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Abstract Background: Preoperative planning of total knee arthroplasty is usually performed
using knee-centred computed tomography (CT) data sets. The disadvantage of these data sets
is having no account of the biomechanical axis of the lower extremity, known as Mikulicz line.
It aligns the femoral head to the middle of the talocrural joint. For optimal prosthesis arrange-
ment, the knee CT data set must therefore be brought in congruency with this line of loading
to achieve the best results and eliminate rotational malalignments.

This study aims to establish a relation between the knee-centred clinical coordinate system
(CCS) and a biomechanical coordinate system (BCS) based on the Mikulicz line.
Methods: CT data sets of 45 lower extremities were evaluated. Using VG Studio Max, a visua-
lisation and measurement software program; each CT data set was aligned according to the
CCS and BCS. After superimposing both the aligned data sets, the deviations of both coordinate
systems in all three planes were measured with the centre of the knee defined as the origin.
Results: For the coronal plane, the CCS was demonstrated to be 2.54� in adduction compared
to the BCS [standard deviation (SD) Z 1.8�]. In sagittal view, the CCS was demonstrated to be
0.3� retroversed (SD Z 3.27�). Finally, the deviation in the axial plane showed an outward
rotation of 3.39� (SD Z 1.99�). The alignment as well as the measurements demonstrated high
intraobserver and interobserver reproducibility.
Conclusion: Both coordinate systems can be established in knee-centred CT data sets in a
reproducible manner. Clearly, the CCS differs significantly from the BCS describing the biome-
chanical axis, but mathematical-based adaptations and corrections can be performed.
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The translational potential of this article: The findings of this study allow a mathematical con-
version of a knee CT to the biomechanical axis of the leg.
ª 2018 The Authors. Published by Elsevier (Singapore) Pte Ltd on behalf of Chinese Speaking
Orthopaedic Society. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Despite the steadily growing numbers of primary and sec-
ondary total knee arthroplasties (TKAs) [1], the optimal
approach for preoperational planning is still debatable. In the
present literature, it is stated that two of 10 patients who
underwent TKA are unsatisfied with the outcome [2e5]. To
address this issue, various patient-specific factors are inves-
tigated, including the gender [6,7], reasonable expectations
[4], mental health of the patient [8,9] as well as the influence
of age [10] and socioeconomic status [11,12]. Apart from
these considerations, certain procedure-specific factors
apparently significantly influence the outcome. Next to the
implant design [13] or preoperational knee extension de-
formities [14], the postoperative alignment of the prosthesis
[15e17] is proven to be of utmost importance. Lotke and
Ecker [15] were one of the first to describe a significant cor-
relation between a well-positioned prosthesis and a good
clinical outcome. Jeffery et al [16] went one step further in
the definition of “well-positioned” and stated that to prevent
loosening of the prosthesis, it should be aligned to the
biomechanical axis of the leg in the coronal plane. This
biomechanical axis, called the Mikulicz line, combines origi-
nally the vertex of the femoral head to the midpoint of the
talocrural joint and was first defined by Mikulicz [16,18].
Today, the middle of the femoral head is widely used as the
proximal orientation point.

In implant planning till date, numerous studies have
recommended seeking a neutral alignment of � 3� varus/
valgus to the mechanical axis of the limb in the coronal
plane [16,19,20]. In the sagittal plane, a mechanically
neutral orientation is likewise stated, although less inves-
tigated [21]. To complete the alignment, a slight external
rotation between 2� and 5� is advised [21,22]. Even if this
targeted alignment and the needed accuracy are known,
preoperative imaging for the planning of TKA is not yet
standardised. In general, anteroposterior radiographs of
the knee joint are used for the planning procedure. Un-
fortunately, this method appears to be highly affected by
the patients’ leg rotation [23] and varus/valgus status [24].
Newly derived three-dimensional imaging techniques in
combination with computed tomography (CT) imaging
software are capable of producing more accurate and
reproducible results by identifying and marking anatomical
landmarks [25,26]. These techniques can improve the
alignment of the CT data set. Unfortunately, owing to
economical as well as radiation reasons, the CT data set is
usually limited to the knee joint itself and excludes the
proximal femur as well as the upper ankle joint, which are
required to identify the Mikulicz line.

