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Abstract

Background—A recent proposed modification in surgical technique in total knee arthroplasty
(TKA) has been the introduction of the “kinematically aligned” TKA, in which the angle and level
of the posterior joint line of the femoral component and joint line of the tibial component are
aligned to those of the “normal,” pre-arthritic knee. The purpose of this study was to establish the
relationship of the posterior femoral axis of the “kinematically aligned” total knee arthroplasty
(TKA) to the traditional axes used to set femoral component rotation.

Methods—114 consecutive, unselected patients with preoperative MRI images undergoing TKA
were retrospectively reviewed. The transepicondylar axis (TEA), posterior condylar axis (PCA),
antero-posterior axis (APA) of the trochlear groove, and posterior femoral axis of the
kinematically aligned TKA (KAA) were templated on axial MRI images by two, independent
observers. The relationships between the KAA, TEA, APA, and PCA were determined, with a
negative value indicating relative internal rotation of the axis.

Results—On average, the KAA was 0.5° externally rotated relative to the PCA (minimum of
-3.6°, maximum of 5.8°), -4.0° internally rotated relative to the TEA (minimum of -10.5°,
maximum of 2.3°), and -96.4° internally rotated relative to the APA (minimum of -104.5°,
maximum of -88.5°). Each of these relationships exhibited a wide range of potential values.

Conclusions—Using a kinematically aligned surgical technique internally rotates the posterior
femoral axis relative to the transepicondylar axis, which significantly differs from current
alignment instrument targets.
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Introduction

Total knee arthroplasty (TKA) has been highly successful in relieving pain and restoring
function in patients with degenerative joint disease, with numerous studies demonstrating
implant survivorship of greater than 90% at 10 years and beyond (1-3). However, as the
volume of TKAs performed in the United States continues to increase, especially in the
younger population, concerns remain regarding the expectations and functional demands
placed on these prostheses (4-7). Recent studies focusing on patient satisfaction as the
primary outcome measure have shown the percentage of patients who remain “unsatisfied”
following a TKA to be as high as 15% to 30%, with higher rates of dissatisfaction seen in
younger patients (less than 65 years old) (7-10). Parvizi et al. demonstrated a high
prevalence of residual symptoms in young, active patients, as only 66% of patients stated
their knee to feel “normal,” with persistent pain in 33%, stiffness in 41%, and grinding or
other noise in 33% (10).

The long-held tenet in TKA is that a successful outcome is dependent on achievement of a
neutral mechanical axis of the lower extremity with the tibial and femoral components
aligned perpendicular to the mechanical axis in the coronal plane. However, the significance
of a neutral, mechanical alignment both on overall component survivorship and on clinical
function has recently been questioned (11-13). Furthermore, the introduction of the concept
of “constitutional varus” has hypothesized that restoration of a neutral, mechanical
alignment may in fact be “unnatural” for a substantial proportion of the population, thus in
part contributing to residual symptoms and dissatisfaction (12, 14, 15). A recent
modification in surgical technique has been to attempt to align the angle and level of the
femoral component, posterior joint line of the femoral component, and joint line of the tibial
component to those of the “normal,” pre-arthritic knee (14). This modification has been
introduced as the “kinematically aligned” TKA, and preliminary results have been
encouraging (16-18). Internal-external rotation of the femoral component in the axial plane
is focused on restoration of the pre-arthritic, posterior femoral joint line based on the defined
thickness of the femoral component to be used. This is in contrast to the classical,
mechanically aligned TKA, in which axial rotation of the femoral component is set by
aligning the posterior joint line relative to one of three axes: 1) perpendicular to the
anteroposterior axis of the trochlear groove (Whiteside's line) (19), 2) parallel to the
transepicondylar axis (20, 21), or 3) 3° externally rotated to the posterior condylar axis (22).

Femoral component malrotation continues to be a concern in TKA, and reproducible and
accurate positioning in the axial plane remains elusive due to the anatomic variability of
these traditional landmarks, and the associated difficulty in identifying them intraoperatively
(23-26). Furthermore, whether these traditional landmarks should even be targeted in TKA
has been questioned, as Eckhoff et al. has demonstrated that they do not accurately
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reproduce the true flexion-extension axis of the knee (25, 27). To our knowledge, the effect
of “kinematically aligning” a TKA on rotation of the femoral component compared to these
traditional axes has not yet been reported and warrants investigation.

