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Abstract

The purpose of this study was to describe the intra- and inter-observer variability of
the registration of bony landmarks and alignment axes on a Computed Axial
Tomography (CT) scan. Six cadaver specimens were scanned. Three-dimensional
surface models of the knee were created. Three observers marked anatomic surface
landmarks and alignment landmarks. The intra- and inter-observer variability of the
point and axis registration was performed. Mean intra-observer precision ranks around
I mm for all landmarks. The intra-class correlation coefficient (ICC) for inter-
observer variability ranked higher than 0.98 for all landmarks. The highest recorded
intra- and inter-observer variability was 1.3 mm and 3.5 mm respectively and was
observed for the lateral femoral epicondyle. The lowest variability in the
determination of axes was found for the femoral mechanical axis (intra-observer 0.12°
and inter-observer 0.19°) and for the tibial mechanical axis (respectively 0.15° and
0.28°). In the horizontal plane the lowest variability was observed for the posterior
condylar line of the femur (intra-observer 0.17° and inter-observer 0.78°) and for the
transverse axis (respectively 1.89° and 2.03) on the tibia. This study demonstrates low
intra- and inter-observer variability in the CT registration of landmarks that define the
coordinate system of the femur and the tibia. In the femur, the horizontal plane
projections of the posterior condylar line and the surgical and anatomical
transepicondylar axis can be determined precisely on a CT scan, using the described

methodology. In the tibia, the best result is obtained for the tibial transverse axis.



Introduction

The use of Computed Axial Tomography (CT scan) as a medical imaging tool has
widespread applications in the field of knee surgery. It is routinely used in the
diagnosis and treatment of peri-articular fractures and patellofemoral pathology. In
arthroplasty surgery, adoption of this technology has been slower. The CT scan is
nowadays considered the premium tool for planning and evaluation of lower limb
alignment', and this can be attributed to the development of technological applications
like computer navigation and robotic surgery. These technological achievements put
accurate medical imaging to the forefront of orthopedic surgery and research of the
knee”®. In the field of total knee arthroplasty (TKA), the CT scan serves different
applications. Surgeons use a CT scan in a conventional way during the pre-operative

* In the

stage, to plan the position of the femoral component in the horizontal plane
post-operative stage, the use of a CT scan is a routine tool in the evaluation of failed
TKA", as rotational malalignment of the femoral component has been determined as
a main cause of poor clinical outcome after TKA'*?'. In image-based computer-
assisted surgery, the CT scan provides three-dimensional anatomic details®*’. Novel
techniques use CT-based patient-specific templating to achieve the desired alignment
in TKA without the use of conventional alignment jigs. Finally, in-vivo kinematic
research of the native knee relies on CT(’, or MRI®*** derived bone models. Those are
used for model registration-based three-dimensional kinematic measurements,
computed from sequential two-dimensional X-ray images.

In all of the above-mentioned clinical applications, surface-derived anatomical

landmarks provide the link between the CT scan data and surgically relevant

references that can be found by visualization or palpation during the operation. In



addition, for the surgical navigation and patient-specific templating applications, the
CT scan is used to define the common coordinate system, providing the surgeon the
frontal, sagittal and horizontal plane of the femur and the tibia. It is fair to question
the ability to accurately identify the surface-derived anatomical references and the
reference points needed to provide the common coordinate system that defines the
three above-mentioned clinical planes. Relatively few publications addressed this
issue. Most studies concentrate on the relative position of different axes'>™'”*°, Only

. . o1 oe1e, 26-31
few evaluate intra- or inter-observer variability”®

. To our knowledge, no study has
investigated a full set of surface-derived landmarks and alignment landmarks for
inter- and intra-observer variability.
In order to avoid semantic confusion, the following definitions are used. Accuracy is
defined as the closeness of a given measurement to the actual value for the variable
considered. Precision is defined in terms of the measurement error, as the deviation
of a set of repeated measurements from an arbitrary value®>. As such, two observers
can be very precise in their measurements (small measurements errors) but very
inaccurate because of a consistent positive or negative error. Applied to this study,
previous work has shown that a calibrated CT scan is a highly accurate tool.
The objectives of this study were two-fold:
1. To evaluate the intra- and inter-observer precision in the locating reference
points on a surface reconstruction of the femur and the tibia, based on CT
scans of fresh frozen amputated leg specimens.

