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Abstract
Improving the accuracy of measuring 6 degree of freedom tibiofemoral kinematics
is a crucial step in gait analysis. The skin-marker estimated kinematics is subject to soft
tissue artefacts. Fluoroscopic systems have been reported to achieve high accurate
kinematics, but induced irradiation and a limited field of view and its high cost hampers
routine usage on large patient cohorts. The aim of this study is to assess the feasibility
of measuring tibiofemoral kinematics using multi-channel A-mode ultrasound system in
cadaver experiment and assess its achievable accuracy. A full cadaver was placed on
the surgery table and legs were hanging in the air. Upper body was fixated and right leg
was pulled by rope to generate a movement. To track the ground truth of the motion,
two bone pins with optical markers were mounted to the femur and tibia separately. Six
custom A-mode ultrasound holders containing 30 A-mode ultrasound transducers and
18 optical markers were mounted on six anatomical regions. Calculating the bone to
each ultrasound transducer distance from ultrasound echo, and using the spatial
information of the optical markers on the holders, 30 points were determined. The
segmented bone models acquired from CT or MRI were registered to the corresponding
points. Then the tibiofemoral kinematics were determined from the positions of
registered femur and tibia per frame. This study has presented a multi-channel A-mode
ultrasound system and proven its feasibility of reconstructing tibiofemoral kinematics in
cadaver experiment. Although the reconstructed tibiofemoral kinematics is less accurate
than fluoroscopic system, it outperforms skin-mounted markers system. Thus, this Amode Ultrasound approach could provide a non-invasive and non-radiative method for
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measuring tibiofemoral kinematics, which may be used in clinic gait analysis or even
computer-aided orthopedic surgery.

1 Introduction
Improving the accuracy of measuring 6 degree of freedom (DOF) tibiofemoral kinematics is a
crucial step in gait analysis. The use of skin-mounted markers in which the trajectories of skin
markers represent the movements of the bony segments beneath the skin, is well established.
However, the skin-marker estimated kinematics is subject to soft tissue artifacts (STA), resulting in
errors up to 50 mm(Akbarshahi et al., 2010). In term of kinematics, an average error of 4.4° and 13.1°
was found for the rotation angles and 13.0 and 16.1 mm for the translations for walk and cut
respectively (Benoit et al., 2006). As an alternative to skin marker systems, fluoroscopic systems have
been reported to achieve accuracies of kinematics in the order of 1 mm and 2 degrees (Guan, Gray,
Keynejad, & Pandy, 2016), but the induced irradiation to the subject, the limited field of view, and the
high costs hamper routine usage on large patient cohorts. Ultrasound (US) technology could provide a
solution; it has the potential to detect the bone boundaries through the soft tissue during movement. It
has been demonstrated that registering US image to the segmented bone in computer-aided
orthopaedic surgery (CAOS) (Barratt et al., 2006) as well as estimating tibiofemoral kinematics
(Masum, Pickering, Lambert, Scarvell, & Smith, 2014) are possible. In this study, we present a novel
multi-channel A-mode ultrasound system and show the feasibility of measuring tibiofemoral
kinematics in an in-vitro experiment and assess the achievable accuracy relative to the ground truth.