The purpose of this study was to establish the relationship of the posterior femoral axis of
the kinematically aligned TKA to the traditional axes used to determine femoral component
rotation. Our hypothesis is that use of a kinematically aligned surgical technique will lead to
a posterior femoral axis that is significantly different than current alignment instrument
targets.

Materials and Methods

This study is an IRB-approved, retrospective review of a prospectively collected registry of
patients undergoing total knee arthroplasty at a single institution. Inclusion criteria for the
study were patients over the age of 18 years old, with a primary diagnosis of osteoarthritis or
inflammatory arthritis, undergoing a unilateral TKA with preoperative magnetic resonance
imaging (MRI) scans as part of the preparation for use of patient specific cutting guides
(Signature™, Biomet Inc., Warsaw, IN, USA). From November 2007 to October 2012, a
consecutive series of 114 patients who met the inclusion criteria were identified (50 males,
64 females; mean age 64 years, range 46 to 90 years).

All MRIs were obtained using a 1.5 Tesla, high resolution, lower extremityimaging coil, and
axial, T2 weighted, fast-spin, fat saturation images with slice thicknesses of 6mm were
analyzed (General Electric Medical Systems, Milwaukee, Wisconsin, USA). The axial
image most prominently demonstrating the medial and lateral epicondyles was selected for
digital landmarking of the posterior condylar axis (PCA), the transepicondylar axis (TEA),
and the anteroposterior axis (APA) of the distal femur. A line drawn tangent to the most
prominent cartilaginous surfaces of the medial and lateral posterior femoral condyles was
used to define the PCA (22). For the TEA, a line was drawn through the two most prominent
points on the femoral epicondyles, correlating with the previously defined clinical
transepicondylar axis (28). For the APA of the trochlear groove, a line was drawn through
the deepest point on the trochlear groove and the center of the intercondylar notch (19)
(Figure 1).

For each MRI, templating of the femoral resections for a kinematically aligned TKA, using
a femoral implant with a symmetric thickness of 9mm, was performed as described by
Howell et al (18, 29). In a kinematically aligned TKA, alignment of the femoral component
with the “normal” distal and posterior joint lines is confirmed when the thicknesses of the
distal and posterior femoral resections, after correcting for cartilage loss, bone wear, and
kerf of the saw blade, equal the thicknesses of the distal and posterior condyles of the
femoral implant (14, 17, 18). As this study focused on alignment of the posterior femoral
axis in the axial plane, a brief description of templating the depth of resection of the
posterior condyles is described, however a similar method can be used for assessing the
resection depths required for the distal femoral condyles (29).
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For each MR, the presence of cartilage loss or bone wear of the posterior condyles was
assessed. The relative presence of posterior cartilage wear between the medial and lateral
compartments was determined by drawing a best-fit circle on the cartilaginous surface of the
nonaffected compartment, and propagating this circle to the affected compartment on
sagittal MRI images (Figure 2). If cartilage loss was present, a bony resection of 6mm was
proposed for that respective condyle. Thus, the depth of resection (6mm), amount of
cartilage wear (approximately 2mm), and kerf of the saw blade (approximately 1mm),
would sum to equal the 9mm thickness of the implant's femoral condyle (29). The native,
cartilage thickness of the posterior condyles was presumed to be 2mm based on prior MRI
assessments (14). In contrast, in the nonaffected compartment with wellpreserved cartilage,
an 8mm resection was proposed, accounting only for the kerf of the saw blade (1Imm). Two
points were then marked on the axial MRI image, signifying the proposed depths of
resection for both the medial and lateral, posterior condyles. A line connecting these two
points represented the posterior femoral axis of the kinematically aligned TKA (KAA),
which was landmarked on the same axial image as the TEA, PCA, and APA (Figure 1).

A single observer selected the axial MRI on which all rotational axes were to be
landmarked, templated all MRIs for placement of a kinematically aligned TKA, and
proposed the surgical plan for the KAA. All measurements were then performed by two,
independent observers, who landmarked the TEA, PCA, APA, and followed the proposed
surgical plan for the KAA. Using the angle measurement tool, the relationships between the
KAA, TEA, APA, and PCA were determined. For convention, a negative value indicated
relative internal rotation of the axis, while a positive number indicated relative external
rotation.

Statistical Analysis

Results

All data was collected and analyzed utilizing Microsoft Excel software (Microsoft
Corporation, Redmond, WA). Interobserver correlation coefficients were graded using
previously described semi-quantitative criteria: excellent for 0.9<r<1.0, good for 0.7<r<0.89,
fair/moderate for 0.5<r<0.69, low for 0.25<r<0.49, and poor for 0.0<r<0.24 (30).

