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Abstract
Component position and overall limb alignment following Total Knee Arthroplasty (TKA)
have been shown to influence device survivorships and clinical outcomes. However, these
parameters are often assessed through 2D radiographs after surgery, which can be prone to
inaccuracy. The purpose of this paper is to develop a new method for 3D CT based overall limb
alignment and component position measurements. The technique utilizes a new mathematical
model to calculate prosthesis alignment from the coordinates of anatomical landmarks used in
RATKA. The hypothesis is that the proposed technique demonstrated good accuracy, as well
as low intra and inter-observer variability.
Two groups of patients (n=120 per group) underwent RATKA and conventional TKA at 4
imaging locations between October 2016 and August 2018, where they were recruited and
consented for this prospective, non-randomized, multicenter study. CTs were collected 6 weeks
post-operatively and analyzed using RATKA landmarks and the proposed technique.
Measurements of 30 randomly selected cases were compared to the surgeons’ operative plan
and component target positions for accuracy analysis. Two surgeons performed the same
measurements separately for inter-observer variability analysis. One of the two surgeons
repeated the measurements 30 days later to assess intra-observer variability.
Average measurement error of overall limb alignment, femoral and tibial component
positions were less than 1 degree. Bland Altman plots analysis showed great reproducibility
between observers. Correlation analysis showed low variability within observer, with slopes
between 0.8 to 1.0 and R-squared > 0.8.
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The proposed method demonstrated great accuracy to plan and low intra and inter-observer
variability. This can be a great tool for RATKA studies where component accuracy is assessed
using post-operative CTs.

1 Introduction
Component position and overall limb alignment following Total Knee Arthroplasty (TKA) have
been shown to influence device survivorships and clinical outcomes [1,2]. Robotic-arm assisted TKA
(RATKA) has demonstrated an accuracy within 1 degree [8] and been shown to correct the limb
alignment to neutral 100% of the time in 132 knees with initial deformity less than 7 degree, and 64 %
of the time in 129 knees with 7 degrees or greater deformity [3]. However, post-operative clinical results
are often visualized and measured through two-dimensional (2D) radiographs. While radiography is
widely available and affordable, studies report significant errors in this imaging option [4]. Potential
inaccuracy can rise from variations in patient positioning, and certain anatomical configurations such
as rotation and flexion contractures, especially during estimation of biplanar prosthetic alignment [5].
Better measurement techniques are needed to confirm the accuracy demonstrated intraoperatively with
RATKA.
Recent studies have shown that CT based 3D measurements improved accuracy and reliability over
2D measurements [7]. One of the more well-known CT based measurement protocols is Perth CT
protocol [6]. However, the Perth CT protocol utilizes different anatomical landmarks than those used
to surgically plan a RATKA, which can generate significant error when used to analyze RATKA cases.
Other proposed methods often require specialized software, bone modeling, implant segmentations, or
a combination of the three [7], which can be time-consuming and expensive.
The purpose of this paper is to develop a new method for 3D CT based overall limb alignment and
component position measurements. The technique utilizes a new mathematical model to calculate
prosthesis alignment from the coordinates of anatomical landmarks used in RATKA. The hypothesis is
that the proposed technique demonstrated good accuracy, as well as low intra and inter-observer
variability.

2 Materials and Methods
This study was approved by a local IRB at each site. Two groups of patients (n=120 per group)
underwent RATKA and conventional TKA at 4 sites between October 2016 and August 2018, where
they were recruited and consented for this prospective, non-randomized, multicenter study. Surgeons’
operative plan containing limb alignments and component positions are collected intra-operatively for
RATKA cases. CT scans were performed prior to and 4-6 weeks post-surgery. Measurements of 30
randomly selected cases using the proposed method were compared to the surgeons’ targeted
component positions for accuracy analysis. Two surgeons performed the same measurements
separately for inter-observer variability analysis. One of the two surgeons repeated the measurements
30 days later to assess intra-observer variability.
To analyze the CT images, following vertices were generated using anatomical landmarks: Hip
Center (HC), Medial Epicondyle Sulcus (MES), Lateral Epicondyle (LE), Femur Center (FC), Tibia
Center (TC), Medial Malleolus (MM), and Lateral Malleolus (LM). To provide component
flexion/extension angulation (PCL), the following vertices were defined in the sagittal plane: Femur
Component Superior (FCS) and Femur Component Inferior (FCI) (Figure 1). To provide reference for
component angulation, the following vertices were defined in the coronal plane: Coronal Femoral
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Lateral (CFL), Coronal Femoral Medial (CFM), Coronal Tibia Lateral (CTL), and Coronal Tibia
Medial (CTM).
Using the MM and LM vertices, the Ankle Center (AC) can be computed as follows:

𝐴𝐶(𝑖, 𝑥, 𝑦, 𝑧) = +𝐿𝑀(𝑖, 𝑥, 𝑦, 𝑧) − 𝑀𝑀(𝑖, 𝑥, 𝑦, 𝑧)/ ∗ 0.56
Where, i,x,y,z are the subject, x, y and z coordinates for the vertices listed above.
To compute the angle (𝜃) between two axis, the following generalized formula was used:

𝑢
=⃗ ∙ 𝑣⃗
𝜃 = cos 9: ;
B
‖𝑢
=⃗‖‖𝑣⃗‖
To compute the Femoral Slope (FS), the angle between PCL and the FMA can be estimated using
the above equation. Similarly, Femoral Component Rotation (FCR) is the angle between the SEA and
FPL, etc. Therefore, femoral and tibial component positions can be calculated.

3 Results
The average measurement errors are 0.79 ± 1.48 degree varus in overall limb alignment (p=0.004);
0.34 ± 1.20 degree varus (p=0.121), 0.47 ± 2.35 degree internal (p=0.36), 0.71 ± 1.77 degree flexion
(p=0.18) in femoral component varus / valgus alignment, TEA rotation, and flexion respectively; and
0.35 ± 1.15 degree varus (p=0.17), 0.38 ± 1.88 degree posterior (p=0.41) in tibial component
varus/valgus alignment and slope respectively.
Figure 1 is Bland Altman plot for inter-observer analysis, demonstrating great reproducibility with
small to no bias (<0.5 degree) in limb alignment measurements. Figure 2 is linear correlation plots for
intra-observer analysis, demonstrating low variability in limb alignment measurements with a slope of
0.999 and a R-Squared of 0.993

4 Discussion and Conclusion
2D radiography is widely used to evaluate limb alignment and component positions in TKA despite
potential inaccuracy generated from patient positioning and anatomical configurations. CT-based
methods have been proposed in several previous studies to overcome some of limitations of radiographbased methods. However, they have various drawbacks when used in RATKA studies such as using
different anatomical landmarks [6], requiring specialized software, bone modeling, implant
segmentations [7].
In this study we overcame these limitations by developing a new CT technique for overall limb
alignment and component position measurements utilizing a mathematical model to calculate prothesis
alignment from the coordinates of anatomical landmarks used in RATKA. Accuracy, intra- and interobserver analysis were performed in a 30-patient cohort. The proposed technique demonstrated an
accuracy within 1 degree in limb alignment and component position measurements when compared to
RATKA surgeon’s plan and great inter and intra-observer reliabilities. In addition, this technique does
not require any specialized software, bone modeling or segmentation. Any 3D CT image viewing
software that can provide landmark selection and the corresponding coordinates is sufficient. The
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mathematic model is simple and can be programmed with widely available software and platforms. The
calculation time is within seconds. This can be a significant advantage in clinical setting.
There are several limitations in this study. Accuracy and intra-observer analysis were performed by
one surgeon in a 30-patient cohort. Inter-observer analysis was performed by two surgeons in a 30patient cohort. Further studies with more observers and larger patient cohorts are needed to investigate
the robustness of the method. Another limitation is the lack of control. In future studies, comparison
will be made among different CT techniques to quantify the potential error when used in RATKA cases.

5 Figures

Figure 1: Bland Altman plots for inter-observer analysis, demonstrating great reproducibility in limb
alignment measurements between surgeons.

Figure 2: Linear correlation plots for intra-observer analysis, demonstrating low variability in limb
alignment with a slope of 1.00 and a R-squared of 0.99
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