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Accurate and precise knee ﬂexion axis identiﬁcation is critical for prescribing and assessing tibial and
femoral derotation osteotomies, but is highly prone to marker misplacement-induced error. The purpose
of this study was to develop an efﬁcient algorithm for post-hoc correction of the knee ﬂexion axis and
test its efﬁcacy relative to other established algorithms. Gait data were collected on twelve healthy
subjects using standard marker placement as well as intentionally misplaced lateral knee markers. The
efﬁcacy of the algorithm was assessed by quantifying the reduction in knee angle errors. Crosstalk error
was quantiﬁed from the coefﬁcient of determination (r2) between knee ﬂexion and adduction angles.
Mean rotation offset error (αo) was quantiﬁed from the knee and hip rotation kinematics across the gait
cycle. The principal component analysis (PCA)-based algorithm signiﬁcantly reduced r2 (po 0.001) and
caused αo,knee to converge toward 11.9 78.0° of external rotation, demonstrating improved certainty of
the knee kinematics. The within-subject standard deviation of αo,hip between marker placements was
reduced from 13.5 7 1.5° to 0.7 70.2° (p o0.001), demonstrating improved precision of the knee kinematics. The PCA-based algorithm performed at levels comparable to a knee abduction–adduction
minimization algorithm (Baker et al., 1999) and better than a null space algorithm (Schwartz and
Rozumalski, 2005) for this healthy subject population.
& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Gait analysis provides critical data on patient dynamic functionality upon which orthopedic surgeons rely for pre- and postintervention assessments (Filho et al., 2008; Lofterod and Terjesen,
2008; Saraph et al., 2002; Wren et al., 2011). Alternative forms of
assessment, such as static magnetic resonance imaging (MRI),
physical examination, or visual analysis, do not provide accurate
and precise quantiﬁcation of a patient's capabilities during
dynamic activities. Among patients with suspected tibial or
femoral torsion, knee and hip kinematics are a critical component
of de-rotation osteotomy decisions (Aminian et al., 2003; DeLuca
et al., 1997; Ounpuu et al., 2002). Gait analysis is consulted to
identify whether surgery is required to create neutral alignment of
the lower extremity segments during stance phase and reduce offaxis loading of the knee (Bennett et al., 1985; Stefko et al., 1998).
These surgeries are invasive, expensive, and require lengthy
n
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recovery periods (Krengel and Staheli, 1992; Staheli et al., 1985),
placing signiﬁcant weight on the validity and reliability of the
measured gait kinematics.
Motion-capture marker misplacement has previously been
identiﬁed as the largest source of between-laboratory kinematic
variability – accounting for up to 75% of the overall variance
(Gorton et al., 2009) – as well as within-laboratory variability
(Kadaba et al., 1989). Therefore, improving the validity and reliability of gait kinematics by addressing human marker placement
error is critical to improving the internal validity of gait analyses.
Derotation osteotomy decisions depend speciﬁcally on the placement of the anatomical markers that deﬁne the knee rotation axis.
Misplacement of these markers can lead to mean rotation offset
error of the hip and knee as well as crosstalk between knee ﬂexion
and adduction angles (Baker et al., 1999; Kadaba et al., 1990; Piazza
and Cavanagh, 2000), and, ultimately, ineffective or harmful surgical interventions. A method is needed to consistently and reliably ensure correct identiﬁcation of the knee ﬂexion axis.
Other knee ﬂexion axis correction techniques have been
explored in the literature, including iterative, statistical, and
hardware-based approaches (Baker et al., 1999; Charlton et al.,
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marker placement on young (less than 34) and healthy (BMI less
than 26) subjects. In a previous study, an r2 of 0.36 70.60 was
found for standard marker placement on young (mean of 22),
healthy (mean BMI of 22.2) subjects (Schache et al., 2006). These
results reinforce the importance of using a reliable correction
algorithm.
A limitation of the current study is that although the KJC
location was substantially affected by the marker misplacement
(as evidenced by the shifted mean ﬂexion–extension offset), two
of the three tested algorithms were not designed to correct the
KJC. In a normal clinical setting, this degree of marker misplacement is not anticipated; nor is marker misplacement expected to
be isolated to the lateral knee marker. However, the unreliability of
the mean ﬂexion extension offset should be considered when
applying these algorithms and care should be taken in interpreting
knee hyperextension or ﬂexion contracture. Further improvements would include better identiﬁcation of the anterior-posterior
position of the KJC.
Subsequent work is needed to compare the effectiveness of the
current algorithms under various challenging conditions of
pathologic knees. We expect to ﬁnd greater algorithm differentiation under pathologic conditions than was observed in the
healthy population, particularly when comparing the PCA and
KAAM algorithms. One example is patients with frontal plane knee
laxity, which may be due to conditions such as collagen disorders
(e.g. Ehlers–Danlos syndrome) or impact-induced ligament injury.
Frontal plane knee laxity is a self-reported weak area of the KAAM
method (Baker et al., 1999), but we hypothesize that the proposed
PCA algorithm will be robust in these patients as long as an adequate ratio of ﬂexion–extension to abduction–adduction excursion
is retained. A similarly challenging application is patients with
restricted ﬂexion–extension excursion, such as individuals with
arthritis (Brinkmann and Perry, 1985) or toe-walkers (Davids et al.,
1999). The algorithms should also be tested in overweight patients
with redundant tissue, where marker placement over bony landmarks is more challenging (Besier et al., 2003) and increased skin
motion artifact is expected (Shultz et al., 2009). Comparing the
correction algorithms in these kinds of challenging patient populations will provide greater insight into the strengths and weaknesses of each algorithm.
Another PCA-based ﬂexion axis correction method has
demonstrated a signiﬁcant crosstalk reduction in a population of
older adults (Baudet et al., 2014). The Baudet algorithm is distinctive from the current PCA algorithm as the input is the three
Euler angles as opposed to transformed data projected into a 2D
plane. Statistically signiﬁcant crosstalk reduction was demonstrated, but it is difﬁcult to ascertain the magnitude of the change
given that the ﬁnal values were rounded. Furthermore, no direct
comparison was made to other algorithms in the literature. Further analysis of this method is required to determine its effectiveness relative to the currently proposed PCA algorithm.
We have provided evidence for increased certainty and precision of the knee kinematics with the PCA correction algorithm
over uncorrected kinematics, which indicates improvement in
validity and reliability of the data. By demonstrating a statistically
signiﬁcant and meaningful reduction in downstream kinematic
errors, we have shown improvement in the certainty of the knee
ﬂexion axis. Further study is needed to quantify the true accuracy
of the algorithm by comparing the corrected gait analysis-based
kinematics with a gold standard of ﬂuoroscopy-based kinematics
(Li et al., 2008). We have also demonstrated that the precision of
the ﬂexion axis is likely improved by the algorithm, as the withinlimb variability of the knee rotation angle was decreased. This
decrease in the observed variance between tests also demonstrates increased test-retest reliability (Streiner and Norman,
2006). All of these improvements combined provide evidence for
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the validity of the PCA algorithm measurements for surgical
assessments such as de-rotational osteotomy. With this correction,
much greater weight can be placed on the measurements for
surgical interventions and outcome evaluations in the future.
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