Owing to the importance of proper alignment of the
prosthesis during the operational process, a preoperative
planning of the prosthesis alignment today is necessary and
mandatory in clinical routine. Since the use of patient-
specific instruments is rising in first world countries, pre-
operative knee joint CTs are more commonly performed
and can be used for the process of preoperational planning.
Therefore, we aim to evaluate the orientation of a knee
jointecentred CT data set in a clinical coordinate system
(CCS) versus a biomechanical coordinate system (BCS)
which represents the biomechanical axis. This way the CCS
could easily be converted to an alignment, representing the
optimal arrangement according to the Mikulicz line.

To analyse the two defined coordinate systems and to
describe the correlation to each other, we postulate the
following hypotheses:

(1) The CCS differs in its orientation in space from the
BCS.

(2) There is a reproducible relation between the two
systems such that a mathematical conversion into
each other is achievable.
Materials and methods

This study adhered to the principles of the Declaration of
Helsinki.

All CT data sets were derived from corpses assigned to
medical research and education and were selected from the
data bank of the Institute of Anatomy, University of Basel,
Switzerland.

All of them were acquired using a Siemens SOMATOM 16
(Siemens, Erlangen, Germany) CT scanner using a steady
protocol (130 kV, 240 mAs, slice collimation 1.5 mm, supine
position and right lower limb only).

The alignment of the CT data sets as well as all mea-
surements were carried out using the visualisation and
measurement software VGStudio Max 2.2 (Volume Graphics
GmbH, Heidelberg, Germany). The accuracy and precision
of this program were demonstrated in the work of Now-
akowski et al [26].

As a first step, the CT data sets for this study were
selected by prealigning them using a “simple registration”
function of the program following the proposal of MacWil-
liams et al [27]. In the coronal view, the posterior condylar
line was arranged horizontally. The distal-anterior femoral
cortex was allocated vertically in the sagittal view, and as a
result, the articular joint space projected itself horizontally
in the coronal view. After these alignment procedures, the
anatomical axes of the femur and tibia were marked, and
the resulting angle in between was measured in the coronal
and sagittal planes to determine the flexion/extension angle
as well as varus/valgus angle of the lower extremity.
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Table 1 Intraobserver and interobserver variability.

Series of
examination

Coronal
plane
(U)

p Sagittal
plane
(J)

p Axial
plane
(Y)

p

1a 2.54 0.00 0.30 0.54 �3.39 0.00
1b 2.55 0.00 0.14 0.78 �3.22 0.00
2 2.55 0.00 0.37 0.46 �3.08 0.00

Absolute values in �; Significance level p.
1a) Examiner 1, first analysis; 1b) Examiner 1, second analysis.
2) Examiner 2.
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By visual examination and analysis of the measured an-
gles, the following exclusion criteria were defined: knee or
hip prosthesis, clinically relevant genu varum and valgum
and major degenerative pathologies of the musculoskeletal
system, including major degenerative changes to the
articular surfaces and flexion of the leg >15�. The
remaining 45 specimens were included in the study (25 \,
mean age: 84.0; 20 _, mean age: 84.5).

As a second step, the predefined coordinate systems
were implemented into the CT data sets.

For the alignment in accordance to the CCS, a protocol
in accordance to Nowakowski et al [28] based on the studies
of McPherson et al [29] and Grood and Suntay [30], which
defines the following axis, was used:

� X-axis: Cylindrical axis of the femur.
� Y-axis: Flexion facet of the medial tibial plateau.
� Z-axis: Perpendicular to X- and Y-axes (Figure 1A).

The BCS is based on the biomechanical axis defined by the
Mikulicz line [18]. It combines themiddle of the femoral head
with the middle of the talocrural joint, and this way
described the Z-axis. The surgical transepicondylar axis was
used to determine the direction of the Y-axis. The X-axis was
positioned perpendicular to the other two axes (Figure 1B).

