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Optical motion capture (OMC) systems are commonly used to capture in-vivo three-dimensional joint
kinematics. However, the skin-based markers may not reflect the underlying bone movement, a source
of error known as soft tissue artifact (STA). This study examined STA during wrist motion by evaluating
the agreement between OMC and biplanar videoradiography (BVR). Nine subjects completed 7 different
wrist motion tasks: doorknob rotation to capture supination and pronation, radial-ulnar deviation, flex-
ion–extension, circumduction, hammering, and pitcher pouring. BVR and OMC captured the motion
simultaneously. Wrist kinematics were quantified using helical motion parameters of rotation and trans-
lation, and Bland-Altman analysis quantified the mean difference (bias) and 95% limit of agreement
(LOA). The rotational bias of doorknob pronation, a median bias of �4.9�, was significantly larger than
the flexion–extension (0.7�, p < 0.05) and radial-ulnar deviation (1.8�, p < 0.01) tasks. The rotational
LOA range was significantly smaller in the flexion–extension task (5.9�) compared to pitcher (11.6�,
p < 0.05) and doorknob pronation (17.9�, p < 0.05) tasks. The translation bias did not differ between tasks.
The translation LOA range was significantly larger in circumduction (9.8�) compared to the radial-ulnar
deviation (6.3�, p < 0.05) and pitcher (3.4�, p < 0.05) tasks. While OMC technology has a wide-range of
successful applications, we demonstrated it has relatively poor agreement with BVR in tracking wrist
motion, and that the agreement depends on the nature and direction of wrist motion.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Accurately quantifying three-dimensional (3D) joint kinematics
during in-vivo wrist motion is essential for a detailed understating
of joint function, investigating pathologies and assessing the suc-
cess of therapies (Aizawa et al., 2010). The wrist has two primary
degrees-of-freedom (DOF), defined by the anatomical directions
of flexion–extension and radial-ulnar deviation. Most activities of
daily living are accomplished with combinations of these primary
motions, such as circumduction and dart thrower’s motion (Garg
et al., 2014). Circumduction describes a circular motion of the
hand. Dart thrower’s motion describes wrist movement along an
oblique plane from radial-extension to ulnar-flexion. Dart
thrower’s motion is observed in many functional tasks, such as
hammering (Wolfe et al., 2006). Because the wrist mainly executes
coupled motions, it is important to study the accuracy of measure-
ment systems in coupled motions and in all of its 6-DOF.

Optical motion capture (OMC) is commonly used to quantify in-
vivo joint kinematics (Miranda et al., 2013; Schmidt et al., 1999;
Small et al., 1996). OMC systems provide a non-invasive method
to capture 3D joint kinematics using markers that adhere to the
skin. OMC is advantageous for large capture volumes that study
multiple joints (Miranda et al., 2013). However, skin-based mark-
ers are limited by the error in mapping the skin maker data to
the underlying bone movement. This error is referred to as soft tis-
sue artifact (STA) (Cutti et al., 2005; Miranda et al., 2013). Skin
movement and marker placement differs for different joints, mak-
ing STA joint specific. STA has been assessed using biplanar video-
radiography (BVR) (Brainerd et al., 2010; Miranda et al., 2011;
Tashman and Anderst, 2003) as the gold standard in the ankle
(Kessler et al., 2019), knee joint (Miranda et al., 2013), and hip
(D’Isidoro et al., 2020).

Our study aims to evaluate the accuracy of OMC in measuring
in-vivo wrist motions across various dynamic uni-directional and
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coupled tasks using BVR as the gold standard. Previous studies
have established the submillimeter and sub degree accuracy of
BVR in tracking wrist and total wrist arthroplasty motion
(Akhbari et al., 2019c, 2019b).
2. Methods

Subjects: Nine subjects (age: 56.9 ± 5.5y, females: 8, right-side:
8) were recruited after institutional review board approval. Prior to
data collection, all subjects were pre-screened with hand and wrist
X-rays to rule out any bony pathology. A computed-tomography
(CT) scan (80kVp and 80 mA) of the hand, wrist, and forearm
was acquired (0.39 � 0.39 � 0.625 mm3) and imported into Mimics
v19 (Materialise, Ann Arbor, MI). The radius and third metacarpal
(MC3) were segmented semi-automatically for further use in BVR
tracking (Akhbari et al., 2019c).

