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Abstract

Interbone parameters of the knee are of relevance in clinical practice, e.g. for the
assessment of the functional anatomy of the individual patient. However, respective
landmark identification and parameter derivation is mostly done manually. An
automated analysis could enable the processing of large datasets, which could again
enable the derivation of reference ranges or safe zones for various populations. Hence,
the aim of this study was to automate the derivation of interbone parameters from 3D
surface data of the knee and to evaluate the method’s robustness against a large dataset.

A dataset of 414 knees from patients scheduled for total knee arthroplasty (TKA)
was available for the analysis. For each case, knee surface models derived from CT as
well as coordinates of the hip and ankle joint centers were available. Eight interbone
parameters of the knee were identified in a literature research and an existing
framework for morphological analysis of the knee was extended, in order to
automatically calculate those parameters.

The interbone analysis succeeded for 405 (97.8%) cases. After the exclusion of
implausible cases, 373 (90.1%) parameter sets remained for statistical analysis.

Differences in methodology, populations, imaging technique etc. complicate the
comparison with values from the literature. However, for similar studies a good
agreement in parameter values was found.

The workflow presented proved robust against a large dataset of knee surface
models. In the future, information about the bones’ relative position in the active,
weight-bearing situation should be incorporated, in order to assess the impact on knee
interbone parameters.
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1 Introduction

Interbone parameters of the knee, such as the tibial tuberosity to trochlear groove (TT-TG)
distance, are frequently used in clinical practice in order to assess the functional anatomy of the
individual patient. They can also be used as indicators for functional disorders, such as patellar
instability (Dejour et al. 1994; Steensen et al. 2015). With three-dimensional (3D) surface data of the
knee, derived e.g. from computed tomography (CT), a comprehensive analysis regarding various
interbone parameters is possible (Flirmetz et al. 2021). However, the identification of landmarks is
mostly done manually and the parameter calculation is often not automated, which leads to a time-
consuming process. For the identification of parameter reference ranges or safe zones, the
consideration of large databases is favorable. Therefore, the aim of this study was to automate the
derivation of interbone parameters from 3D surface data of the knee and to evaluate the method’s
robustness against a large dataset.

2 Materials and Methods

A dataset of 414 knees from patients scheduled for total knee arthroplasty (TKA) was available for
the analysis, of which 164 were male and 248 were female. For two knees, no gender information was
present. For each case, surface models of femur, tibia and patella and the coordinates of the hip and
ankle joint center were available. The surface models were derived previously from CT images, with
the patient in supine position. This is a relevant limitation, since the relative position of the bones may
differ significantly between the weight-bearing and non-weight-bearing situation. However, CT is the
gold standard for the measurement of bone morphology and some authors question whether the
limitation of a non-weight-bearing measurement is of clinical relevance (Hirschmann et al. 2019). In
the future, the impact of weight-bearing on knee interbone parameter measurements should be
evaluated e.g. through 3D2D referencing of the surface models with EOS images. The presented
automated interbone analysis can be applied either way, both with and without prior referencing.

In a literature research, 8 interbone parameters of the knee were identified, which can be evaluated
based on CT data: the patellar tilt and shift, the congruence angle, the TT-TG distance both absolute
and relative, the joint rotation, the hip knee angle and the Insall Salvati index. Both for the patellar tilt
and patellar shift, various definitions exist in the literature (Patellar tilt: (Alemparte et al. 2007,
Collado and Fredericson 2010; Laurin et al. 1978), Patellar shift: (Chia et al. 2009; Nicolaas et al.
2011; Zhang et al. 2017)). For the patellar tilt we chose the definition described from both Laurin et
al. (Laurin et al. 1978) and Davies et al. (Davies et al. 2000). Regarding the patella shift, we chose the
definition from Chia et al. (Chia et al. 2009). In addition, in the literature different measures are used
for the normalization of the TT-TG distance. Hingelbaum et al. (Hingelbaum et al. 2014) used the the
proximodistal distance of the entrance of the trochlear groove to the insertion of the patellar tendon at
the tibial tubercle. Balcarek et al. (Balcarek et al. 2011) used the epicondylar distance, parallel to the
femoral posterior condylar line. In our study, we used the femoral epicondylar width for the
normalization. Regarding the other parameters, there was consensus or prevailing opinion as to their
definition.