Finally, both the coordinate systems were superimposed
using VGStudio Max. The origin of both the systems was
defined to be the intersection point of the Mikulicz line and
the tibial plateau. In all planes, the absolutedeviation of both
systems was measured and documented. Therefore, the an-
gles were semiautomatically determined using the BCS as an
anatomical reference systemandmeasuring the deviations of
the CCS. The deviations of the CCS were defined as a positive
angle value in the three different planes when it made a
retroversion and adduction in an inward rotation. The angle
deviation in the coronal plane was defined asU in the sagittal
plane J and in the axial plane Y.
Figure 1 Three-dimensional reconstruction of the lines defining
Max. (A) Implementation of the biomechanical coordinate system
head (top left) and the middle of the talocrural joint (bottom left) t
surgical transepicondylar line (middle left); (B) Application of the
centres of the lateral and medial condylar circle described the X-a
tibial condyle. The Z-axis was constructed to be perpendicular.
To evaluate the interobserver and intraobserver vari-
ability, the measurements were carried out by multiple
observers (Examiner 1: T.S.; Examiner 2: S.H.; Table 1).

The statistical analysis was performed using Stata 14.2
(StataCorp, USA) [31]. For each set of measurements, the
mean and reference standard deviation (SD) with the cor-
responding confidence intervals were calculated for each
plane. To evaluate the first null hypothesis, one sample t
test was conducted. To assess the possible correlation be-
tween age, varus/valgus axes and flexion/extension of the
specimen with the results, a Pearson correlation was car-
ried out as well as a t test to evaluate the influence of sex.
Results

All 45 specimens could be analysed with the application of
these defined coordinate systems. The absolute as well as
derived results are as follows:
Coronal plane

Positive angle values represent adduction, and negative
values, abduction.
the compared coordinate systems generated by using VGStudio
by a semiautomatic combination of the middle of the femoral
o define the Mikulicz line (Z-axis). The X-axis was defined by the
knee-centred coordinate system. The line combining the two
xis. The Y-axis was defined by the flexion facet of the medial
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Overall, we found a mean U of 2.54� (SD Z 1.80�), ac-
counting for an adduction of the CCS in comparison to the
BCS (Figure 2). The deviation of the two systems was shown
to be highly significant (p < 0.001).
Sagittal plane

Positive angle values represent retroversion, and negative
values, anteversion.

A mean J of 0.30� (SD Z 3.27�) was derived. Compared
to the BCS, the CCS showed a slight retroversion (Figure 3).
The deviation of the two systems was not significant
(p Z 0.54).
Figure 3 Deviation in the sagittal plane between the CCS and
Axial plane

Positive angle values represent inward rotation, and nega-
tive values, outward rotation.

The study population showed a mean Y of �3.39�

(SD Z 1.99�). This highly significant (p < 0.001) deviation
between the two systems presented an outward rotation of
the CCS in comparison to the BCS (Figure 4).
BCS. (A) Absolute values of retroversion. (B) Visualisation of
the retroversion of CCS (green) in comparison to BCS (bone
colour). BCS Z biomechanical coordinate system; CCS Z
clinical coordinate system.
Mathematical-based adaptation formulas

Coronal plane: CCS þ 2.54� abduction Z BCS.
Sagittal plane: CCS þ 0.30� anteversion Z BCS.
Axial plane: CCS þ 3.39� inward rotation Z BCS.
Figure 2 Deviation in the coronal plane between the CCS and
BCS. (A) Absolute values of adduction. (B) Visualisation of
adduction of CCS (blue) in comparison to BCS (bone colour).
BCS Z biomechanical coordinate system; CCS Z clinical co-
ordinate system.