2. To evaluate the intra- and inter-observer precision of the corresponding axes,

relevant for surgical use.



Materials and Methods
Six unpaired fresh frozen amputated legs (3 right, 3 left) were analyzed, using a
helical CT scan (General Electric Lightspeed VCT, Milwaukee, WI, USA). The
specimens were obtained from 1 female and 5 male Caucasian subjects, aged between
78y and 87y old when they deceased. The images were obtained at 120 kV and 450
mA, with a slice thickness of 1.25 mm and a pitch of 0.5 mm/rev. Raw data were
processed using a bone filter. The CT scans were analyzed using Mimics® 11.02 and
its MedCAD module (Materialise, Haasrode, Belgium) to create the surface
reconstruction and identify the bony landmarks. Three observers participated in the
study: one experienced orthopedic surgeon (JV), one medical student (DVD) and one
engineer (LL). The surgeon defined the set of relevant landmarks and provided the
two other observers with a definition and a brief teaching session. Afterwards, the
three observers analyzed the CT scans independently. Two observers (DVD and LL)
performed all analyses three times with a minimum interval of one week for obtaining
intra-observer repeatability. The thresholding feature in Mimics was used to define
two masks (one for the distal femur and one for the proximal tibia and fibula). Lower
and higher threshold values were defined manually. The masks were then cropped to
the peri-articular areas of the bones and edited to separate the different bones. Finally,
the masks were converted into 3D models for identification of the anatomical
landmarks.
Anatomical landmarks of the femur (Fig 1)

e Femoral Hip Centre (FHC): centre of best-fit sphere to the head of the femur

e Femoral Knee Centre (FKC): most anterior point in the middle of the femoral

notch on a caudal to cranial view of the femur, aligning the hip centre with the

roof of the femoral notch.



e Femoral Medial Condyle Centre (FMCC): centre of the best-fit sphere to the
medial condyle

e Femoral Lateral Condyle Centre (FLCC): centre of the best-fit sphere to the
lateral condyle.

e Femoral Medial Epicondyle (FME): most anterior and distal osseous
prominence over the medial aspect of the medial femoral condyle3 2,

e Femoral Medial Sulcus (FMS): depression on the bony surface slightly
proximal and posterior to FME™.

e Femoral Lateral Epicondyle (FLE): the most anterior and distal osseous
prominence over the lateral aspect of the lateral femoral condyle®.

e Femoral Trochlea Proximal (FTP): deepest point of the trochlear groove on the
3D model of the femur, aligned along the femoral mechanical axis (FMAX).

e Femoral Medial Condyle Posterior (FMCP): the most posterior point of the
medial condyle on the 3D model of the femur, aligned along the FMAx.

e Femoral Lateral Condyle Posterior (FLCP): the most posterior point of the
lateral condyle on the 3D model of the femur, aligned along the FMAXx.

Anatomical landmarks of the tibia (Fig 2)

e Tibial Ankle Centre (TAC): the centre of the best-fit circle of the tibial plafond.

e Tibial Knee Centre (TKC): the midpoint between the two tibial spines
projected on the bony surface, identified by viewing the 3D model of the tibia
from cranial along the tibial shaft axis.

e Tibial Medial Condyle Centre (TMCC): the centre of the best-fit circle around
the edge of the cortex of the medial tibial plateau®’.

e Tibial Lateral Condyle Centre (TLCC): the centre of the best-fit circle around

the edge of the cortex of the lateral tibial plateau®’.



e Tibial Medial Condyle Posterior (TMCP): the most posterior point of the
medial tibial plateau, on a cranial view, aligned along the tibias shaft axis.

e Tibial Lateral Condyle Posterior (TLCP): the most posterior point of the
lateral tibial plateau, on a cranial view, aligned along the tibial shaft axis.

e Tibial Tubercle Anterior (TTA): the most anterior point of the tibial tuberosity,
on a cranial view, aligned along the tibial shaft axis.

