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Accurate quantification of subtle wrist motion changes resulting
from ligament injuries is crucial for diagnosis and prescription of
the most effective interventions for preventing progression to
osteoarthritis. Current imaging techniques are unable to detect
injuries reliably and are static in nature, thereby capturing bone

position information rather than motion which is indicative of
ligament injury. A recently developed technique, 4D (three
dimensionsþ time) computed tomography (CT) enables three-
dimensional volume sequences to be obtained during wrist
motion. The next step in successful clinical implementation of the
tool is quantification and validation of imaging biomarkers
obtained from the four-dimensional computed tomography
(4DCT) image sequences. Measures of bone motion and joint
proximities are obtained by: segmenting bone volumes in each
frame of the dynamic sequence, registering their positions relative
to a known static posture, and generating surface polygonal
meshes from which minimum distance (proximity) measures can
be quantified. Method accuracy was assessed during in vitro simu-
lated wrist movement by comparing a fiducial bead-based deter-
mination of bone orientation to a bone-based approach. The
reported errors for the 4DCT technique were: 0.00–0.68 deg in
rotation; 0.02–0.30 mm in translation. Results are on the order of
the reported accuracy of other image-based kinematic techniques.
[DOI: 10.1115/1.4030405]
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Introduction

The wrist joint is an articulation consisting of many bones and
ligamentous structures which, during normal function, allows
complex motions while still maintaining stability. The wrist is the
most frequently injured upper extremity joint, with wrist ligament
injuries being subject to a high rate of misdiagnosis [1–3]. Accu-
rate diagnosis is crucial for providing the most effective interven-
tions that, if not implemented early enough, can lead to significant
pain and suffering for patients and limit the spectrum of treatment
options [4–8]. Magnetic resonance imaging (MRI) cannot accu-
rately detect rupture of the scapholunate interosseous ligament
[9,10]. Further, since standard MRI and CT imaging are static in
nature, only abnormal carpal bone position can be detected, with-
out the possibility to analyze abnormal motion. These dynamic
changes can be assessed occasionally with fluoroscopy [11–13],
but more commonly, especially in patients with mild or early
injuries, a definitive diagnosis is made during surgery.

Prior investigations of carpal motion have focused on under-
standing normal and pathological motion patterns in vitro and
in vivo. Considerable knowledge has been gained about basic bio-
mechanics of wrist function including carpal bone motion
[14–25], the effect of ligamentous constraints [26–33], and bilat-
eral symmetry [17,34,35]. However, these studies have been lim-
ited by their inability to capture dynamic four-dimensional (4D)
(three spatial dimensionsþ time) data during unconstrained move-
ments in vivo. Recently, our research team and others [36–44]
have noted the utility of four-dimensional (4D) CT image sequen-
ces as a visualization and clinical tool for assessing dynamic
movements in various joints. 4DCT is an imaging technique
whereby joint motion is acquired using a dynamic sequential scan-
ning mode similar to CT perfusion. In this mode, images of a
moving joint are continuously acquired. Therefore, it holds prom-
ise to detect injuries earlier when only subtle bony motion
changes are occurring. Due to the complex geometry and motions,
this data are best viewed volumetrically. Volume-rendered
dynamic image sequences can be rotated and viewed with varying
bone opacities to assist in clinical decision-making.

The next step in successful clinical implementation of the tool
is quantification and validation of measures from the 4DCT image
sequences that will enable selection of appropriate and timely
interventions for these patients. This includes quantification of
measures that we call imaging biomarkers, including joint prox-
imity which approximates the articular joint contact which is
known to be affected by wrist instability and osteoarthritis. The
purpose of this manuscript is to describe a 4DCT approach for
quantifying wrist motion and validate the accuracy in two
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cadaveric specimens during motion induced using an in vitro wrist
simulator.

Methods

4DCT Imaging Technique. The 4DCT technique is described
in more detail in our previous manuscript [44], but a brief over-
view is presented here. Initially, static CT scans are obtained of
the distal forearm and hand using a routine wrist scan protocol,
with 120 kV, 200 effective mAs, 1 s rotation time, and helical pitch
of 1. A dual-source CT scanner (Definition Flash, Siemens Health-
care, Forchheim, Germany) is utilized, consisting of two independ-
ent X-ray tubes and detector arrays mounted onto a rotating gantry
at a 94 deg offset from one another. A dynamic sequential scan-
ning mode similar to CT perfusion is used. In this mode, images of
a moving joint are continuously acquired without table translation.
Two seconds of data are acquired for each movement (full cycle of
flexion–extension and radial–ulnar deviation). Scan parameters
include 0.28 s gantry rotation, 2� 64� 0.6 mm detector collima-
tion (38.4 mm z-axis coverage), 120 kV, and 100 mAs per rotation.
These parameters make the approach suitable for joints occupying
relatively small volumes. Image volumes (Fig. 1) are reconstructed
at each of 18 time points over the 2 s cycle (i.e., 9 Hz sampling
rate). Images are output in digital imaging and communications in
medicine (DICOM) format for determination of metrics and imag-
ing biomarkers. Dose-reduction strategies were finalized previ-
ously [44]. For each 4DCT scan, the volume CT dose index
(CTDIvol) is approximately 36 mGy, which is approximately three
times that of the static wrist CT scan reported in the literature [45].
The effective dose for the reported static wrist CT was 0.03 mSv;
the effective dose of the 4DCT dose is estimated to be 0.09 mSv,
which is only a very small fraction (3%) of the average annual
background radiation in the U.S. (3 mSv) [46].