Data Collection: BVR and OMC data were collected (200 Hz for
both systems, TTL pulse synchronized) in the W.M. Keck Founda-
tion XROMM facility at Brown University (Providence, RI)
(Miranda et al., 2011). The BVR system used in this experiment
was previously validated and documented in detail (Akhbari
et al., 2019c; Miranda et al., 2011). X-ray beams were produced
at exposure parameters of 60 kV and 80 mA. A calibration cube
was used to calibrate the X-ray systems, and the videoradiographs
were dedistorted with a distortion grid in XMALab (http://www.
xromm.org/xmalab/) (Knörlein et al., 2016).

Eight OMC cameras (Oqus 5-series, Qualisys, Gothenburg, Swe-
den) were placed around the XROMM system along a circular
perimeter. Individual retroreflective spheres were placed on the
dorsal surface of the forearm over the radius (n = 4, 6.4 mm dia.)
and the dorsal side of the hand over the MC3 (n = 4, 6.4 mm
dia.) using double-sided adhesive (Fig. 1). A cross-calibration cylin-
der was captured by both systems simultaneously to generate a
transformation matrix to directly compare the two systems
(Knörlein et al., 2016).

Experimental Procedure: Subjects performed 7 dynamic tasks:
4 unidirectional anatomical movements and 3 coupled movements
(Fig. 2). Subjects were coached on how to complete the task prior
Fig. 1. Marker Placement. A cluster (n = 4, 6.4 mm dia.) of retroreflective markers
placed on the dorsal side of the third metacarpal (MC3) and a cluster (n = 4, 6.4 mm
dia.) of retroreflective markers placed on the dorsal side of the radius was used for
optical motion capture (OMC) data collection.
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to capturing the motion, and a metronome (90 bpm) was used to
assist in maintaining a constant speed. For all tasks, subjects were
instructed to limit the movement of their elbow and shoulder.

Task Description: Flexion-extension and radial-ulnar deviation
were performed while the subjects were coached to focus on the
isolated plane of motion. A fixture with a plastic T-shaped handle
attached to one side of a doorknob mechanism (DK) was used to
capture forearm pronation (DKPro) and forearm supination
(DKSup).

The three coupled motion tasks performed were hammering
(hammer), a pouring motion with a pitcher (pitcher), and circum-
duction (Fig. 2). Subjects were provided a hammer to repeatedly
emulate a hammering motion from radial-extension to ulnar-
flexion. For the pouring task, subjects mimicked a ‘‘teacup” pour
with a weighted pitcher (1 kg) and held the pouring pose. For
the circumduction task, subjects were instructed to move their
wrist about a path that traced a circle.

Anatomical Coordinate System: An anatomical coordinate sys-
tem was created from anatomical landmarks on the radius (RCS)
and MC3 (MCS) as previously described (Fig. 3) (Akhbari et al.,
2020, 2019a).

Data Processing: To compute wrist kinematics from the BVR
data, a partially segmented CT volume of each bone, and videora-
diographs from both X-ray sources, were imported into an open-
source 2D-to-3D image registration software, Autoscoper
(https://simtk.org/projects/autoscoper) (Akhbari et al., 2019c). An
auto-registration algorithm was used to compute Digital Recon-
structed Radiograph (DRR) projections from each partial CT bone
volume and optimize alignment with the two BVR videoradiograph
views. An initial manual position of the radius DRR was aligned
with the radiographs by the user. For MC3 tracking, the combined
second metacarpal bone (MC2) and MC3 positions were used to
reduce the overlap causing alignment errors (Akhbari et al.,
2019c). The output of the MC2 and MC3 position was transformed
to initialize the MC3. An auto-registration algorithm optimized the
initial position of the radius and MC3 in each BVR frame.

The OMC kinematic data was generated using Visual3D (C-
Motion Inc., Germantown, MD). Utilizing the transformation
matrix from the cross-calibration cylinder, the MCS and RCS from
BVR were transformed into the OMC space. The MCS and RCS were
loaded into Visual3D to construct an anatomically based coordi-
nate system identical to the coordinate system used in BVR kine-
matic calculations. A transformation matrix for the radius marker
cluster and the MC3 marker cluster was constructed containing
the rotation and translation component at each frame.