A wide range of variability was appreciated in the relationships between the PCA, TEA, and
APA. On average, the TEA was 4.5° externally rotated relative to the PCA, with a standard
deviation of 2.4°. The range of values was 11.7° (minimum of -1.3°, maximum of 10.4°).
Similarly, on average, the APA was 96.9° externally rotated relative to the PCA, with a
standard deviation of 3.2°. The range of values was 15.6° (minimum of 90°, maximum of
105.6°). Lastly, on average, the APA was 92.4° externally rotated relative to the TEA, with
a standard deviation of 3.5°. The range of values was 18.8° (minimum of 84.1°, maximum
of 102.9°).

On average, the KAA was 0.5° externally rotated relative to the PCA, with a standard
deviation of 1.8°. The range of values was 9.4° (minimum of -3.6°, maximum of 5.8°). The
KAA was, on average, -4.0° internally rotated relative to the TEA, with a standard deviation
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of 2.5°. The range of values was 12.8° (minimum of -10.5°, maximum of 2.3°). Lastly, the
KAA was on average -96.4° internally rotated relative to the APA, with a standard deviation
of 3.3° (minimum of -104.5°, maximum of -88.5°). The significant variability of these
relationships in this consecutive series of unselected patients is appreciated in Figure 3. A
summary of the relationship of the KAA to the PCA, TEA, and APA is presented in Table 1.
Using semi-quantitative criteria, interobserver correlation coefficients were fair/moderate
(r=058 to 0.65) for measurement of the relationships between the KAA, PCA, TEA, and
APA.

Discussion

This study demonstrates that on average, the KAA is only 0.5° externally rotated relative to
the PCA, -4.0° internally rotated relative to the TEA, and -96.4° internally rotated relative to
the APA, with each of these relationships exhibiting a wide range of potential values.
Therefore, our results support our hypothesis and demonstrate the posterior femoral axis of
the kinematically aligned TKA to be internally rotated relative to the traditional axes used to
set femoral component rotation in the mechanically aligned TKA.

There were several limitations to this study, which should be discussed prior to
interpretation of our results. First, one technique of setting femoral component rotation not
accounted for in this study is the gap balancing method (31), which relies on initially
balancing the extension gap, then setting femoral component rotation to create a balanced
flexion gap relative to the tibial resection. However, the purpose of this study was to
compare the use of traditional anatomic landmarks for a mechanically aligned TKA versus
the kinematically aligned TKA. Second, this study presents a relatively small series of
patients. However, our sample size was limited by inclusion of a consecutive, unselected
series of patients who had MRI examinations prior to their total knee arthroplasties. A third
limitation is that this study presents the theoretical, proposed resections of a kinematically
aligned TKA, and is not a clinical representation of the actual alignment achieved
intraoperatively using this technique. However, as this specific aspect of the technique had
not yet been assessed, we believed it was prudent to assess these proposed resections on
preoperative imaging to determine its potential effect on rotational alignment of the femoral
component. Furthermore, only one observer templated the proposed femoral resections for a
kinematically aligned TKA, and thus there may be some variability in the proposed
resections depths. However, this technique has previously been well described in the
literature (14, 16), and we felt that greater interobserver reliability would potentially be seen
in the actual measurements of the relationships between each, respective axis.

The concept of the kinematically aligned TKA has recently received attention, as it contrasts
the long-held tenet of the mechanically aligned TKA, in which the goal is to create distal
femoral and proximal tibial resections perpendicular to each, respective mechanical axis.
The concept of an anatomic restoration of the joint line was initially introduced by
Hungerford and Krackow, with the Porous-Coated Anatomical (PCA) Knee, often resulting
in an anatomic, proximal tibial resection of 3° of varus (32). The goal of the kinematically
aligned TKA is to restore the prearthritic, orthogonal 3-D orientation of the 3 axes that
describe normal knee kinematics: 1) the transverse axis about which the patella flexes and
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extends, 2) the transverse axis about which the tibia flexes and extends, and 3) the
longitudinal axis about which the tibia and femur internally and externally rotate (17). The
impetus for the development of this technique was in part due to recognition of the
substantial proportion of patients who remain unsatisfied following TKA (8). Preliminary
results with the use of this surgical technique have been encouraging (14, 17, 18, 29).
Dossett et al., in a randomized controlled trial comparing 41 kinematically aligned and 41
mechanically aligned TKAs, demonstrated significant improvements in the Western Ontario
and McMaster Universities Osteoarthritis Index Score, Oxford Knee Score, Knee Society
Score, and overall knee flexion in the kinematically aligned cohort at 6 months follow-up
(17). However, several questions remain regarding this technique, including its impact on
long-term component survivorship and on rotational alignment of the femoral component
and subsequent patellofemoral tracking.