Image Analysis. Mayo Clinic Analyze (Rochester, MN) was
used for image segmentation and mesh generation; Matlab
(Natick, MA) was used for surface registration and proximity cal-
culations. Image analysis was demonstrated on the scapholunate
joint, requiring segmentation of the scaphoid, lunate, and radius.
Multiple bone segmentation of the wrist is quite challenging due
to the thin cortical bone, partial volume effects, and bone-to-bone
proximity [47]. A combination of user-driven tools was developed
to address this issue. Global thresholding of the entire carpus ini-
tialized the segmentation process, and a standard graph-based
connected component algorithm was used to separate and label
each bone [48]. When necessary, segmentation was aided by geo-
desic splitting. Geodesic skeleton by influence zone is a

morphologic technique to separate two binary objects from two
seed points [49]. Repeated application of geodesic splitting can
extract each bone from the bone group.

Following segmentation, polygonal meshes were generated
from the segmented bone data for use in registration and proxim-
ity measurements. After surfaces were reconstructed using con-
ventional marching cubes [50], an adaptive deformation approach
was applied to improve the efficiency of the mesh representations
[51]. This technique has previously been validated in several
applications [52,53].

Registration of the surface meshes (alignment of the bone surfa-
ces from the static scan to those from 4DCT) was achieved using
the iterative closest points matching algorithm [54]. This algo-
rithm determines the rotation and translation that minimize the

Fig. 1 A single three-dimensional volume-rendered image vol-
ume from a 4DCT image sequence (high resolution, not shown).
Image volumes are reconstructed at each of 18 time points over
the 2 s movement cycles. Images are output in DICOM format
for determination of metrics and imaging biomarkers.

Fig. 2 Proximity values represented on the scaphoid, lunate,
and radius articulating surfaces of a right wrist at one time
point (from the 18 total) of a 4DCT sequence (palmar view).
Proximity values are calculated as the minimum distance from
all mesh vertices on the first surface mesh to the second bone
mesh. The resulting proximity maps are depicted as a contour
color map indicating the minimum distances between the artic-
ulating bone surfaces.

Fig. 3 Custom CT-compatible cadaveric wrist simulator for
simulating wrist flexion/extension and radial/ulnar deviation
motions via a linear motor (fiducial markers not shown)
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distances between points in two point clouds, i.e., the vertices of
the surface meshes. The geometries of the radius, scaphoid, and
lunate were sufficiently distinct, enabling the algorithm to achieve
registration and avoid extraneous local minima in lieu of any man-
ual initial guess as to the bone orientations/locations.

Proximity values were then determined for the lunate and radius
articular surfaces for all volumes of the dynamic sequences and
were defined as the minimum distance from all mesh vertices on
the lunate (and radius, separately) to the scaphoid bone mesh. The
resulting proximity values are depicted as a contour color map
indicating the minimum distances between the articulating
subchondral bone surfaces (Fig. 2).

Experimental Setup. To determine the accuracy of 4DCT
imaging for kinematic measurements, dynamic evaluations of two
cadaveric wrists were performed. For intact wrist motion evalua-
tion, the hand/wrist specimen’s distal radius and ulna were fixed
to a custom wrist simulator (Fig. 3), and custom four-bead fiducial
clusters (not shown) were rigidly attached to the radius, scaphoid,
and lunate through skin incisions and oriented such that they
would not interfere with carpal bone motion during wrist move-
ment. Teflon beads were used to prevent artifacts in the 4DCT
images. The specimens were oriented such that the long axis of
the radius aligned with the long axis (through the bore) of the CT
scanner. One trial each of flexion–extension and radial–-ulnar
deviation was simulated in two cadaveric specimens by actuation
of the metacarpals (Fig. 3). 4DCT image sequences were obtained
such that one full motion cycle was collected in 2 s; this speed
replicated an approximate average wrist velocity of 50 deg/s, as
observed in the workplace [55].