Figure 4 Deviation in the axial plane between the CCS and
BCS. (A) Absolute values of outward rotation. (B) Visualisation
of the outward rotation of CCS (red) in comparison to BCS
(bone color). BCS Z biomechanical coordinate system; CCS Z
clinical coordinate system.
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Statistics

The absolute results as well as the intraobserver and
interobserver variability are presented in Table 1.

We found highly significant results in the coronal and
axial planes, whereas the sagittal plane showed no signifi-
cant results.

By dividing the results into groups of male and female,
we found U to be slightly higher in males, J slightly higher
in females and Y 1� higher in males. The differences
nevertheless showed no significant correlation as estab-
lished using the t test and were within the range of SD
(Table 2).

A significant correlation of the absolute value of angle
shift in the three defined planes and an initial varus/valgus
angle of the lower extremity could not be established
(p Z �0.05 to 0.75). The same is also true for the signifi-
cance of correlation of the initial flexion (p Z �0.08 to
0.83) and any specific age of the analysed sample
(p Z �0.23 to 0.60) with regards to the angle shift of the
two coordinate systems. The data in any analysis are found
to be homogeneously distributed.
Discussion

The alignment of a total knee prosthesis is a well-discussed
topic in the field of arthroplasty. Approximately 40 years
ago, the first authors observed a significant correlation
between a postoperatively well-aligned prosthesis and a
good clinical outcome and recommended to place the
prosthesis in 3�e7� valgus [15]. Various authors confirmed a
better clinical outcome with similar alignment targets
[16,17,21,32]. However, recent studies began to question
these goals [33e35]. Morgan et al [34] observed no statis-
tical significance when comparing the revision rate be-
tween the three postoperative alignment groups: varus,
neutral and valgus. After obtaining similar results, Parratte
et al [33] proposed that alignment may not be considered as
a dichotomous variable (well aligned vs. not well aligned);
however, alignment goals should rather be defined for each
patient individually.

To assess these alignment goals, there are two different
main approaches for defining the biomechanical axis of the
lower limb during preoperational planning.

The first approach is the use of long-leg radiographs to
identify and mark the Mikulicz line [16,36,37]. Bäthis et al
[19] added optical tracking devices during the operational
procedure, achieving significantly better results than
obtaining by the conventional technique. The problems
Table 2 Results of all measurements in (�) divided into gender

Group Coronal
plane (U)

95% Confidence
interval

Sagittal
plane (J)

Female 2.03 1.26 to 2.79 0.48
Male 3.20 2.44 to 3.94 0.01
Combined 2.55 2.00 to 3.09 0.27
t �2.23

t Z impact factor of significant differentiation.
they faced were defined by the use of two-dimensional
radiographs and the increased complexity during the
operation. Next to different flexion angles and rotation
changes of the leg during the X-ray examination, the
operation time increased and got more complex. These
fundamental challenges can only be overcome by the use of
the more accurate three-dimensional imaging methods
such as CT [23].

The second approach is using three-dimensional data
sets of the entire leg to identify the femoral head and the
talocrural joint and construct the Mikulicz line [38].
Although the use of newer three-dimensional imaging
techniques was found to be accurate [25,26], those large
data sets are obviously more expensive to acquire.
Furthermore, if those data sets are acquired with CT, the
patients will be exposed to a greater amount of ionising
radiation.

To quantify the exposure of a patient to ionising radia-
tion, the concept of effective dose is often used [39]. For
calculating the effective dose, the weighted organ doses
must be added up. The more sensitive the organs are to the
field of radiation, the higher is the effective dose required
for a specific procedure. Studies showed that for this
reason, a patient undergoing a CT scan of the hip is almost
20 times more exposed to radiation as one patient who
receives a CT scan of the knee [40]. Henckel et al [41]
demonstrated that it is possible to reduce the effective
dose of a mechanical axisedefining whole-limb CT exami-
nation to the level of a conventional anteroposterior
radiograph of the leg. This is possible by scanning only the
relevant fields of interest for the mechanical axis: the
femoral head, knee and talocrural joint, as it was described
by Bäthis et al [42]. In their study, the achieved alignment
in TKA showed a significantly better restoration of the
mechanical leg alignment than the use of preoperative
long-leg radiographs. Nevertheless, following the as low as
reasonably achievable principle, it would be preferable to
just use knee CT data sets as we have done in this study.
Because these data sets are often available owing to the
wide distribution and application of patient-specific in-
struments, we inhere provide a method of CT-based pre-
operative planning that can be seen as further stage of the
idea of Bäthis et al [42]. This way, additional examinations
could be avoided which would lead to reduced cost and
could prevent harm to the patient.