Consequently, we obtained seven sets of coordinates (three analyses by two of the
three observers, one analysis by one observer) for the 17 landmarks in each of the six
specimens. Intra- and inter-observer variability was expressed as the distance between

the mean position of a landmark to the observed position of the landmark™*,

For intra-observer precision, the mean positions of the landmarks P(X,7,Z) and the
distances D, of the observed position to that mean position were defined as follows
(subscripts 1,2 and 3 refer to the different observations with 1 week interval):
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The mean value and standard deviation of D, , was then calculated for each landmark
as a measure of the overall intra-observer variability for that landmark.
For inter-observer precision, the mean positions of the landmarks P(¥,7,Z ) were

calculated using the means of the coordinates found by each observer, giving the

following formulas (subscripts 1, 2 and 3 refer now to the respective observers):
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Mean value and standard deviation of the three D, obtained from observers 1, 2 and 3

were calculated for each landmark as a measure of the overall inter-observer

variability for that landmark.



To be able to discriminate between precisions along the relevant anatomical axes, a
coordinate frame was defined for the femur and the tibia, based on the mean positions
of the selected landmarks. For the femur, the femoral mechanical axis (FMAx) was
defined as the line joining the femoral knee centre and the femoral hip centre (FHC-
FKC). The frontal plane was defined as the plane that contains the FMAx and is
parallel to the line joining the medial and lateral centers of the femoral condyles. The
horizontal axis was defined as the perpendicular line to the FMAX in the frontal plane,
containing the femoral knee centre. The horizontal plane contains the horizontal axis
and is perpendicular to the frontal plane. The sagittal axis was defined as the line
perpendicular to the FMAx and the horizontal axis and passes through the knee centre.
For the tibia the tibial mechanical axis (TMAXx) was defined as the line joining the
centre of the tibial plateau and the centre of the ankle (TKC-TAC). The frontal plane
of the tibia was defined as the plane containing the TMAx and parallel to line joining
the medial and lateral tibial condylar centre. The horizontal axis of the tibia was
defined as the perpendicular line to the TMAX in the frontal plane, passing through
the centre of the tibial knee centre. The horizontal plane of the tibia is perpendicular
to the frontal plane and contains the tibial horizontal axis. The sagittal axis of the tibia
was defined as the line perpendicular to the TMAXx and the horizontal axis, passing
through the tibial knee centre. All measured coordinates of all landmarks were
transformed into these coordinate frames to evaluate reproducibility along the three
Cartesian Axes of the bones.

In a final step, the intra- and inter-observer variation of the femoral and tibial axes
was quantified, based on the mean deviation of their defining landmarks. It was
assumed that the errors in the coordinates of the landmarks were independent and

random and that simple error propagation estimations could therefore be used. This



was done for the mechanical axes of femur and tibia (FMAx and TMAX) and for the
axes with surgical relevance to rotational alignment, with the following definitions.

e Anatomical transepicondylar axis: FME-FLE.

e Surgical transepicondylar axis: FMS-FLE.

e Femoral posterior condylar line: FMCP-FLCP.

e Femoral transverse axis: FMCC-FLCC.

e Femoral trochlear antero-posterior axis: FKC-FTP.

e Tibial posterior condylar line: TMCP-TLCP

e Tibial transverse axis: TMCC-TLCC.

e Tibial Tubercle axis: TKC-TTA.
For the measurement of intra- and inter-observer angular differences in the rotation
axes of femur and tibia, a geometrical projection on the horizontal plane of the femur
and the tibia was respectively carried out.
For each of the considered landmarks positions, we evaluated the intra-class
correlation coefficient (ICC) for multiple measurements by different observers on

different specimens’*. By definition, the ICC is evaluated according to the following

2
I

formulation: ICC = >

o
Where the total variance of measurements by different observers is o> on different
subjects, and the variance between subjects is o, . ICC values range from 0 to 1,
indicating better agreement as the value approaches 1. An ICC value higher than 0.75
indicates excellent agreement. The statistical analysis was performed using Matlab

R2008a (The MathWorks, Natick, Massachusetts, USA). For all recorded distances

and angles, mean values, maximum values and standard deviations are reported.