An existing framework for the evaluation of individual bone morphology of femur, tibia and
patella was extended for the calculation of respective interbone parameters. The workflow was
initialized with reading meta-information about the patient before the morphological analysis started.
First, the morphology of each bone was analyzed individually as described in previous studies (Asseln
et al. 2018; Asseln and Radermacher 2019). During the process, the bone’s polygon mesh was
imported and transformed into a bone specific coordinate system (COS) and morphologic parameters
were derived. Relevant landmarks as well as the transformations from the CT to the bone-specific
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COS were saved. After completion of the bone-specific morphological analyses, the interbone
analysis was performed, as this meant that already defined landmarks of the bones could be used.
Since the meshes and landmarks were stored in their specific COS, for the calculation of each
interbone parameter the meshes and landmarks required had to be transformed into a chosen COS. For
example, the femoral COS was chosen for TT-TG distance, so the tibial mesh and the coordinates of
the tibial tuberosity were transformed from the tibial COS to the femoral COS. Reference points and
reference lines used for the calculation of the interbone parameters are presented in Figure 1.

The plausibility of the bone-specific parameters was evaluated based on values from literature, as
described in a previous study (Asseln et al. 2018). Since the interbone parameters depend on
landmarks derived in the bone-specific morphological analyses, they were also evaluated as
implausible if any of the bone-specific parameter sets were evaluated as such. In addition, the
plausibility of the interbone parameters was evaluated, based on a box plot outlier assessment. For all
plausible interbone parameter sets, mean and standard deviations were calculated, both for male and
female cases separately as well as combined.
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Figure 1: Reference points (1) and reference lines (2) for the calculation of interbone parameters as
implemented in the automated morphological analysis. A: Patellar tilt. B: Congruence angle. C:
Patellar shift. D: TT-TG distance. E: Joint rotation. F: Hip knee angle. G: Insall Salvati index.
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3 Results

411 (99.3%) femora, 409 (98.8%) tibiae and all patellac (100%) could be processed without error.
The interbone workflow succeeded for 405 (98.3%) cases. 380 (92.5%) femora, 347 (84.8%) tibiae
and 410 (99.0%) patellae passed the plausibility check. After the exclusion of implausible cases,
either due to exceeding of bone specific parameter ranges or due to classification as outliers in the box
plot assessment, 373 cases remained (225 female, 147 male, 1 without gender information), which
were used for statistical evaluation. Respective results are listed in Table 1.

Table 1: Results of the statistical analysis of interbone parameters from 373 cases.

Parameter Combined Female Male
Mean £+ SD
Patellar tilt 4.82° + 6.50° 4.80° + 6.90° 4.85° +5.90°
Patellar shift 3.72mm = 3.11 mm 3.39 mm + 3.03 mm 4.25 mm £ 3.17 mm
Congruence angle 20.21° + 18.82° 19.69° + 20.28° 21.13°+£16.36°
TT-TG 12.19 mm + 5.46 mm 11.91 mm £ 5.31 mm 12.64 mm £ 5.70 mm
Relative TT-TG 0.15+£0.07 0.15+0.07 0.14£0.07
Joint rotation 2.67°+3.91° 2.71°+3.764° 2.63°+4.15°
Hip knee angle 175.7°+5.1° 176.5°+5.0° 174.4° +5.0°
Insall SE‘;VD&)ﬁ index 135+0.22 1.34+0.22 1.36+0.23

4 Discussion

The workflow demonstrated to be feasible for the automated analysis of a large dataset of knee
surface models. For verification purposes, we aimed to compare our results with those of studies with
a similar patient population (OA/TKA patients), imaging technique (CT) and parameter definition if
available.