This study focused on the transverse axis about which the tibia flexes and extends, or the
posterior femoral axis, and showed that the flexion-extension axis (FEA) of the
kinematically aligned TKA is approximately 4° internally rotated relative to the
transepicondylar axis: a commonly used target for the mechanically aligned TKA.
Traditionally, the TEA has been used as a surrogate for the instant center of knee flexion and
extension, which has been incorporated into surgical techniques and modern implant designs
(20, 33, 34). However, much of the rationale of using the TEA as a surrogate for the flexion-
extension axis was based off of 2-dimensional studies assessing only the coronal and
transverse planes, which determined that the difference between the TEA and the FEA was
minimal (35, 36). However, Eckhoff et al., in an analysis of 23 cadaveric knees using
computed tomography and reconstructions in 3-D virtual space, demonstrated the true FEA
to be approximately 4.6° internally rotated relative to the TEA (25), which has been further
supported by several kinematic studies (36-38). Thus, use of the kinematically aligned
surgical technique closely approximates the true FEA of the knee, thus potentially
improving knee kinematics following TKA.

Furthermore, Eckhoff et al. found a wide range of variability in the relationship between the
FEA and the TEA, with values in their difference ranging from 1.8° to 11.3° (25). This
range of values was similar to that seen in our study (12.8°). Given the wide range of
variability between the traditional axes used to set femoral component rotation, and with
respect to the posterior femoral axis of the kinematically aligned knee, it appears that a
technique that sets resection depths of the posterior condyles based on cartilage wear (rather
than rotation based off a traditional axis) most reliably approximates a patient's native FEA.

However, while this study suggests the kinematically aligned TKA to more closely
approximate the native flexion-extension axis of the knee, questions still remain. Given that
the majority of implant designs have used the transepicondylar line as the reference axis, the
effect of relative internal rotation of the femoral component and its relationship to anterior
knee pain and patella maltracking must still be assessed. Furthermore, how to precisely
determine the amount of cartilage and bone wear of both the medial and lateral femoral
condyles, and thus the amount of resection necessary to restore a patient's native axis, must
continue to be studied. Lastly, whether this technique will consistently improve knee
kinematics and functional results, without compromising long-term implant survivorship,
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remains to be seen. This study is the first to assess the relationship of the posterior femoral
axis of the kinematically aligned TKA relative to the traditional axes used to set femoral

component rotation. Using a kinematically aligned surgical technique internally rotates the
posterior femoral axis relative to the transepicondylar axis, which significantly differs from
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Figure 1.
Axial MRI image demonstrating landmarking of the anteroposterior axis (APA),

transepicondylar axis (TEA), posterior femoral axis of the kinematically aligned TKA
(KAA), and the posterior condylar axis (PCA).
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Figure 2.
Sagittal plane, T1 weighted MRI images demonstrating a best-fit circle around the

cartilaginous surface of the nonaffected lateral femoral condyle (a), and propagation of this
circle to the affected medial femoral condyle (b). Cartilage wear is appreciated at the
posterior aspect of the medial femoral condyle.
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Figure 3.

Line graph demonstrating the variability in the relationship between the KAA and the TEA
in a consecutive series of unselected patients undergoing TKA. KAA = posterior femoral
axis of the kinematically aligned TKA, TEA = transepicondylar axis.
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Table 1

Summary of the relationship between the posterior femoral axis of the kinematically aligned TKA, to the
traditional distal femoral axes used to set femoral component rotation. KAA = posterior femoral axis of the
kinematically aligned TKA, PCA = posterior condylar axis, TEA = transepicondylar axis, APA =
anteroposterior axis.

Mean | Standard Deviation | Minimum Value | Maximum Value

KAA relative to PCA 0.5° 1.8° -3.6° 5.8°
KAA relative to TEA | -4.0° 2.5° -10.5° 2.3°
KAA relative to APA | -96.4° 3.3° -104.5° -88.5°
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