Results

The magnitudes of intra-observer and inter-observer variability for each landmark are
shown in Figures 3 and 4 respectively. The observed mean values, maximum values
and standard deviations are displayed separately. Mean intra-observer variability for
all landmarks is situated around 1 mm (range: 0.4 mm — 1.4 mm). All joint centres
(FHC, FKC, TKC, TAC) and condyle centres (FLCC, FMCC, TLCC, TMCC) can be
identified with a mean variability of less than 1 mm. The femoral epicondyles and
sulcus, as well as the posterior points on the tibial condyles are least reliable with
mean variabilities larger than 1 mm.

Inter-observer variability is larger than intra-observer variability and more different
amongst landmarks, but is still acceptable (range: 0.3 mm — 3.5 mm). Again, the joint
centres are most reliable with mean inter-observer variabilities of less than 1 mm,
with the exception of the tibial knee centre. The posterior points on the tibial condyles,
the tibial tubercle and the femoral lateral epicondyle are least reliable with mean inter-

observer variabilities of more than 2 mm.

Table 1 shows the mean and the standard deviation of the distance from observed
position to the mean position for all landmarks, split along the three anatomical axes.
In general, landmarks that are located on a bony surface can be identified very reliably
in the direction perpendicular to the surface. The variability is usually almost twice as
large in the directions tangent to the surface.

The ICC values for all defined landmarks fall in a range between 0.986 and 1,
showing that observer agreement and reliability for all landmarks is excellent. The
statistical results confirm that the joint centres (with the exception of the tibial knee

centre) and the posterior points on the femoral condyles are most reliable. (ICC = 1)
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The epicondyles, the medial sulcus, the posterior points of the tibia, the tibial knee
centre and the tibial tubercle have a slightly lower ranking (respective ICC values:
0.99;0.99;0.99;0,99;0,98)

The resulting angular variation between the different axes could be computed, based
on the defined landmarks.(Table 2) The mechanical axes in femur and tibia can be
determined very accurately due to the reliability of the landmarks on which they are
based and the large distance between the defining points. (FMAx 0.05° intra- and
0.08° inter-observer, TMAx 0.15° and 0.28° respectively). Of the axes relevant for
rotational alignment, the trochlear antero-posterior axis is least reliable (mean inter-
observer deviation of 2°), while the posterior condylar line is most reliable with a
mean inter-observer deviation of 0.5°. The anat TEA and surg TEA fall in between
the two aforementioned axes. In the tibia, the transverse axis as defined recently by
Cobb et al.”’, shows a mean intra- and inter-observer variability of respectively 1.44°
and 1.66°. The two other axes that define rotation are less reliable: posterior condylar
line respectively 1.37° and 3.16°, and the tubercle axis 1.09° and 2.42°.

A graphical representation is shown in Figure 5.

Discussion

Amongst clinicians, the CT scan is often considered the ultimate precision tool in
measuring alignment in the lower limb'. The outcome of a given procedure in terms
of alignment or position is often described as a comparison to a reference value,

. 8,36,37
obtained from a CT scan™"

. It must be emphasized that the actual reference value
(plane, axis or point) remains unknown and determination of points and axes on a CT

scan is subject to inter- and intra-observer variability. As appears from our results, the

intra- and inter-observer variability of the landmarks that define the coordinate system
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of the femur and the tibia, is low. This is fundamental, as it is the basis for all
applications of CT data in the clinical setting”®. However, some of the study
weaknesses have to be understood. First, surface modeling and landmark registration
occurred in optimal circumstances on dedicated computer stations, after studying the
recent anatomic literature and with anatomic drawings at hand. It is clear that this is
not the real life clinical setting where surgeons often work under substantial time
constraints. Also, we picked the tool that is most suited for imaging bone and
providing Cartesian coordinates, the CAT scan. It is unclear whether the same
accuracy could be achieved in using an MRI scan. As the cartilage contours can be
defined in much greater detail on MRI scans, this tool is more suitable for patient
specific templating® and model registration-based three-dimensional kinematic
measurements ®**, Because of the different qualities, with the CAT scan being better
for defining the bony surface and the MRI being better for defining the cartilage
surface, some research groups have used the combination of both for optimal
imaging®.