Alemparte et al. (Alemparte et al. 2007) analyzed asymptomatic knees regarding the patellar tilt
according to the definition of Laurin et al. (Laurin et al. 1978)/ Davies et al. (Davies et al. 2000) and
found a mean value of 8.1° £ 14.5° for CT data. The mean value in our study was smaller (combined:
4.82°) and the standard deviation was much reduced (combined: 6.50°). The difference in mean value
and standard deviation could be due to the different study populations (control vs. OA). In the case of
isolated lateral patellofemoral OA, the patellar tilt could be reduced. This could explain the lower
mean patellar tilt in our study of OA patients. A second explanation for the difference in standard
deviation could be the difference in landmark detection, which was automated in our workflow and
manual in the study of Alemparte et al.

In our study we used the patellar shift definition described by Chia et al. (Chia et al. 2009), which
was also used by Zhang et al. (Zhang et al. 2017). Zhang et al. found a mean patellar tilt of 3.2 mm +
3.8 mm for knees with patellofemoral OA based on X-rays. Chia et al. (Chia et al. 2009) found a
mean patellar shift of 5.7 mm + 4.6 mm in patients scheduled for TKA measured on X-rays. In our
study, a patellar shift of 3.72 mm =+ 3.11 mm was found for the combined population, which is in
agreement with the previous studies.
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Zhang et al. (Zhang et al. 2017) investigated the congruence angle of OA patients and found a
mean value of 27.9° + 29.9°. In our study, we found a mean congruence angle of 20.21° + 18.82°. An
explanation for this difference may be found in the imaging technique. Zhang et al. used standard
X-rays for their evaluation, while we used surface models. In the patella skyline view, the deepest
point of the sulcus may be obscured due to projection (Figure 1-B1), whereby the deepest point
would be estimated to be closer to the patellar ridge. For the same anatomy, this would lead to the
higher congruence angle.

Various groups have reported mean values for the TT-TG distance (Balcarek et al. 2011; Dejour et
al. 1994). Hochreiter et al. (Hochreiter et al. 2019) also analyzed patients scheduled for TKA and
found a mean TT-TG of 12.9 mm + 5.6 mm based on CT data. We found a mean value of 12.19 mm +
5.46 mm, which is in good agreement with the results of Hochreiter et al., regarding both mean value
and standard deviation.

Balcarek et al. (Balcarek et al. 2011) calculated the relative TT-TG distance in a control group,
and found a mean value of 0.14 + 0.05. In our study, we found a mean value for the combined
population of 0.15 + 0.07, which is in agreement with the results of Balcarek et al.

Tensho et al. (Tensho et al. 2015) found a mean joint rotation of 4.0° £ 3.7° in a control group
analyzed by CT. Seitlinger et al. (Seitlinger et al. 2012) also analyzed a control group in their study,
and found a mean joint rotation of 2.632° + 3.143° based on MRI images. Our results regarding the
joint rotation are comparable (combined: 2.67° & 3.91°), despite the different study populations.

Fiirmetz et al. (Fiirmetz et al. 2021) evaluated the Insall Salvati index in 3D based on CT data
from healthy subjects. They determined a reference range of 1.0 - 1.4. Our mean values are within the
given reference range, however, at its upper limit.

The mean leg alignment of patients undergoing TKA is reported to be slightly varus (HKA <
180°) (Hirschmann et al. 2019; Seitlinger et al. 2012). With a mean HKA below 180° for all groups,
this was supported by our results. In our study, the hip knee angle was higher for female compared to
male cases, which is also consistent with the literature (Gschopf 2013; Hirschmann et al. 2019).

Summarizing the comparison with the literature, we found similar interbone parameter values,
especially for studies on TKA patients. A relevant limitation of our study is that the CT was taken
with the patients in supine position. The interbone parameters derived from the supine position, may
differ significantly from those in the relevant weight-bearing situation. However, it has to be noted
that similar CT studies cited in this article share this limitation. In the future, the influence of
weight-bearing on knee interbone parameter measurements should be identified, e.g. by 3D2D
referencing of the surface models with EOS images. If the effects are clinically relevant, such
referencing should be incorporated in the process. As an alternative, other imaging techniques could
be considered, such as weight-bearing cone beam CT (Thawait et al. 2015).
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