Kinematic Analysis: Kinematic analysis was performed in
MATLAB (R2018a, The MathWorks Inc., Natick, MA). For each sub-
ject, all tasks were analyzed to find the frame closest to the neutral
position, which was defined as the minimum difference between
the MCS and RCS. OMC and BVR-calculated motions were reported
as the MC3 position with respect to the radius and relative to the
neutral position. Helical axes of motion parameters were used to
describe the kinematics (Crisco et al., 2005a; Panjabi et al., 1981).
The rotation about the screw axis (/) described total rotation of
the wrist. Wrist translation was defined by the total translation
along the screw axis.

Data and Statistical Analysis: The data for non-cyclic tasks
(pitcher, DKSup and DKPro) was cropped to remove static posi-
tions. The start of the motion was determined when the derivative
of the motion (degrees vs. frames) was greater than 0.04�/frames
and the end of the motion was defined when the derivative was
less than 0.04�/frames for the remainder of the task, after finding
the starting position.

Bland-Altman analysis was used to quantify the agreement
between OMC and the gold standard BVR. Bias was reported using
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Fig. 2. Tasks. All subjects performed seven motion tasks (doorknob rotations were captured separately) as part of the experimental procedure.

Fig. 3. Coordinate System Definition. The radius anatomical coordinate system
(RCS) and third metacarpal (MC3) coordinate system (MCS) were constructed from
anatomical landmarks during biplanar videoradiography (BVR) data processing. A
transformation matrix describing the position of the markers as a rigid body
represented the coordinate system of the markers (OMC). The rotation about the x-
axis represents supination (�) pronation (+) plane, the rotation about the y-axis
represents the flexion (+) extension (�) plane, and the rotation about the z-axis
represents the radial (�) ulnar (+) plane.
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the mean difference (MD) of BVR and OMC (BVR – OMC), the vari-
ation about the MD was reported using 95% limits of agreement
(LOA) (MD ± 1.96*SD), that is, the interval within which 95% of dif-
ferences between BVR and OMC are expected to lie (Bland and
Altman, 1986). A Friedman test (p < 0.05) and post-hoc multiple
comparisons (PRISM 8.0, GraphPad Software, La Jolla, CA) was used
to test for significant differences in the bias and LOA range (differ-
ence between upper and lower LOA) between tasks.

A linear regression analysis was performed to determine if bias
was associated with measurement size. The slopes of the linear
3

regressions of all subjects for each task were compared to a hypo-
thetical mean of 0.00 (i.e., bias did not differ with measurement
size) via a one-sample t-test.

3. Results

The bias for / varied across tasks with median values ranging
from �4.9� to 1.8�, with the largest magnitudes of median rota-
tional bias found in pitcher, DKSup, and DKPro. In these tasks,
OMC overestimated the BVR rotation values (Fig. 4a). The bias of
the DKPro task was significantly greater than that for the flex-
ion–extension task (p < 0.05) and the radial-ulnar deviation task
(p < 0.01). The LOA range of rotation was different across tasks
as well, with the median LOA range varying from 5.9� to 17.9�.
The LOA range for the DKPro and pitcher tasks were significantly
larger (p < 0.05) than the flexion–extension task (Fig. 4b).

There were no significant differences in the bias for translation
(p < 0.05) across tasks. The median translation bias values ranged
from �2.2 mm to 0.8 mm for the sample (Fig. 5a). The range of
the LOA for translations for the circumduction task was signifi-
cantly greater than the radial-ulnar deviation (p < 0.05) and pitcher
pouring (p < 0.05) tasks (Fig. 5b).

All tasks except for the / measurement in DKPro demonstrated
that the differences between methods increased as the measure-
ment average increased (supplemental materials for Bland-
Altman plots). This trend was minimal for the flexion–extension
task (0.3� difference per 10� change in average wrist rotation),
and it was largest for the pitcher pouring (9� difference per 10�
change in average wrist rotation) and DkSup (1.4� difference per
1� change in average rotation) tasks.