Failure to obtain correct alignment in total knee arthroplasty leads to inferior results
and early revisions'>>"-***_ Errors can occur at different levels: application of a
wrong reference definition (e.g. the direct use of the posterior condylar line for
rotational alignment of the femoral component), individual variability in the subjects
(e.g. dysplasia of the lateral condyle), the radiological or surgical location of reference
landmarks (e.g. locating the epicondyles), instrumental errors (e.g. mechanical play),
and execution errors (e.g. fixation of cutting blocks and making of the bone cuts).
This study only deals with one of those items: the precision of locating reference

landmarks on a CT scan.
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Nishihara et al.” reported the accuracy of registration in terms of position and angle to
be 0.8 mm and 0.6 degrees of bias with 0.2 mm and 0.3 degrees of root-mean-square
in the femur, and 0.5 mm and 0.4 degrees of bias with 0.2 mm and 0.3 degrees of
root-mean-square in the tibia. The aim of this study was to determine the precision of
intra- and inter-observer measurement on a CT scan in a clinically relevant setting:
how reproducible is the location of relevant surface points and axes? This information
can help in the development of surgical navigation algorithms, patient specific cutting
blocks, and pre-operative surgical planning.

The precision in locating certain landmarks on a CT scan cannot be extrapolated to
the precision of locating landmarks intra-operatively. Several authors have
emphasized the important inter- and intra-observer variability in the surgical location

. 10, 24, 25, 29, 44
of the femoral epicondyles® '*- 2% 2 2-

. Even in more idealized circumstances, using
cadavers with or without soft tissues there is significant variability among observers®®
374547 yau et al.’” reported high inter-observer variability in the detection of the
anatomic epicondylar axis using 5 cadavers and surgical navigation: 9° of maximum
error due to medial epicondyle registration error and 7° due to the lateral epicondyle
registration error. In a similar experiment, Stockl et al.*’ reported the inter-observer
variability as a 95 percentile of the distances between the clinical registrations,
compared to the CT registrations. For the medial epicondyle, the reported distance
was 14.9 mm in the antero-posterior direction and 18.7 mm in the proximal-distal
direction. For the lateral epicondyle, the reported distance was 15.7 mm and 19 mm
respectively. Compared to this reported variability in intra-operative landmark
registration, the CT based registration proves to be superior, as shown in our results.

In addition, there is clinical literature evidence that the use of a pre-operative CT scan

.. . .. . -11 .
offers opportunities to enhance surgical precision in TKA*'" | and increased use of
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this tool is to be expected in the future in an attempt to avoid outliers in post-operative
alignment. Recent publications'** confirm the clinical trend to include pre-operative
CT scans in the planning of the procedure. Knowledge of the precision of landmark
allocation is mandatory to further improve surgical outcomes.

The mean intra- and inter-observer error for all landmarks that involve definition of
the coordinate system (FHC, FKC, FMCC, FLCC for the femur and TAC, TKC,
TLCC, TMCC for the tibia) in this study is less than 1mm with the exception of the
TKC inter-observer value being 1.8mm. The maximum intra- and inter-observer error
for these landmarks is 2.1mm with the exception of the TKC inter-observer error
being 3.3 mm. Given the distance between the centre of the ankle and the centre of the
tibial plateau, the maximum angular error is only 0.34°. It can be concluded that the
CT scan is a safe tool to define the coronal, sagittal and horizontal plane of the femur
and the tibia.

The inter-observer ICC ranked higher than 0.98 for all landmarks. Of those
landmarks that define rotation of the femur, the lateral epicondyle was least
reproducible. In the pre-operative planning, the surgical transepicondylar axis is often
considered an optimal reference for horizontal plane alignment of the femoral
component™ *’. In the post-operative evaluation of component alignment, the
epicondylar axis is the only remaining landmark for defining the rotational position of
the femoral component. Wai Hung et al.>' compared the CT registration error of the
epicondylar axis to anatomic dissection and observed a mean 2.4° error with
conventional CT versus a significantly higher error of 2.9° when a three-dimensional
reconstruction was used. This could be explained by the inferior quality of the
reconstruction or by the fact that a third dimension is taken into account.