2 Materials and methods
A full cadaver was placed on the surgery table with its legs overhanging the edge of the table.
Upper body was fixated to the table by nylon straps while the right leg was moved by means of a
rope. To track the ground truth of the motion, two bone pins with optical markers were mounted to
both the femur and tibia before CT scan. The bone models of femur and tibia were manually
segmented (Mimics® 17.0) from CT image and the 3D locations of the optical markers were also
digitized which provided the ground truth for all movement. Additionally, six custom holders
containing 30 A-mode ultrasound transducers and 18 optical markers were mounted to six anatomical
regions: ankle, middle tibia, tibia epicondyles, femur epicondyles, middle femur and greater
trochanters (see figure 1-B).
All optical markers were tracked by a Visualeyez system (VZ4000z) operating at 60 Hz. The
ultrasound signal was captured and was synchronized with the Visualeyez system in the Diagnostic
Sonar FI Toolbox. Custom written software (LabVIEW 2015) was used to process all data. By
calculating the bone to ultrasound transducer distance from the ultrasound echo and using the spatial
information of the optical markers on the holders, 30 bone surface points are determined. The sample
rate of acquiring ultrasound points is 20Hz. During measurement, the acquired bone surface points
were fed to a registration algorithm that combined an iterative closest point algorithm (Besl &
McKay, 1992) and perturbation method (Ma & Ellis, 2003) to register corresponding bony segments
to the acquired points for every timeframe. When the anatomical frames of femur and tibia were
determined from segmented bone models (Miranda, Rainbow, Leventhal, Crisco, & Fleming, 2010),
the tibiofemoral kinematics were determined from the positions of the registered femur and tibia per
timeframe (Grood & Suntay, 1983). These estimated tibiofemoral kinematics were subsequently
displayed in real-time.
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3 Results
The resulting kinematics showed an average error of 1.25 ± 0.94° (mean ± standard deviation) for
flexion-extension, 9.06 ± 3.94° for internal-external rotation, and 2.62 ± 1.34° for adductionabduction rotation. All three translation components had similar trends as the ground truth
translations. There was an average error of 3.05 ± 2.09 mm for tibia anterior-posterior translation,
5.25 ± 2.90 mm for tibia distal-proximal translation, and 6.76 ± 2.73 mm for tibia medial-lateral
translation (see Figure 1-C).

Figure 1 The schematic of multiple US knee kinematics tracking system; (B): the setup of in-vitro
experiment with mounting 6 ultrasound holders (black color) and 4 bone pins (white color); (C): the estimated
6 DOF tibiofemoral kinematics (US) relative to ground truth (GT).
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4 Discussion
Compared to skin-mounted markers, multi-channel A-mode US system has the potential to
provide more accurate tibiofemoral kinematics, with high accuracy in flexion-extension angles,
adduction-abduction angles and tibia anterior-posterior translation.
However, internal-external angles and tibia distal-proximal translation and tibia medial-lateral
translation show relatively high errors. These high errors can be caused by several factors. First,
missing bone reflection point or incorrect reflection bone detected, both most prominent during
dynamic movement. The incident angle of A-mode ultrasound transducer (Fieten et al., 2009; Heger
et al., 2007) affects the quality of ultrasound echo. By keeping the A-mode ultrasound transducer
perpendicular to the bone surface it will be easier to find the bone peak in echo (Mozes, Chang, Arata,
& Zhao, 2010). However, this is difficult to implement in practice, during movement. The bone to
transducer distance was determined from ultrasound echo. Sometimes the incorrect peak was chosen
and then an wrong bone reflection point was used for registration. Hence, the future work will be the
improvement of keeping the bone ‘in sight” of A-mode US during movement and the development of
more accurate and reliable peak detection method. Second, inherent errors of optical tracking systems,
that cannot be easily eliminated during experiments. Hence a systematic analysis of error model of
optical system will help to understand how the error of each optical marker transmits to final
ultrasound reflection points. Third, the lack of geometric constraints in distal-proximal direction and
the lack of transducers covering more anatomical regions. In our study, we limited the number of Amode US transducers for the first prototype to thirty. In the future, more A-mode ultrasound
transducers will be added and relocated on newly designed custom holders to cover more anatomical
regions.
Although our system has a lower accuracy of reconstructed kinematics than a fluoroscopic system,
it provides an non-invasive and non-irradiating approach to reconstruct tibiofemoral kinematics. With
the improvements implemented in the future, the accuracy of tibiofemoral kinematics by multichannel A-mode US systems will have the potential to be comparable to that of fluoroscopic systems.
This study presented a multi-channel A-mode ultrasound system and showed its feasibility of
reconstructing tibiofemoral kinematics in a cadaver experiment. The reconstructed tibiofemoral
kinematics is less accurate than fluoroscopic system, but outperforms skin-marker systems. Thus, this
multi-channel A-mode ultrasound system provides a non-invasive and non-irradiative method of
measuring tibiofemoral kinematics, which may be used in clinic gait analysis or even computer-aided
orthopaedic surgery.
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