4. Discussion

We evaluated the agreement of OMC with BVR in measuring
wrist motions during seven tasks to understand effects of soft tis-
sue artifact on wrist kinematics. Task-based accuracy was
observed.

OMC accuracy was previously quantified for in-vitro and in-vivo
wrist postures (Hillstrom et al., 2014; Small et al., 1996). OMC can
be considered a kinematic gold standard during in-vitro studies
when marker sets contain at least 4 markers and are rigidly fixed
to non-deformable objects (Challis, 1995; Söderkvist and Wedin,
1993). Hillstrom et al. evaluated OMC accuracy of in-vitro wrist
postures in flexion–extension and radial-ulnar deviation using flu-
oroscopy as the reference. Hillstrom et al. summarized motion



Fig. 4. Rotational Agreement Between Biplanar Videoradiography (BVR) and Optical Motion Capture (OMC). (a) Mean bias (BVR – OMC) across 9 subjects of the rotation about
the screw axis (/) by task, referencing BVR as the gold standard. (b) Range of the limit of agreement (LOA) across subjects of the rotation about the screw axis (/) by task,
referencing BVR as the gold standard.

Fig. 5. Translational Agreement Between Biplanar Videoradiography (BVR) and Optical Motion Capture (OMC). (a) Mean bias (BVR – OMC) across 9 subjects of the translation
along the screw axis by task, referencing BVR as the gold standard. (b) Range of the limit of agreement (LOA) across subjects of the translation along the screw axis by task,
referencing BVR as the gold standard.
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with euler angles and did not study translation. Small et al. quan-
tified the error of OMC for in-vivo wrist kinematics comparing the
surface markers to stereoradiography. Small et al. reported mean
differences of ±2� and standard deviations <3� during flexion–ex-
tension and radial-ulnar deviation hand postures. Despite technol-
ogy differences between stereoradiography and BVR, our median
error in the radial-ulnar deviation and flexion–extension tasks
aligned with the findings for mean difference. However, our exper-
iment yielded larger variation, likely because we captured dynamic
motion. Vardakastani et al. compared OMC measurements at the
start and end points of flexion–extension, radial-ulnar deviation,
and dart throwers motion. When comparing OMC to goniometry,
Vardakastani et al. reported a mean difference of 25� (SD 16�).
Despite technology differences, our study also showed large varia-
tion of in-vivo OMC accuracy depending on the task being per-
formed (Vardakastani et al., 2018).

Previous studies have not compared OMC and BVR measure-
ments during in-vivo wrist motion. Similar studies assessed the
accuracy of OMC using BVR as the gold standard for ankle and knee
(Kessler et al., 2019; Miranda et al., 2013). The ankle joint is com-
4

prised of several compact bones similar to the wrist but functions
to accomplish much different tasks. OMC accuracy was evaluated
using RMSE during walking and running and resulted in angular
errors ranging from 1.1� to 8.3�. RMSE is not directly comparable
to bias and LOA (Giavarina, 2015). Miranda et al. previously evalu-
ated OMC accuracy compared to BVR during an in-vivo jump cup
maneuver in the knee. The differences between OMC and BVR were
assessed before and after ground contact. The study by Miranda
et al. differed significantly from ours as the bones in the knee are
larger than the bones in the wrist and our motions did not involve
impact. A study was conducted on STA of 3 mm markers during
various finger postures (Metcalf et al., 2020). The study reported
an RMSE of 4� and did not assess dynamic motion. In larger joints
like the knee and smaller joints in the fingers, both reported vari-
ation when studying joint kinematics with OMC surface markers.

Due to sample size and recruitment of only a single male sub-
ject, sex-based differences during in-vivo BVR and OMC kinematics
could not be analyzed in this study. Skeletal wrist anatomy differs
by sex, but to date only size has been documented as a difference
so it is unlikely that sex alone would be a factor (Crisco et al.,
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2005b; Schneider et al., 2015). More likely, BMI is a factor with lar-
ger skin deformation during certain tasks leading to larger STA, but
our study was not designed or powered to examine BMI. Lastly,
while the tasks we examined were dynamic, they did not involve
impact, which has been shown to significantly increase STA
(Miranda et al., 2013).
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