Consequently, it is important to consider the split error along the three Cartesian
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coordinate axes. As the epicondylar axis serves as a reference in the horizontal plane,
registration error of the lateral epicondyle will have the greatest impact along the
sagittal (AP) axis of the femur. The mean intra- and inter-observer error for the lateral
epicondyle is respectively 0.5 and 0.8 mm along this axis. The maximum values are
respectively 1.3 mm and 1.8 mm. It appears that most of the error for the lateral
epicondyle is observed along the vertical axis (PD). Mean intra- and inter-observer
values along this axis are respectively 1.3 mm and 3.3 mm, and maximum values 4.2
mm and 8.7 mm. This three dimensional analysis of error explains why the
anatomical and surgical trans-epicondylar axis show little angular intra- and inter-
observer variability when projected on the horizontal plane of the femur (Table 2).
The lowest intra- and inter-observer variability is observed for the femoral posterior
condylar line (respectively 0.17° and 0.78°). The highest intra- and inter-observer
variability is found for the trochlear antero-posterior axis (respectively 1.35° and
3.26°). This axis is the most difficult to define precisely on a CT scan and it is the
only axis related to rotational alignment that exceeds the clinically accepted 3°
threshold for its maximum angular error. As such, it cannot be regarded a reliable
landmark. At the level of the tibia, the three axes that define rotation are the posterior
condylar line, the tibial transverse axis and the tibial tubercle axes. Of those, the tibial
transverse axis shows the least intra- and inter-observer variability, respectively 1.44°
and 1.66°. This confirms the findings of Cobb et al.”’, who first defined this axis as a
reliable landmark for describing rotation of the tibia. Both the tubercle axis and the
posterior condylar line have a maximum error exceeding 3° and cannot be
recommended as reliable landmarks.

In conclusion, this study demonstrates low intra- and inter-observer variability in the

CT registration of landmarks that define the coordinate system of the femur and the
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tibia. In the femur, the horizontal plane projections of the posterior condylar line and
the surgical and anatomical transepicondylar axis can be determined precisely on a
CT scan, using the described methodology, and can be recommended as reliable
landmarks. In addition, the posterior condylar line is a hard reference, easily located
during surgery, allowing to bridge the gap between the CAT scan and real femoral
geometry. In the tibia, the least variability is found in the tibial transverse axis.
Further research is needed to determine how precise this axis can be reconstructed on

the real tibial geometry during surgery.
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Table 1: Intra- and inter-observer distances to the observed position to the mean

position for all landmarks in 3D and split along the anatomical axes.

Intraobserver deviatons

Interobserver deviatons

[mm] [mm]

Dsac Duor Demax Dsac Duor Demax

Mean Mean Mean Mean Mean Mean

(SD) (SD) (SD) (SD) (SD) (SD)

FEMUR

Hip centre (FHC) 0.1(0.1) ]0.2(0.2) {0.2(0.2) |0.1(0.1) |0.1(0.1) [0.2(0.2)
Knee centre (FKC) 0.3(0.4) [0.2(0.2) |0.2(0.3) |0.5(0.5) |0.5(0.3) [0.4(0.4)
Lateral condyle centre (FLCC) 0.6 (0.5) |0.5(0.4) |0.3(0.3) |0.6(0.4) |0.5(0.3) [0.3(0.4)

Lateral condyle posterior (FLCP) |0.1(0) |0.3(0.3) |0.8(0.8) [0.2(0.2) |0.7 (0.5) |1.4(1)
Lateral epicondyle (FLE) 0.5(0.4) [0.4(0.4) [1(1.2) [0.8(0.6) [0.3(0.3) [3.3(2.1)
Medial condyle centre (FMCC) 0.5(0.4) |0.5(0.3) |0.2(0.2) |0.6(0.3) |0.4(0.3) [0.3(0.2)
Medial condyle posterior (FMCP) |0.1(0.1) |0.4(0.2) |0.8(0.8) [0.3(0.2) |0.3(0.2) |[1.1(0.7)
Medial epicondyle (FME) 0.6 (1.3) [0.2(0.2) [0.8(1) [0.7(0.7) [0.4(0.3) [1.1(0.8)