Data Analysis. Eighteen image volumes were obtained for
each wrist movement, and techniques described above were used
to segment the beads and bony anatomy (radius, scaphoid, and
lunate) from the images. To establish the quality of the fiducial
beads as a gold standard, fiducial localization error was assessed

as the RMS of distances between homologous beads in both the
4D and static CT scans. Registration accuracy was quantified
using the determined relative orientations of fiducial bead sets
attached to the scaphoid and lunate and the respective bone-based
orientation. Registration errors were calculated as the relative
transformations from the global transformation aligning the fidu-
cials, to the global transformations aligning the bones, from each
volume of the 4DCT to the transformed static bead locations (after
applying the transformations obtained during registration). Values
were expressed in the global (scanner) coordinate system.
Additionally, distances between homologous points on the bones
surfaces aligned using the bead-based and bone-based registra-
tions were calculated to provide an estimate of the upper bound
on surface alignment for potential interosseous proximity calcula-
tions. These represent an estimate of the error in calculating inter-
osseous proximities from the entire analysis process.

Results

Representative time series data of bead-based and bone-based
rotation values of the scaphoid during a flexion–extension trial
can be found in Fig. 4. The rotation range of motion was
20.0–60.0 deg about the primary axis of motion for the scaphoid
and lunate; rotation about the tertiary axes ranged from 2.0 to
9.0 deg. Translations of the bone centroids about the three axes
ranged from 2.0 to 11.0 mm. Mean fiducial localization error
values were small, 0.054 (0.018) mm, with a range of
0.023–0.139 mm, indicating that the fiducials (beads) were
reliably locatable in the image sets. The maximum distances
between homologous points on the coregistered lunate, radius,
and scaphoid meshes (aggregating acquisition, segmentation, sur-
face reconstruction, and registration errors) were 0.943,
0.418.0.376 mm, respectively. Mean and standard deviation val-
ues for angular and translational errors for each bone are shown in
Table 1. The reported errors for the 4DCT technique are on the
order of the reported accuracy of other static and dynamic image-
based kinematic techniques [56–59].

Discussion

This study describes the 4DCT approach for quantifying wrist
motion in two cadavers and establishes an accuracy that is on the
order of other static and dynamic imaging approaches for image-
based kinematic techniques. The advantage of the 4DCT approach
is in its dynamic, tomographic data sets which enable the quantifi-
cation of measures which approximate joint contact (i.e., joint
proximity) that are known to be affected by wrist instability and
osteoarthritis. Further, the dynamic nature of the scanning tech-
nique enables proprioceptive and inertial influences on movement
to be captured throughout the 18 volumes.

The power of the 4DCT approach lies in its potential for impact
on clinical care for patients with scapholunate ligament injuries,
among other pathologies. If the approach, including determination
of biomarkers, allows detection of injuries earlier when only
subtle bony motion changes are occurring, appropriate and timely
surgical or conservative interventions strategies can be prescribed.
This improvement in care will be possible due to the dynamic
nature of the imaging technique, as current static techniques
(including MR and CT) can only detect abnormal bone positions.
Abnormal bone positions are indicative of extreme or end-stage
instability; our approach has the potential to prescribe early

Fig. 4 Time series data of bead-based and bone-based rotation
values of the scaphoid during a wrist flexion–extension trial

Table 1 Mean (SD) values for angular and translational errors for each bone

Rotation (deg) Translation (mm)

X Y Z X Y Z

Lunate �0.002 (1.807) �0.679 (1.150) �0.538 (0.770) �0.105 (0.282) 0.086 (0.201) 0.298 (0.380)
Radius �0.137 (0.550) 0.314 (0.563) �0.034 (0.334) 0.020 (0.106) 0.041 (0.103) �0.132 (0.230)
Scaphoid �0.224 (0.822) 0.400 (0.893) 0.046 (0.601) �0.011 (0.127) �0.020 (0.125) 0.038 (0.216)
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interventions, thereby preventing eventual progression to
osteoarthritis.

Limitations. The limitations of the described 4DCT approach
as compared to other imaging approaches include the smaller field
of view, which allows the acquisition of motion in joints that
require smaller image volumes. Further, the 75 ms temporal reso-
lution of image volumes limits the movement velocity for acquisi-
tion; however, movements typically used during daily activity and
the workplace can be described [55]. Finally, the accuracy of ki-
nematics and proximity-based measures are affected by segmenta-
tion and registration accuracy, which have been fully described.
However, to the best of our knowledge there are no methods with
sufficient resolution to allow insight into the accuracy of our
image-based measures of proximity.

Conclusion

Existing diagnostic tools are unable to acquire dynamic, three-
dimensional information during carpal bone motion. Even the
most recent advances with MR arthrography lack good correlation
with wrist arthroscopy [60]. The proposed approach is accurate,
available on clinical CT scanners, and results in measurements
from a dynamic imaging technique. Further, the approach is non-
invasive, quantitative, and will meet the critical need for
evidence-based, diagnostic information in the early stages of the
continuum of wrist instability, which is known to progress to the
development of wrist osteoarthritis.
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