In our study, we could align all data sets according to the
two defined coordinate systems. It was easily and rapidly
implemented into all specimens using only three anatom-
ical landmarks. The flexion surfaces of the two femoral
condyles and the flexion surface of the medial tibial
groups.

95% Confidence
interval

Axial
plane (Y)

95% Confidence
interval

�0.99 to 1.95 �2.77 �3.39 to �2.15
�1.39 to 1.41 �3.81 �4.86 to �2.75
�0.72 to 1.26 �3.23 �3.81 to �2.65
0.47 1.84



Clinical versus biomechanical knee orientation 83
condyle were observed to be well identifiable throughout
the population. In the coronal and axial plane, we observed
distinct and significant deviations of the mean difference
from 0�. More importantly, we observed SDs for deviations
lower than 2� for the coronal and axial plane and above 3�

for the sagittal plane.
Nearly identical mean values and SDs were observed in

both repetitions of the first observer as well as for the
second one, suggesting that these numbers are indeed
characteristics of the two coordinate systems and not of
the individual ability of the observer.

The deviationmeasurements showed, for both observers,
no indications of a systematic difference and SD of a sub-
stantially lower magnitude, particularly for the BCS; there-
fore, one can conclude that the results reflect a genuine
difference between the two approaches and not just the
mistakes in the measurement procedure of each system.

An additional argument for a genuine difference between
the systems is given by the differences of the deviation mea-
surements within and between the observers. We observed
only a slight difference in the mean deviation measurements
(although significant for the difference between the first and
second observer), but very moderate SDs, indicating a high
reproducibility of the single-deviation measurements.

Our study proved that it is possible to reconstruct the
direction of the Mikulicz line accurately in the coronal
plane, suggesting that the intercondylar axis is closely
related to the Mikulicz line, as those two axes were
responsible for the correlation in the coronal plane. In the
sagittal plane, the two coordinate systems did not overlap
constantly; thus, a strong correlation between the medial
flexion facet of the tibia and the Mikulicz line could not be
demonstrated. Given the sagittal plane to be reconstructed
and the measurements performed semiautomatically by
surface definition, slight differences in the identification of
anatomical landmarks by the two examiners could explain
these slight distinctions. Furthermore, the high age and
following the ongoing osteoarthritis make it very difficult to
clearly determine the flexion facet of the medial tibial
condyle. The results of the axial plane showed also a strong
correlation between the two coordinate systems, which re-
sembles the relation between the intercondylar axis and the
transepicondylar axis. In the further statistical analysis, all
measurements were shown to be normally distributed and
not affected by interobserver and intraobserver variability.

We therefore propose to align CT data sets of the knee
according to the knee-centred coordinate system to obtain
a standardised approach. Simultaneously, it is easily
possible to conclude the direction of the mechanical axis of
the leg by using the mathematical-based adaptation for-
mulas. This approach should be evaluated further in the
preoperational planning of a total knee prosthesis. We
therefore conclude to obtain the same results owing to this
newly gained method with the reconstructed Mikulicz line.
Conclusions

The insertion of the CCS was shown to be highly repro-
ducible. The orientation in the space of the data sets
differed between the CCS and the BCS in the coronal and
axial planes. A relation could additionally be demonstrated
between the two systems, thereby allowing for a mathe-
matical conversion.

It should be considered to align clinical CT data sets
according to the CCS, which would allow conclusions to the
biomechanical axis in an economical and patient-friendly
manner which would establish a standardised approach.
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