Medial sulcus (FMS) 0.7(1) ]0.2(0.3) |1(1.3) ]0.8(0.8) |0.2(0.1) |1(0.6)
Proximal trochlea (FTP) 0.1(0.2) [0.4(0.3) [0.7(0.7) |0.4(0.4) |0.7(0.6) [1.3(0.9)
TIBIA Dsac Duor D1max Dsac Duor D1max
Ankle centre (TAC) 0.4 (0.3) [0.4(0.3) |0.2(0.2) |0.3(0.2) |0.4(0.3) [0.3(0.2)
Knee centre (TKC) 0.6 (0.5) [0.3(0.3) |0.3(0.3) |1.5(0.7) |0.5(0.3) |0.7 (0.6)
Lateral condyle centre (TLCC) 0.3(0.2) |0.4(0.4) |0.3(0.3) |0.5(0.3) |0.5(0.3) |0.3(0.2)

Lateral condyle posterior (TLCP) 04 (0.3) |09(1) [0.2(0.1) [1(0.9) 1.7(1.2) [1(0.8)
Medial condyle centre (TMCC) 0.5(0.3) [0.4(0.3) [0.5(0.4) [0.6(0.4) |0.6(0.4) |0.4(0.3)
Medial condyle posterior (TMCP) |0.1(0.1) |0.4(0.2) |0.8(0.8) |1(0.7) 1.6(1.1) |0.6(0.4)
Tibia tubercle (TTA) 0.1(0.1) [0.5(0.5) [0.7(0.8) [0.3(0.2) [1.2(0.6) |1.6(2.1)
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Table 2: Intra- and inter-observer variability of angular deviations of the femoral and

tibial axes in the horizontal plane.

Intraobserver deviaton [°]
Mean (Stdev)

Interobserver deviaton [°]
Mean (Stdev)

Max Max

Femur

Mechanical axis (FMAXx) o.og .(102-03) O.Og .(109.08)
Anatomical transepicondylar axis (Anat TEA) 0'48(703;16) 0-991 955)
Surgical transepicondylar axis (Surg TEA) 0'62).(701'12) 1 -02.2%32)
Posterior condylar line (FPCL) 0'13.(%02) 0-58.(7%21)
Femoral transverse axis (FTAXx) 1 -2:15-5103-27) 1 .3(15.(7%33)
Trochlear anteroposterior axis (FTrAx) 0'9‘1‘_20538) 2-0:73-(20676)
Tibia

Mechanical axis (TMAXx) 0-1509-05) O.Zg _g)4.04)
Posterior condylar line (TPCL) 1.32.(70637) 3-12-(216-77)
Tibial transverse axis (TTAXx) 1.41.(80530) 1-62-5)03-34)
Tubercle axis (TTubAXx) 1-0519;09;46) 2.4§ _2,02'86)
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Figure captions
Figure 1: Three-dimensional model of the distal femur in frontal and lateral view.
Abbreviations of the relevant surface and alignment points are shown on the image.

For the definitions, see text.

Figure 2: Three-dimensional model of the proximal tibia in frontal and lateral view.
Abbreviations of the relevant surface and alignment points are shown on the image.

For the definitions, see text.

Figure 3: Intra-observer variability in the registration of the landmarks on the tibia and

the femur, shown as mean value, maximum value and standard deviation.

Figure 4: Inter-observer variability in the registration of the landmarks on the tibia and

the femur, shown as mean value, maximum value and standard deviation.

Figure 5: Graphical representation of the accuracy of the registration of the important
reference points and axes for defining rotation in the femur and the tibia. The dark
area is a representation of the mean error (enlarged for better visualization, scale in
the legend), the lighter grey area represents the mean error + 1 standard deviation

(SD).
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Figure 1
Click here to download high resolution image
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Figure 2
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Figure 3
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