing
statistical tests such as normality and homoscedasticity and to evaluate
the tests’ power considering the population size. If these requirements
are respected, this evaluation method becomes applicable to osteoar-
thritic bones with and without osteophytes.

The clinical implications of accurate landmarking are significant.
Precise landmarking is crucial for patient outcomes, particularly in
surgical planning, diagnostics, and other clinical applications. Improved

Table 8
Comparisons of our global and detailed tibial and femoral bone automatic
landmarking results (in mm) with published results. (*) represent results for the
computation of mean of means location, (**) for mean of means distances and
(***) represent results for the computation of means of medians.

Analysis Subburaj
et al.[18] *

Jacinto
et al.[41]
**

Della
Croce et al.
[40] **

Our
study
***

Global Femur Intra NA NA 5.6 2.1
Inter 4.1 2.8 8.8 2.2
Auto 3.4 5.1 NA 2.5

Global Tibia Intra NA NA 3.8 2.2
Inter 3.7 1.4 8.2 2.7
Auto 3.3 3.7 NA 2.6

Medial
Epicondyle

Intra NA NA 9.8 1.7
Inter 4.8 3.3 14.9 1.4
Auto 4.4 4.8 NA 1.7

Lateral
Epicondyle

Intra NA NA 10.0 1.8
Inter 3.9 1.4 19.2 1.6
Auto 3.6 4.3 NA 1.4

Medial Distal
Condyle

Intra NA NA 6.4 1.4
Inter 3.9 2.8 14.1 2.1
Auto 3.0 5.1 NA 1.7

Lateral Distal
Condyle

Intra NA NA 6.5 2.1
Inter 3.5 5.0 13.4 2.3
Auto 2.3 6.6 NA 1.8

Medial tibial
plate

Intra NA NA 8.6 1.1
Inter 6.0 1.2 19.7 1.7
Auto 4.9 3.8 NA 2.9

Lateral tibial
plate

Intra NA NA 10.0 1.3
Inter 5.4 1.3 13.8 2.0
Auto 4.6 3.1 NA 4.1
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landmarking techniques can lead to better clinical decisions and,
consequently, enhanced patient care.

Interdisciplinary collaboration between engineers who develop
registration methods, clinicians who possess anatomical knowledge and
measurement expertise, and researchers who analyse the impact on re-
sults, is essential for developing and refining registration and land-
marking techniques. This collaboration helps overcome the practical
challenges inherent to landmarking, and ensures that new methods are
clinically relevant, effective and beneficial to patients.
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